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Preface

The basic sciences are the essence of anesthesiol-
ogy. Therefore, the American Board of Anesthesi-
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the ABA basic sciences examination in order to 
create an accurate resource for study. The motto of 
this book is to follow Alexander Pope’s advice in 
1709: "A little learning is a dangerous thing; drink 
deep, or taste not the Pierian spring: there shallow 
droughts intoxicate the brain, and drinking largely 
sobers us again." This message is still relevant 
today in the field of anesthesiology.

The content of each chapter of the book is presented 
in a comprehensive manner and is conducive for 

successful study. Every chapter highlights key top-
ics and includes questions testing comprehension 
of the respective subject matter. Moreover, sug-
gested references are included for further research 
in the basic sciences.
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1 Key Points
1. Peripheral nerve is composed of axons of multiple 

neurons bundled together in fascicles.
2. To achieve good block, local anesthetic should be 

injected in close proximity to the nerve or in the 
same fascial plane in which the nerve lies.

3. Advances in ultrasound technology allows 
real-time visualization of needle advancement 
toward the nerve, potentially avoiding critical 
structures. It also allows to visualize the spread of 
local anesthetic around the nerve.

4. Ultrasound and peripheral nerve stimulators 
facilitate nerve blockade, but their use does not 
eliminate the risk of nerve injury.

5. Anesthesia of the shoulder and upper extremity can 
be obtained by blockade of the brachial plexus 
(C5-T1).

6. Supraclavicular block does not eliminate the risk of 
phrenic nerve paralysis. The incidence depends on 
the volume of local anesthetic injected.

7. Interscalene and supraclavicular block can miss the 
lower trunk, hence axillary approach to brachial plexus 
is most optimal for procedures on forearm and hand.

8. Infraclavicuar block avoids the risk of phrenic 
nerve paralysis, making it an excellent choice in 
patients with respiratory issues.

9. Femoral nerve block is easy to learn, low risk with 
minimal complications. It is useful for surgery on 
the anterior thigh and knee, quadriceps tendon 
repair, and postoperative pain management of 
femur and knee surgery.

10. Sciatic nerve block is useful for surgical procedures 
involving hip, knee, and distal lower extremity. It can be 
blocked at multiple locations by multiple approaches.

11. Popliteal nerve block is useful for surgery on foot 
and ankle, combined with saphenous nerve block 
can provide complete anesthesia of the limb distal 
to the knee.

12. Transversus abdominis plane (TAP) block provides 
postoperative analgesia for surgeries on anterior 
abdominal wall. It is relatively easy and safe block 
to perform under ultrasound guidance.

1.1  Anatomy of the Nerve

A peripheral nerve trunk is composed of axons of multiple 
neurons bundled together in connective tissue and endoneu-
ral fluid (. Fig. 1.1). Each axon is surrounded by endoneu-
rium, which is made up of glycocalyx and a mesh of collagen. 
Axons are bundled together into groups called fascicles and 
each fascicle is wrapped in a layer of connective tissue called 
perineurium. All the fascicles are finally ensheathed in a con-
nective tissue layer called epineurium. The blood vessels run 
between the fascicles and supply oxygen and nutrients to the 
axons.

1.2  Upper Limb Blocks

The brachial plexus is a neural bundle that provides sensory 
and motor innervation to the upper extremity. Nerve roots 
of C5-T1 undergo complex congregation forming compo-
nents named roots, trunks, divisions, cords, before forming 
the terminal nerves of the upper extremity (. Fig. 1.2). The 
plexus can be blocked at several locations, depending on 
the required region of the upper limb to be blocked.

The interscalene space is a potential space between the 
anterior and middle scalene muscles. The 5 roots of the cervi-
cal and the first thoracic spinal nerves give rise to 3 trunks 
(superior, middle, and inferior) that emerge between the 
medial and anterior scalene muscles to lie on the floor of the 
posterior triangle of the neck. The roots of the plexus lie deep 
to the prevertebral fascia, whereas the trunks are covered by its 
lateral extension, the axillary sheath. Each trunk divides into 
an anterior and a posterior division behind the clavicle, at the 
apex of the axilla. The divisions combine to produce the 3 
cords, which are named lateral, median, and posterior accord-
ing to their relationship to the axillary artery. Individual nerves 
are formed as these neuronal elements descend distally.

1.2.1  Interscalene Block

This is a technique of anesthetizing the roots or trunks of the 
brachial plexus in the neck between the anterior and middle 
scalene muscles. The procedure was first well described and 
popularized by Alon Winnie in 1970 [1].

Interscalene nerve block is typically performed to pro-
vide anesthesia or analgesia for surgery of the shoulder and 
upper arm. A successful block at this level anesthetizes the 
shoulder and upper arm, but does not reliably block nerve 
roots innervating the forearm, as the inferior trunk is often 
not included into the block.

 5 Indications: Shoulder surgeries such as rotator cuff 
repair, acromioplasty, hemiarthroplasty, total shoulder 
arthroplasty, humerus fractures, elbow surgery.

 5 Contraindications: Patient refusal, infection at planned 
injection site, preexisting neurologic defects, local 
anesthetic allergy, coagulopathy, contralateral phrenic 
nerve dysfunction, severe chronic obstructive pulmonary 
disease

 5 Complications: Diaphragmatic paralysis, pneumotho-
rax, hoarseness, Horner’s syndrome, epidural/intrathecal 
injection, local anesthetic (LA) toxicity, infection, 
hematoma, and allergic reaction.

 Landmark/Nerve Stimulator Technique
The landmarks used for the block are the clavicular head of 
the sternocleidomastoid muscle, clavicle, and external jugu-
lar vein. The patient can be positioned supine or with the 
back mildly elevated and head rotated away from the side to 
be blocked. Palpate the sternocleidomastoid that overlies the 
superior aspects of the scalene muscles. Having the patient 
lift his or her head off the bed will help define the lateral bor-
der of the sternocleidomastoid muscle. The anterior scalene 
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muscle emerges from under the sternocleidomastoid muscle 
and runs inferiorly and laterally toward the first rib.

By placing the fingers under the sternocleidomastoid 
muscle and inferior to the external jugular vein, sliding them 
laterally will identify anterior scalene muscle. The intersca-
lene groove separates the anterior from the middle scalene 
muscle. This groove sometimes is very obvious during palpa-
tion, but frequently is subtle and more like a cleft.

Once the groove is palpated, several maneuvers can be per-
formed to confirm the groove. During deep inspiration, the 
groove often is accentuated because the scalenes are accessory 
muscles of respiration, which tense during inspiration. The 
groove also can be tracked down toward the first rib and palpate 
for the subclavian artery, which emerges between the scalenes.

Once the interscalene groove is identified the palpating 
fingers should be gently but firmly pressed between the 
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 anterior and middle scalene muscles and should not be 
moved during the entire block procedure to allow for precise 
redirection of the needle when necessary. The needle is 
inserted 3–4 cm above the clavicle and advanced at an angle 
almost perpendicular to the skin plane. The nerve stimulator 
should be initially set to deliver 0.8–1.0 mA. The needle is 
advanced slowly until stimulation of the brachial plexus is 
obtained—seen as twitch of the pectoralis, deltoid, arm, fore-
arm, or hand muscles at 0.2–0.5 mA. This typically occurs at 
a depth of 1–2 cm in most of the patients and 25–35 mL of 
local anesthetic is injected slowly with intermittent aspira-
tion to rule out intravascular injection.

 Ultrasound Technique
Apart from precisely locating the brachial plexus, the ultra-
sound guidance allows to visualize the distribution of the 
local anesthetic around the plexus. It allows multiple injec-
tions around the brachial plexus, therefore eliminating the 
reliance on a single large injection of LA and may allow for 
the reduction in the volume of local anesthetic required to 
accomplish the block. It reduces the risk of injury to the 
blood vessels and the nerves in the plexus.

The block can be performed with the patient in supine, 
semi- sitting, or semi-lateral decubitus position, with the 
patient’s head facing away from the side to be blocked. The 
latter position is more suitable for in-plane approach from 
the lateral side, especially when a catheter is placed that needs 
to be tunneled away from the surgical drapes.

 5 Scanning Technique 1 (Transverse Sweep): The 
transducer is positioned in the transverse plane just 
below the level of cricoid. Start by identifying the 
hyperechoic arc of the trachea and moving the probe 
posterolaterally until sternocleidomastoid muscle is 
identified. This muscle is triangular shaped and located 
anteriorly to the carotid artery and internal jugular vein. 
Once the great vessels are identified, slide the probe 
more laterally to identify the scalene muscles and the 
brachial plexus that lies in between them appearing as 
hypoechoic trunks.

 5 Scanning Technique 2 (Backtracking): The other 
scanning technique is to identify the brachial plexus 
in the supraclavicular fossa and then track cephalad 
into the interscalene space. The transducer is placed 
over the sternocleidomastoid, 1–2 cm superior to the 
head of the clavicle. Move laterally to identify the 
subclavian artery and immediately superior and 
posterior to the artery, the brachial plexus is seen as a 
grouping of small hyperechoic circles with hypoechoic 
centers, similar to a cluster of grapes. The plexus is 
then traced cephalad to the preferred block region at 
the level of C6.

Once the plexus is identified the needle is inserted in- plane—
typically in a lateral to medial direction. As the needle passes 
through the prevertebral fascia, a certain loss of resistance is 
often felt. Inject 1–2 ml of local anesthetic to confirm correct 
location before the rest of the dose (15–25  cc in adults) is 
injected, visualizing the spread around the plexus.

1.2.2  Supraclavicular Block

Often called the “spinal anesthesia of the upper extremity,” 
the supraclavicular block is a technique of anesthetizing 
the brachial plexus at distal trunks and origin of the divi-
sions, where the brachial plexus is confined to its smallest 
surface area. The first percutaneous supraclavicular block 
was performed by Kulenkampff in Germany in 1911, 
reportedly on himself [2]. The advantages of a supracla-
vicular technique over other brachial plexus block 
approaches are its rapid onset and complete and predict-
able anesthesia for the entire upper extremity and particu-
larly hand surgery. The introduction of ultrasound guidance 
to regional anesthesia in the last decade has resulted in 
significant renewed interest in the clinical application of 
the supraclavicular block, as well as a greater understand-
ing of its mechanics.

 5 Indications: Upper extremity surgery including arm, 
elbow, forearm, wrist and hand. (It is best for areas 
below the mid-humerus level. Above the mid humerus, 
the shoulder area, an interscalene block would provide 
better coverage). However, if enough volume is used it 
can diffuse to the shoulder area.

 5 Contraindications: Patient refusal, infection at planned 
injection site, preexisting neurologic defects, local anes-
thetic allergy, coagulopathy, contralateral phrenic nerve 
dysfunction, severe chronic obstructive pulmonary 
disease.

 5 Complications: Diaphragmatic paralysis, pneumotho-
rax, hoarseness, Horner’s syndrome, LA toxicity, 
 infection, hematoma, and allergic reaction.

 Landmark/Nerve Stimulator Technique  
Classic Approach
The most common supraclavicular technique is the subcla-
vian perivascular approach, described by Winnie and Collins 
[3]. The interscalene groove is palpated and followed distally 
until the pulsation of the subclavian artery is felt. This should 
be at the midpoint of the clavicle, about 1 cm posterior to it. 
It is important to note that the dome of the lung is medial to 
the insertion point of the needle. Entry to the sheath can be 
identified by a “click” as the needle pierces the tough fascia, 
by paresthesia, or by an appropriate motor response when a 
nerve stimulator is used.

For vertical supraclavicular block, also called the 
“plumb bob” technique, identify the lateral border of the 
sternocleidomastoid as it inserts onto the clavicle by ask-
ing the patient to raise the head slightly off the bed. The 
needle entry site is immediately superior to the clavicle, 
just lateral to the identified lateral border of the sternoclei-
domastoid. The needle is inserted vertically at 90° to the 
bed and would result in contact with the brachial plexus in 
most patients.

 Ultrasound Technique
The patient can be positioned anywhere from supine to sitting 
upright with their head rotated away from the block site. The 
probe is placed in the supraclavicular fossa and oriented 
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 perpendicular to the subclavian artery. The subclavian artery is 
identified by its thick wall and brisk pulsations. Immediately 
superior and postero-lateral to the artery, the brachial plexus is 
seen as a grouping of small hyperechoic circles with hypoechoic 
centers, similar to a bunch of grapes. Alternatively, the plexus 
can be found in the interscalene space and followed distally to 
its association with the subclavian artery. Deep to the artery the 
structures of note are the dome of the lung (identified by its 
characteristic movement and scatter) and the first rib (identified 
by its hyperechoic surface with dense posterior shadowing).

Once the plexus is identified, the needle is inserted in-plane 
from a lateral to medial direction. The entrance of the needle 
into the brachial plexus sheath is often associated with a palpable 
“pop” as the needle passes through the paravertebral fascia/ bra-
chial plexus sheath. After a careful aspiration, 1–2 mL of local 
anesthetic is injected to confirm the proper needle placement. 
When the injection displaces the brachial plexus away from the 
needle, an additional advancement of the needle 1–2 mm deeper 
may be required to accomplish adequate spread of the local 
anesthetic. When injection of the local anesthetic does not 
appear to result in a spread in and around the brachial plexus, 
additional needle repositioning and injections may be necessary.

1.2.3  Infraclavicuar Block

The infraclavicuar brachial plexus block is another way of 
blocking the brachial plexus below the level of the clavicle. It is 
functionally similar to the supraclavicular block and is useful 
for distal arm, elbow, wrist, and hand surgery. Infraclavicuar 
block avoids the risk of phrenic nerve block, making it an 
excellent choice in patients with respiratory issues.

In the infraclavicuar fossa, the brachial plexus separates 
into individual cords that are named medial, lateral, and pos-
terior based on their locations relative to the axillary artery. 
These cords bundle around the axillary artery as it travels 
inferior to the coracoid and into the axilla. The cords lie deep 
to the pectoralis muscles and superficial to the lung while the 
axillary vein runs inferior to the artery.

 5 Indications: Surgery on the distal arm, elbow, wrist, and 
hand.

 5 Contraindications: Patient refusal, infection at planned 
injection site, presence of pacemaker at the site (U/S 
technique may not be possible due to limitation of probe 
placement), preexisting neurologic defects, local 
anesthetic allergy, coagulopathy.

 5 Complications: LA toxicity, infection, bleeding, hema-
toma, pneumothorax, and nerve injury.

 Landmark Technique
Vertical Infraclavicuar Block The landmarks required for the 
block are anterior process of the acromion, jugular notch, and 
the subclavian artery; and coracoid process and the medial cla-
vicular head. The patient is positioned supine with the head 
tuned to the opposite side and arm abducted and flexed at the 
elbow. The coracoid process can be identified by palpating the 
bony prominence just medial to the shoulder by elevating and 
lowering the arm. The coracoid process meets the fingers of the 

palpating hand as the arm is lowered. Mark the medial clavicu-
lar head and draw a line joining these 2 points. The needle 
insertion point is 3 cm caudal to the mid point of the line join-
ing the coracoid process and the medial clavicular head. The 
goal is to achieve a hand twitch using a current of 0.2–0.5 mA.

 Ultrasound Technique
The patient can be positioned anywhere from supine to sit-
ting position, and abduction of the arm will bring the artery 
and plexus closer to the skin. The transducer is placed just 
medial to the coracoid process with its cranial end below the 
clavicle. The pectoralis major and minor muscles are identi-
fied just above the plexus and vessels. The probe is rotated 
and moved as needed to obtain a transverse image of the 
artery. The 3 cords of the brachial plexus appear as hyper-
echoic circles surrounding the artery. The lateral cord is the 
closest to the coracoid; the posterior cord is deep to the 
artery; while the medial cord is the furthest from the cora-
coid and sometimes lies between the artery and the vein.

Once the structures of interest are identified, the needle is 
inserted in-plane from the superior or inferior end of the 
transducer. The aim of the block is to surround each cord 
with local anesthetic, often achieved by injecting local anes-
thetic around the artery. Appropriate needle position is con-
firmed by the spread of the local anesthetic around the artery, 
dissecting the cords away from the artery. The steep angle of 
the needle for this deep block severely compromises the 
needle visualization. This can be improved by applying extra 
pressure on the probe and often injecting small amount of 
local anesthetic solution also improves needle visualization.

1.2.4  Axillary Block

The axillary block is one of the most commonly used regional 
anesthesia techniques. This block aims to block the terminal 
branches of the brachial plexus, which include the median, 
radial, ulnar and musculocutaneous nerves. It is achieved by 
injecting local anesthetic around the axillary artery as 
median, ulnar, and radial nerves are all located within the 
neurovascular sheath. A separate injection is needed to block 
the musculocutaneous nerve.

 5 Indications: Surgeries on hand, elbow, and some 
forearm operations.

 5 Contraindications: Patient refusal, infection at planned 
injection site, preexisting neurologic defects, local 
anesthetic allergy, coagulopathy.

 5 Complications: LA toxicity, infection, bleeding, hema-
toma, and allergic reaction.

 Landmark Technique
Surface landmarks required for the axillary brachial plexus 
block are the axillary artery pulsation, coracobrachialis mus-
cle, and the pectoralis major muscle. With the patient posi-
tioned supine and arm abducted at 90° and the axillary 
arterial pulsation as a point of reference, the median nerve is 
positioned superficially and immediately above the pulse; the 
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ulnar nerve is found superficial slightly deeper than the 
median nerve; the radial nerve is located behind the pulse. 
The musculocutaneous nerve can be found 1–3 cm deeper 
and above the pulse, often outside the brachial plexus sheath 
as it moves distally away from the axillary fossa.

Once the axillary artery pulse is felt, the artery is fixed 
between the index and middle finger, pressed firmly against 
the humerus. The needle is advanced directly below the pulse 
until a radial nerve twitch is obtained, and local anesthetic is 
injected. The needle is withdrawn and reinserted above the 
artery and advanced slowly; median nerve twitch should be 
encountered first and on further advancement ulnar twitch 
should appear. Inject local anesthetic at both these points. The 
needle is finally brought back to skin and redirected into the 
coracobrachialis muscle until the tip is close to the musculo-
cutaneous nerve. This is confirmed by the disappearance of 
the local coracobrachialis twitch and appearance of biceps 
twitch. Inject the last portion of the local anesthetic dose here.

 Ultrasound-Guided Technique
The patient position is the same as the landmark technique. 
Palpate the pectoralis major muscle at its insertion into the 
humerus and place the transducer immediately distal to it 
and perpendicular to the axis of the arm. Slide the transducer 
to locate the axillary artery and brachial plexus if not already 
visualized. Identify the individual nerves and insert the nee-
dle in-plane from the cephalad direction toward the poste-
rior aspect of the axillary artery. Local anesthetic should be 
deposited posterior to the artery first covering the radial 
nerve. The needle is then withdrawn and redirected superior 
to the artery and local anesthetic is injected around the 
median and ulnar nerves. Finally, the musculocutaneous 
nerve is anesthetized by injecting local anesthetic around it 
in the coracobrachialis muscle. Frequent aspiration, slow 
administration of local anesthetic, and avoiding injection at 

high pressure are critical to decrease the risk of intravascular 
injection and nerve injury.

1.3  Lower Limb Blocks

1.3.1  Femoral Nerve Block

The femoral nerve block is an essential block that is easy to 
learn, low risk with minimal complications. It is useful for 
surgery on the anterior thigh and knee, quadriceps tendon 
repair, and postoperative pain management of femur and 
knee surgery. It is frequently combined with other lower 
extremity blocks, such as sciatic and obturator blocks, to 
achieve anesthesia of almost the entire lower extremity.

 5 Anatomy: The femoral nerve is the largest branch of the 
lumbar plexus and travels through the pelvis in the 
groove between the psoas and iliacus muscle. It emerges 
beneath the inguinal ligament, posterolateral to the 
femoral vessels (. Fig. 1.3). At the femoral crease, the 
nerve is on the surface of the iliacus muscle and covered 
by the fascia iliaca or sandwiched between 2 layers of 
fascia iliaca. It divides into its branches at or above the 
level of the inguinal ligament.

 5 Indications: Surgery on anterior thigh, knee, quadriceps 
tendon, and in combination with sciatic and obturator 
blocks for distal limb and foot surgery.

 Landmark Technique
The patient is positioned supine with both legs extended and the 
operator should stand on the same side of the patient. Identify 
the landmarks anterior superior iliac spine and the pubic tuber-
cle, and draw a line joining the 2 points (. Fig. 1.4). Palpate the 
femoral artery on this line and insert the needle  perpendicularly, 
just lateral to the femoral artery pulsations. A visible or palpable 
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       . Fig. 1.3 Femoral nerve 
anatomy (Reprinted with 
permission from Farag and Brown 
[5])
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twitch of the quadriceps muscle or the patella at 0.2–0.4 mA is 
the most reliable nerve stimulator response. It is very common 
to get a sartorius muscle twitch as the nerve to the sartorius 
muscle branch from the anteromedial aspect of the femoral 
nerve may be lying outside the iliacus fascia. When injecting 
local anesthetic, accepting the sartorius muscle twitch results in 
inconsistent block success, hence it should not be accepted in 
landmark/nerve stimulation technique.

 Ultrasound Technique
The patient is positioned supine and the ultrasound probe is 
placed parallel to the inguinal crease. Sliding the transducer 
medially and laterally, identify the femoral artery and trace 
upward to the common femoral artery if profunda femoris 
branch is seen on the initial scan. Immediately lateral to the 
vessel, and deep to the fascia iliaca is the femoral nerve, 
which is typically hyperechoic and roughly triangular or oval 
in shape. Once the femoral nerve is identified the needle is 
inserted in-plane from a lateral to medial orientation. The 
goal is to place the needle tip below the fascia iliaca, immedi-
ately adjacent to the lateral aspect of the femoral nerve. The 
correct placement is confirmed by the spread of the local 
anesthetic in the wedge-shaped tissue space lateral to the 
femoral artery, either lifting the femoral nerve off the ilio-
psoas or the spread above the nerve lateral to the artery.

1.3.2  Sciatic Nerve Block

The sciatic nerve is the largest nerve trunk in the body and 
arises from the sacral plexus. It exits the pelvis posteriorly via 
the greater sciatic notch and descends into the thigh between 
the greater trochanter and the ischial tuberosity. The sciatic 
nerve provides sensory and motor supply to most of the lower 
leg via its terminal branches (tibial and common peroneal).

 Landmark/Nerve Stimulator Techniques
Posterior Approach (Labat) [4] The patient is placed in Sim’s 
position (lateral decubitus position with the upper operative 
leg flexed to 90° at hip and knee. The landmarks are the greater 

trochanter (GT), posterior superior iliac spine (PSIS), and the 
sacral hiatus. Draw the first line joining the greater trochanter 
and the PSIS and mark a midpoint on the line. Draw a second 
line joining the greater trochanter and the sacral hiatus. Now 
drop a line perpendicularly from the midpoint of the first line, 
and the point of needle insertion is where it crosses the second 
line. The needle is inserted perpendicular to the skin surface 
and any motor stimulation of the sciatic nerve (hamstring, calf 
foot, or toe twitches) is acceptable and inject local anesthetic.

Inferior Approach (Raj) The patient is positioned supine and 
the hip and knee are flexed to 90°. Identify and draw a line join-
ing the greater trochanter and the ischial tuberosity. Mark a 
point half way in the groove between the hamstrings and the 
adductor muscles. Insert the needle perpendicular to the skin 
with a slight medial intent to get the sciatic motor response.

Anterior Approach (Beck) The anterior sciatic nerve block can 
be performed when the patient cannot be positioned laterally 
due to postoperative pain, trauma, or the presence of  external 
fixation devices. The patient is positioned supine. Identify and 
draw a line joining the anterior superior iliac spine and the 
pubic tubercle. Draw another line parallel to the first one from 
the greater trochanter (. Fig. 1.5). The point of needle insertion 

       . Fig. 1.4 Femoral nerve block – landmark technique (Reprinted 
with permission from Farag and Brown [5])
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       . Fig. 1.5 Anterior sciatic nerve block (Reprinted with permission 
from Farag and Brown [6])
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is where a perpendicular line from the junction of the medial 
and middle third of the first line meets the second line. Insert 
the needle perpendicularly until it contacts the femur. Now 
redirect slightly medially to slide off the femur and advance a 
few centimeters to get a motor response. In a few patients the 
sciatic nerve lies immediately posterior to the femur and may be 
inaccessible. A slight external rotation of the limb can overcome 
this problem.

 Ultrasound Technique
The use of ultrasound guidance facilitated multiple approaches 
at several convenient levels to block the sciatic nerve. The 
common sites are the transgluteal/subgluteal and the anterior 
approaches.

Anterior Approach The anterior sciatic nerve block is ideally 
suited for postoperative patients requiring additional block as 
positioning them laterally is not easy. The ultrasound guidance 
not only reduces the risk of vascular injury, it eliminates the 
need for use of precise geometry to identify the needle entry 
point. The patient is positioned supine with slight abduction 
and external rotation of the thigh. The sciatic nerve is imaged 
approximately at the level of the minor trochanter. At this loca-
tion, a curved transducer placed over the anteromedial aspect 
of the thigh will reveal the musculature of all 3 fascial compart-
ments of the thigh: anterior, medial, and posterior. Beneath the 
superficial sartorius muscle is the femoral artery, and deep and 
medial to this vessel is the profunda femoris artery. Both of 
these can be identified with color Doppler ultrasound for ori-
entation. The femur is easily seen as a hyperechoic rim with the 
corresponding shadow beneath the vastus intermedius. Medial 
to the femur is the body of the adductor magnus muscle, sepa-
rated by the fascial plane(s) of the hamstrings muscles. The 
sciatic nerve is visualized as a hyperechoic, slightly flattened 
oval structure sandwiched between these 2 muscle planes and 
is typically visualized at a depth of 6–8  cm. The needle is 
inserted in-plane or out of plane from the medial aspect of the 
thigh and advanced toward the sciatic nerve avoiding the femo-
ral vessels. Once the needle tip is close to the nerve or in the 
fascial plane between the adductors and the hamstrings when 
the nerve is not clearly visualized, 1–2 mL of local anesthetic is 
injected to confirm the adequate distribution of the local anes-
thetic and the rest of the dose in injected in divided doses after 
negative aspiration.

Posterior Approach (Transgluteal/Subgluteal) The sciatic 
nerve can be easily identified between the greater trochanter 
and ischial tuberosity, beneath a well-defined muscle plane. 
The nerve also can be traced backward from the popliteal 
region in difficult cases. The approach and the actual site of the 
block is based on the patient’s anatomic characteristics and 
personal preference.

A low frequency curvilinear probe is used to identify the 
bony landmarks at the transgluteal level. The sciatic nerve is 
located deep to the gluteus muscle, slightly closer to the 
ischial tuberosity, and appears as an oval or triangular hyper-
echoic structure. At the subgluteal level the nerve is located 

deep to the long head of the biceps muscle and the posterior 
surface of the adductor magnus. The needle is inserted in- 
plane typically from the lateral side and advancer toward the 
nerve. Once in the desired location 1–2 cc of local anesthetic 
is injected after negative aspiration. Often the nerve is better 
visualized after the initial injection of local anesthetic and 
moves away from the needle. The rest of the local anesthetic 
is injected in divided doses after negative aspiration and 
absence of high resistance to injection.

1.3.3  Popliteal Sciatic Nerve Block

The popliteal block is essentially a block of the sciatic nerve 
in the popliteal fossa. Sciatic nerve is a nerve bundle that 
consists of 2 separate nerve trunks: the tibial and the com-
mon peroneal nerves. They diverge in the popliteal fossa 
about 4–10 cm above the popliteal crease (. Fig. 1.6). It is a 
commonly performed block for surgery on the ankle and 
foot. The addition of saphenous nerve block to cover the 
medial lower leg and ankle gives complete analgesia for ankle 
and foot surgery.

 5 Indications: Ankle and foot surgery, Achilles tendon repair.

 Landmark Techniques
Lateral Popliteal Approach The landmarks are popliteal 
fossa crease, vastus lateralis, and biceps femoris muscles. This 
block is performed with the patient supine and thus has the 
advantage of not requiring to place the position prone. The foot 
on the side to be blocked is positioned elevated to facilitate easy 
visualization of muscle twitch.

The groove between the vastus lateralis and the biceps 
femoris muscles is palpated and a point in the groove, approx-
imately 7 cm above the popliteal crease or at the level of supe-
rior border of patella, is marked for needle point. The needle is 
inserted perpendicular to the leg into the groove and advanced 
to contact the femur. The needle is withdrawn to skin and redi-
rected 30° posteriorly to locate the nerve with nerve stimula-
tor. Once the desired muscle twitch is obtained the calculated 
dose of local anesthetic is injected after negative aspiration.

Posterior Approach The landmarks used are the popliteal 
crease, semimembranosus, and the biceps femoris. The patient 
is positioned prone for this approach with the leg resting on a 
pillow. The knee is flexed to mark the popliteal crease. Trace the 
biceps femoris laterally and semimembranosus medially and 
find the apex of the popliteal fossa. Drop a line from the apex of 
the fossa to the middle of the popliteal crease and mark a point 
5–7 cm proximal and 1 cm lateral to popliteal crease for needle 
entry (. Fig. 1.7).

 Ultrasound-Guided Technique
The level at which the sciatic nerve divides into tibial and com-
mon peroneal nerve is so variable in individuals that one of the 
components can be easily missed in the isolated nerve stimula-
tion/landmark technique. The ultrasound guidance correctly 
identifies the level of division and the local anesthetic can be 

 S. Kolli and L.M. Soliman



11 1

Proximal

Medial

Distal

Lateral

Tibial nerve

Sural nerve

Interosseous nerve
of leg

Common peroneal
nerve
Deep branch of common
personeal nerve
Superficial branch of common
peroneal nerve

       . Fig. 1.6 Popliteal sciatic nerve 
block (Reprinted with permission 
from Yared and Brown [7])
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       . Fig. 1.7 Popliteal sciatic nerve 
block – posterior approach 
(Reprinted with permission from 
Yared and Brown [7])
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deposited to cover both the divisions. A linear transducer is 
placed in the popliteal crease to identify the popliteal artery. 
The tibial nerve can be identified superficial and lateral to the 
artery as a hyperechoic oval or round structure with honey-
comb pattern. Sliding the transducer proximally will identify 
the common peroneal nerve laterally and can be visualized 
coming together to form the sciatic nerve before the division.

Ultrasound-guided block can be performed in prone, lat-
eral, or supine (with elevation of the leg/flexing the knee and 
hip to create enough space to place the transducer beneath 
the knee). Once the nerve is identified, the needle is inserted 
in- plane avoiding the vascular structures. Local anesthetic is 
injected close to the nerve, repositioning the needle as 
needed, and injecting in divided doses to ensure adequate 
circumferential spread around the nerve.

1.3.4  Ankle Block

Ankle block is a simple, easy-to-perform procedure that is 
highly effective for surgeries involving the foot and toes. It 
involves blocking the 4 terminal branches of the sciatic 
nerve (deep and superficial peroneal, tibial, and sural) and 
the  terminal branch of the femoral nerve (saphenous). The 
ankle block will not provide analgesia/anesthesia for the 
ankle itself; a popliteal nerve block supplemented by 
saphenous nerve block is required for surgery on the 
ankle.

The posterior tibial and the deep peroneal are the 2 deep 
nerves that need injection underneath the fascia, while the 3 
superficial nerves (saphenous, sural, and the superficial pero-
neal) are anesthetized by subcutaneous infiltration.

 5 Indications: Surgery on the foot and toes including 
podiatry surgery, foot/toe debridement/amputation.

 5 Complications: Bleeding/hematoma, nerve injury, 
vascular injury.

 Landmark Technique
The deep peroneal nerve is located immediately lateral to the 
tendon of the extensor hallucis longus muscle (between the 
extensor hallucis longus and the extensor digitorum longus). 
The pulsations of the dorsalis pedis artery are felt here; the 
nerve is positioned immediately lateral to the artery. With 
the finger positioned in the groove just lateral to the extensor 
hallucis longus, the needle is inserted under the skin and 
advanced until the bone is contacted. From the bone, the 
needle is withdrawn 1–2 mm, and 2–3 mL of local anesthetic 
is injected (. Fig. 1.8).

From the same needle entry point, advance the needle 
subcutaneously laterally and medially to the malleoli, 
 injecting 3–5 ml in each direction. These lateral and medial 
infiltrations block the superficial peroneal and the saphenous 
nerves respectively. The sural nerve is blocked by infiltrating 
local anesthetic between the lateral malleolus and the Achilles 
tendon.

The posterior tibial nerve is located just behind and distal 
to the medial malleolus. The pulse of the posterior tibial 

artery can be felt at this location; the nerve is just posterior to 
the artery. The needle is inserted in the groove behind the 
medial malleolus below the pulse of the tibial artery and 
advanced to contact the bone. Once bone is contacted, the 
needle is withdrawn 1–2 mm and local anesthetic is injected 
after negative aspiration.

 Ultrasound-Guided Technique
The tibial nerve is the largest of the 5 nerves to be blocked and 
can be easily identified using ultrasound. A linear transducer 
placed just proximal to the medial malleolus will identify the 
tibial nerve immediately posterior to the tibial artery. In diffi-
cult cases color Doppler can identify the artery and injecting 
local anesthetic just behind the artery will block the tibial 
nerve.

The deep peroneal nerve can be identified with a trans-
ducer placed transversely at the level of the ankle and appears 
as a small hyperechoic structure. It is small and often not eas-
ily identified, but the dorsalis pedis artery can be identified 
and local anesthetic injected next to it to achieve the block. 
Sural nerve and saphenous nerve are small hyperechoic 
structures that may be seen next to the saphenous veins.
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Tibialis anterior
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peroneal nerve

Posterior tibial artery
Posterior tibial nerve
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Sural nerve
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(Achilles lendon)

Ankle section
1

1

2 2

2

1

3

Tibia

Fibulla

       . Fig. 1.8 Ankle block (Reprinted with permission from Brown [8])
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1.3.5  Transversus Abdominis Plane (TAP) 
Block

The transversus abdominis plane (TAP) block was first 
described as a landmark-guided technique involving needle 
insertion at the triangle of Petit. It has been shown to provide 
good postoperative analgesia for a variety of procedures.

 5 Indications: Postoperative analgesia for laparotomy, 
appendectomy, laparoscopic surgery, ileostomy closure, 
abdominoplasty, and cesarean delivery; as an alternative 
to epidural anesthesia for operations on the abdominal 
wall.

 5 Complications: Bowel perforation/hematoma, infection, 
intravascular injection, liver laceration. The complica-
tions are very rare and the use of ultrasound has further 
minimized the complications.

The anterior abdominal wall (skin, muscles, and parietal 
peritoneum) is innervated by the anterior rami of the lower 
6 thoracic nerves (T7-T12) and the first lumbar nerve (L1). 
Terminal branches of these somatic nerves course through 
the lateral abdominal wall within a plane between the 
internal oblique muscle (IOM) and transversus abdominis 
muscle. This intermuscular plane is called the transversus 
abdominis plane. Injection of local anesthetic within the 
TAP can result in unilateral analgesia to the skin, muscles, 
and parietal peritoneum of the anterior abdominal wall.

 Landmark Technique
The triangle of Petit is an area bounded by the latissimus 
dorsi muscle posteriorly, the external oblique muscle (EOM) 
anteriorly, and the iliac crest inferiorly. A needle is inserted 
perpendicular to all planes, looking for a tactile endpoint of 2 
pops. The first pop indicates penetration of the external 
oblique fascia and entry into the plane between external and 
internal oblique muscles; the second pop signifies entry into 
the TAP plane between the internal oblique and transversus 
abdominis muscles.

 Ultrasound Technique
The probe is placed transversely on the abdomen, at the ante-
rior axillary line, between the costal margin and the iliac crest. 
The 3 muscle layers should be identified and TAP plane 
located (. Fig. 1.9). Once the transverse abdominal plane is 
identified, a skin wheal is made 2–3 cm medial to the medial 
aspect of the transducer, and the needle is inserted in-plane in 
a medial to lateral orientation. The needle penetrates through 
the subcutaneous tissue, EOM, and IOM. As the needle enters 
the TAP plane a “pop” may be felt. After gentle aspiration, 
1–2 mL of local anesthetic is injected to verify the location of 
the needle tip. When injection of the local anesthetic appears 
to be intramuscular, the needle is advanced or withdrawn 
carefully 1–2  mm and another bolus is administered. This 
gesture is repeated until the correct plane is achieved. At least 
20 cc of LA is required to achieve a satisfactory block.

1.4  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. A 36-year-old female complains of pain along her 

medial forearm and hand postoperatively after open 
reduction internal fixation (ORIF) of a humerus frac-
ture. She received a preoperative interscalene block. 
Which nerve would have possibly been missed in 
the block?
 A. Radial nerve
 B. Ulnar nerve
 C. Intecostobrachial nerve
 D. Median nerve
 E. Musculocutaneous nerve

 2. A 46-year-old male received an interscalene block 
for a left shoulder arthroplasty resulting in a dense 
block along his arm, hand, and the majority of his 
shoulder except the upper portion. What can be 
done to supplement the block?
 A. Injecting LA around the C3 to C4 nerve roots
 B. Injecting LA around C8 to T1 nerve roots
 C. Perform an intecostobrachial block
 D. Repeating the interscalene block
 E. None of the above

 3. What patient population is most susceptible to the 
adverse events from an interscalene nerve block?
 A. 62-year-old male smoker with severe chronic 

obstructive pulmonary disease (COPD)
 B. 37-year-old male with sickle cell trait
 C. 21-year-old female with exercise-induced 

asthma
 D. 75-year-old male with mild coronary artery dis-

ease
 E. 25-year-old female in her first trimester of pregnancy

       . Fig. 1.9 Transversus abdominis plane (TAP) block – ultrasound 
technique
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 4. A 76-year-old patient fractured her proximal 

humerus after a fall. A peripheral nerve block 
was planned for post-op pain after ORIF. In an 
ultrasound- guided supraclavicular approach to the 
brachial plexus, where are the plexus trunks/divi-
sions in relation to the subclavian artery?
 A. Anterior and lateral
 B. Superior and lateral
 C. Superior and medial
 D. Superior and posterior
 E. Anterior and medial

 5. A supraclavicular brachial plexus block is placed for 
shoulder surgery. For optimal postoperative analge-
sia, the catheter should be placed_______.
 A. Anterior to the subclavian artery
 B. Posterior to the subclavian artery
 C. Superior to the subclavian artery
 D. As close as possible to the first rib
 E. Under the first rib

 6. What is the most common complication associated 
with a brachial plexus block using the supraclavicu-
lar approach?
 A. Intravascular injection into the subclavian artery
 B. Phrenic nerve palsy
 C. Intravascular injection into the vertebral artery
 D. Pneumothorax
 E. Block failure

 7. Which of the following is the best indication for a 
supraclavicular nerve block?
 A. Shoulder arthroplasty
 B. Surgery on fifth digit
 C. Upper limb and hand surgery
 D. Shoulder arthroscopy
 E. First rib excision

 8. Which portion of the upper extremity may not be 
completely anesthetized after performing a supra-
clavicular brachial plexus block?
 A. Lateral portion of the hand
 B. Elbow
 C. Medial portion of the hand
 D. Posterior medial portion of the forearm
 E. Anterior lateral portion of the arm

 9. Inadequate anesthesia of the lateral part of the 
forearm following an axillary block is most likely the 
result of inadequate block of which nerve?
 A. Ulnar nerve
 B. Radial nerve
 C. Intecostobrachial nerve
 D. Median nerve
 E. Musculocutaneous nerve

 10. Complications of the axillary block include:
 A. Nerve injury
 B. Vascular puncture
 C. Hematoma
 D. Local anesthetic toxicity
 E. All of the above

 11. To avoid nerve injury while performing axillary 
block, which of the following should be taken into 
consideration?
 A. Avoid injection of local anesthetic when high 

resistance is encountered
 B. Avoid injection of local anesthetic when stimula-

tion is obtained with intensity of less than 0.2 mA
 C. Stop injecting the local anesthetic when the patient 

complains of severe pain during the injection
 D. All of the above

 12. All of the following statements are true about axil-
lary brachial plexus block except:
 A. Under ultrasound, the median nerve is a 

rounded hyperechoic structure
 B. A curvilinear transducer probe should be used 

for deeper penetration.
 C. The structures of interest when performing the 

block are superficial, 1–3 cm from the skin.
 D. The axillary artery can be associated with one 

or more axillary veins and are usually located 
medial to the artery

 13. A patient receives an infraclavicuar block for distal radial 
fracture fixation and complete anesthesia of hand and 
forearm are noted. Upon inflation of the surgical tour-
niquet, the patient complains of pain under the axilla. 
Which of the following nerves was not blocked?
 A. Musculocutaneous nerve
 B. Radial nerve
 C. Medial brachial cutaneous nerve
 D. Intecostobrachial nerve

 14. Infraclavicuar catheter is placed for analgesia in a 
patient after elbow arthroplasty and the patient 
received a bolus followed by continuous infusion. 
Approximately 12 h after the block, the patient com-
plains of severe pain on the lateral side of the elbow. 
Motor function in the hand is diminished. All tubing 
is connected and the pump is working. What is the 
most likely cause?
 A. Radial nerve injury from the block
 B. Normal postoperative pain
 C. Secondary block failure
 D. Incorrect drug choice

 15. Advantages of infraclavicuar block over axillary 
block include all of the following except:
 A. Single needle entry
 B. Block of medial brachial cutaneous and ante-

brachial cutaneous nerves
 C. Easier catheter placement for continuous analgesia
 D. Easy needle visualization with ultrasound

 16. In a typical transverse scan of the inguinal region, 
the femoral nerve is immediately deep to the follow-
ing structure:
 A. The fascia of the ileopsoas muscle
 B. The fascia iliaca
 C. The fascia lata
 D. The femoral artery
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 17. While performing a femoral nerve block using 
nerve stimulation, all of the following are reli-
able responses ensuring successful block except:
 A. A quadriceps muscle twitch
 B. Stimulation of the femoral nerve at 0.4 mA
 C. A sartorial muscle twitch
 D. A patellar twitch

 18. A femoral nerve block can be used as an adjunct to 
control pain in each of these surgeries except:
 A. Proximal femur surgery
 B. Knee surgery
 C. Medial foot surgery
 D. Proximal anterior thigh surgery

 19. Which of the following statements is true regard-
ing the transversus abdominis plane block using 
ultrasound-guided technique?
 A. Coagulopathy is an absolute contraindication
 B. Low volume, high concentration of local anes-

thetic solution is used ideally
 C. Saline can be used to identify and open the 

TAP fascial plane prior to injecting local anesthetic
 D. It can be reliably used as the sole mode of anal-

gesia after abdominal surgery
 20. All of the following statements are true regarding 

the TAP block except:
 A. The anterior abdominal wall is innervated by  

T7 to L1
 B. The nerves lie in the plane between the inter-

nal oblique and the transversus abdominis muscles
 C. The aim of the block is to deposit local anes-

thetic in the plane between the internal oblique 
and transversus abdominis muscles

 D. A single injection of 20 cc of local anesthetic will 
reliably block all the nerves on one side of the 
abdomen.

 21. Sciatic nerve block performed by posterior approach 
(Labat [4]), all of the following statements are true 
except:
 A. The landmarks used are the greater trochanter 

and the sacral hiatus
 B. The patient is placed in Sim’s position
 C. The posterior superior iliac spine and sacral hia-

tus are the bony landmarks
 D. The landmarks include the greater trochanter 

and ischial tuberosity
 22. Regarding an ultrasound-guided transgluteal 

approach to a sciatic nerve block, all of the following 
statements are true except:
 A. It is indicated for surgery on the tibia, ankle, and foot
 B. The landmarks used are the greater trochanter 

and the posterior superior iliac spine
 C. Combined with a lumbar plexus block, anesthe-

sia of the entire lower extremity can be achieved
 D. In contrast to common belief, it is a relatively 

easy block to perform with a high success rate

 v Answers
 1. B. The interscalene block is most utilized for shoulder 

and humeral fracture surgeries but is not sufficient for 
surgeries involving the hand because the lower nerve 
roots and trunk of the brachial plexus are missed.

 2. A. Injecting local anesthetic around C3 to C4 nerve 
roots would give a superficial cervical plexus bock 
and help this patient since these nerve roots supply 
some sensation to upper part of the shoulder.

 3. A. Due to the almost 100% involvement of the ipsi-
lateral phrenic nerve with an interscalene block, it is 
advisable to be cautious with patients with limited pul-
monary function such as patients with severe COPD.

 4. D. When using the ultrasound, in the supraclavicular 
approach for the brachial plexus, the trunks and the 
divisions appear as compact bunch of grapes supe-
rior and posterior to the artery.

 5. C. The catheter is usually inserted superior to the 
subclavian artery in the case of shoulder surgery or 
in the corner pocket between the artery and the first 
rib in the case of hand surgery. The correct position of 
catheter can be confirmed under ultrasound by inject-
ing local anesthetic or 1 ml of air into the catheter and 
observing the distribution in relation to the artery.

 6. B. To minimize phrenic nerve paralysis, try not to inject 
above the plexus to avoid exposing the nerve to toxic 
high concentration of local anesthetics. In addition, 
avoiding injection above the plexus might decrease 
the incidence of phrenic nerve palsy after the block.

 7. C. The supraclavicular block is very efficient for 
upper limb and hand surgeries.

 8. C. Supraclavicular block can be used for shoulder, 
elbow, or hand surgery; however, it can miss the lower 
portion of the brachial plexus, thus sparing the ulnar 
nerve distribution of the medial side of the hand.

 9. E. The musculocutaneous nerve is a terminal branch 
of the lateral cord of the brachial plexus. Without 
blockade of the musculocutaneous nerve, adequate 
anesthesia of the lateral forearm is unlikely. Classic 
teaching is that the musculocutaneous nerve block-
ade can be accomplished by the injection of local 
anesthetic into the belly of the coracobrachialis mus-
cle. Ultrasound studies have shown that the musculo-
cutaneous nerve is not in the coracobrachialis muscle 
in approximately 20% of patients.

 10. E. A hematoma can occur during an axillary block, 
especially if the patient was on anticoagulants or if 
there are multiple needle punctures to the veins or 
axillary artery. The most common cause of local anes-
thetic toxicity during axillary block is inadvertent 
intravascular injection. To avoid systemic toxicity dur-
ing an axillary block, avoid fast forceful injection, per-
form careful frequent aspiration during the injection, 
and adjust the dose and volume of local anesthetic 
injected in the elderly and frail patients.
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 11. D. To avoid nerve injury during any peripheral 

nerve block, never inject local anesthetic when 
abnormally high resistance is encountered on injec-
tion. Stop injecting local anesthetic when patient 
complains of severe pain on injection and when 
stimulation is obtained with current intensity less 
than 0.2 mA. Withdraw the needle slightly to obtain 
the same response with current greater than 0.2 mA 
before injecting the local anesthetic.

 12. B. In order to obtain the best image when perform-
ing the axillary brachial plexus block, a linear trans-
ducer with high frequency should be used. A higher 
penetration is not needed as the structures of inter-
est are superficial, 1–3 cm from the skin. A curved 
low-frequency probe should be used when imaging 
deeper structures as it allows higher penetration at 
the expense of lower resolution.

 13. D. The intecostobrachial nerve arises from T2 and is 
not blocked by any approach to brachial plexus. It 
may be blocked by subcutaneous infiltration of local 
anesthetic under the ventral side of the proximal 
arm.

 14. C. The patient most likely had sufficient local anes-
thetic spread from the initial bolus. With resolu-
tion of the initial block, the lateral cord was not 
adequately blocked by the infusion, leading to pain 
in the musculocutaneous nerve distribution.

 15. D. The infraclavicuar approach has many advantages, 
including single needle entry and the included block 
of the medial brachial cutaneous and medial ante-
brachial cutaneous nerves. It is also a good location 
for catheter placement. Needle visualization with 
ultrasound is often more difficult due to the steep 
angle of the needle and the depth of the plexus.

 16. B. While all the given structures can be found in a 
typical transverse scan of the inguinal region, the 
femoral nerve is typically superficial to the iliopsoas 
muscle and lateral to the femoral artery. The fascia 
lata is superficial and can be found in the subcuta-
neous layer.

 17. C. A twitch of the sartorius muscle can be commonly 
seen when using nerve stimulation for locating the 
femoral nerve. A band-like contraction of the thigh 
without movement of the patella is often how sar-
torius muscle stimulation manifests and can be mis-
taken for femoral nerve stimulation. Sartorius muscle 
twitch is not a reliable response because the nerve 
branches to the sartorius muscle coming off the 
femoral nerve may be outside the femoral sheath.

 18. D. The proximal portion of the anterior thigh is 
innervated by the ilioinguinal and genitofemoral 
nerves but not the femoral nerve.

 19. C. Coagulopathy is a relative contraindication for the 
TAP block. The TAP bock depends on the spread of 
LA in a large plane, and hence, it is a high-volume 
block. It is used as an adjunct for anterior abdominal 

wall incisions/drains. It does not provide adequate 
analgesia as a sole analgesia as it does not block the 
visceral component. The spread of local anesthetic 
in TAP block depends on the volume and the site of 
injection. Saline can be used to hydrodissect and 
identify the TAP plane without wasting the local 
anesthetic while trying to identify the TAP plane.

 20. D. The anterolateral abdominal wall is innervated by 
the anterior rami of the lower 6 thoracic nerves (T7 
to T12) and the first lumbar nerve (L1). The nerves 
lie in the fascial plane between the internal oblique 
and the transverse abdominis muscles. Injection of 
LA within the TAP can provide unilateral analgesia 
to the skin, muscles, and parietal peritoneum of the 
anterior abdominal wall from T7 to L1 depending on 
the volume and the site of the injection.

 21. D. The posterior sciatic nerve block described by 
Labat [4] involves placing the patient in Sim’s lateral 
position with hip and leg flexed to 90°. The anatomi-
cal landmarks used are the posterior superior iliac 
spine (PSIS), the greater trochanter (GT), and the 
sacral hiatus (SH). Draw 2 lines joining the 3 bony 
landmarks. From the midpoint of the PSIS and GT, 
drop a perpendicular line and mark where it crosses 
the line joining the GT and SH. This is the point of 
needle insertion for the block.

 22. B. An ultrasound-guided transgluteal sciatic nerve 
block is relatively easy to perform with a high success 
rate. It utilizes the greater trochanter and the ischial 
tuberosity as the bony landmarks. Combined with a 
lumbar plexus block, anesthesia of the entire lower 
extremity can be achieved. Combined with a femoral/
saphenous nerve block, anesthesia of the lower limb 
below the knee can be achieved.
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Key Points
 1. Neuraxial anesthesia can be used as a primary 

anesthetic, an adjunct anesthetic for intraoperative 
pain control in addition to general anesthesia or 
postoperative pain control for surgeries involving 
the abdomen, perineum, or lower extremities.

 2. Absolute contraindications to neuraxial anesthesia 
include patient refusal, bleeding diathesis, ele-
vated intracranial pressure (except pseudotumor 
cerebri), infection at site of injection, hypovolemia, 
and indeterminate neurologic disease.

 3. Neuraxial anesthesia can be achieved by injection of 
local anesthetics (lidocaine, bupivicane, chloroproca-
ince, etc.) with or without additives into the intrathe-
cal space (spinal) or the epidural space (epidural)

 4. As a fetus, the spinal cord spans the entire length of 
the spine. The spinal cord ends at the L3 level in early 
childhood, and in adulthood the spinal cord extends 
from the foramen magnum to the L1-2 level.

 5. Local anesthetics exert their effects at the level of 
the nerve root, producing numbess in a dematomal 
distribution.

 6. Additives can be used to alter the length (epineph-
rine, clonidine) and onsest (sodium bicarbonate) of 
blockade.

 7. Hypotension is the most common adverse effect 
of neuraxial anesthesia. It is caused by sympathetic 
blockade, which can decrease systemic venous 
resistance, venous return, and cardiac output. This 
sympathetic blockade extends 2 dermatomes 
above and below the sensory/motor blockade and 
is treated with crystalloid bolus and vasopressors.

 8. Epidural hemtoma is the most feared complication 
of neuraxial anesthesia. Particular attention needs 
to be paid to the coagulation status and platelet 
functioning of the patient, including medications 
that may affect these functions. Treatment is 
surgical decompression and magnetic resonance 
imaging (MRI) should be obtained early so as not 
to delay surgery.

 9. Post dural puncture headache (PDPH) is a relatively 
common adverse effect of neuraxial anesthesia. Risk 
factors include female sex, young age, pregnancy, 
and history of previous PDPH and the use of cut-
ting-point, large-bore needles. Treatment includes 
adequate hydration, caffeine, analgesics, and, if war-
ranted, epidural blood patch.

 10. Many situations exist in which neuraxial anesthesia 
and anticoagulation would both be appropriate for 
a patient at the same time. The American Society 
of Regional Anesthesia (ASRA) guidelines exist as 
expert opinion to help guide the practitioner in risk 
benefit analysis and should be referenced whenever 
neuaxial anesthesia is considered on an anticoagu-
lated patient.

2.1  Anatomy

2.1.1  The Vertebral Column

The vertebral column consists of the bony vertebral bodies, 
their posterior elements, and the intervertebral disks that 
form the boundaries of the vertebral canal in which lies the 
spinal cord and exiting nerve roots. The vertebral canal pro-
vides structural support to the body as well as protection for 
the spinal cord and nerve roots within the spine. The spine 
consists of 33 vertebrae from the base of the skull to the coc-
cyx. There are 7 cervical, 12 thoracic, 5 lumbar, and 5 sacral 
vertebrae. The 5 sacral vertebrae are fused to form the 
sacrum, which is attached to the coccygeal vertebrae, or coc-
cyx. A sagittal view of the spine reveals a double-C shape in 
which the cervical and lumbar regions exhibit a concave cur-
vature (lordosis), and the thoracic region appears convex 
(kyphosis) (. Fig. 2.1) [1] .

Although the shape of the anatomy of the spine varies at each 
level, a vertebra generally consists of a vertebral body connected 
to the vertebrae above and below it by intervertebral disks. At the 
thoracic and lumbar levels, the vertebral body is a large circular 
structure connected to a posterior vertebral arch [1]:

 5 The vertebral body is joined to 2 pedicles that course 
ventral to dorsal, which are each fused with a laterally 
extending transverse process.

       . Fig. 2.1 Sagittal view of the spine demonstrating lumbar and 
cervical lordosis and thoracic kyphosis. Note the spinous process 
angles, which change according to level of the spine (Reprinted with 
permission Ochsner Health Systems © 2016. All Rights Reserved)
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 5 The laminar elements extend medially and dorsally and 
fuse posteriorly to form a single spinous process.

 5 The vertebral body, 2 pedicles, transverse processes, 2 
laminae, and spinous process connect to form a hollow 
circle, which, when stacked with other vertebrae, form a 
cylinder that encases the spinal cord and its covering.

 5 While the vertebral bodies connect to each other by disks 
anteriorly, each vertebra connects posteriorly by facet joints. 
The facet joints are formed on each side by a superior 
articular process from the caudally located vertebra and an 
inferior articular process from the cephalad vertebra.

 5 Intervertebral foramina, or neural foramina, are lateral 
openings between cephalad and caudal vertebral 
pedicles through which the nerve roots leave the spinal 
cord and exit to each side (. Fig. 2.2).

The cervical vertebrae differ from the thoracic and lumbar 
spine by the presence of bilateral transverse foramina, which 
contain the vertebral arteries as they pass superiorly through 
C6 and upward to the foramen magnum. The first cervical 
vertebrae, or the atlas, lacks a body but instead connects with 
the C2 vertebra, also called the axis. The atlas has a superi-
orly extending odontoid process, or dens, which essentially 
exists as the embryologic C1 body. The dens of C2 articulates 
with the posterior surface of the anterior arch of C1 [2]. The 
atlas and axis allow increased range of motion of the head 
and neck. The joint between the occipital bone and C1 forms 

the atlanto-occipital joint, which allows movement of the 
head, and the atlanto-axial joint between the atlas and axis 
allows for the twisting motion of the neck. The cervical spine 
also differs from the remaining vertebrae in that all the spi-
nous processes, except for C7, are bifid. (. Figs. 2.3 and 2.4).

The thoracic vertebrae are each connected to bilateral cor-
responding ribs. The spinous processes of the cervical and lum-
bar spine are shorter and appear to be in a more horizontal axis, 
allowing for a more direct trajectory during spinal and epidural 
needle placement (. Fig. 2.5). The spinous processes of the mid-
thoracic spine on the other hand are more caudally angulated, 
which requires a compensatory angulation when performing 
spinal and epidural needle placement. The interlaminar spaces 
are larger in the lumbar area than in the thoracic spine [3].

The 5 sacral vertebrae fuse prior to birth to form the 
sacrum:

 5 Each sacral vertebral level contains paired anterior and 
posterior intervertebral foramen from which the sacral 
nerve roots exit.

       . Fig. 2.2 Left oblique view of lumbar spine. Note the nerve roots 
exiting the neural foramen beneath the pedicles (Reprinted with 
permission Ochsner Health Systems © 2016. All Rights Reserved)

       . Fig. 2.3 C1 vertebra (atlas) with superior view, inferior view, and 
anterior view (Reprinted with permission Ochsner Health Systems © 
2016. All Rights Reserved)
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 5 The transverse and costal processes of S1 fuse to form 
the bilateral sacral ala, the wing-like lateral processes 
located superiorly at the base of the sacrum. The sacral 
alae articulate bilaterally with the ilium to form the 
sacroiliac joints.

 5 The sacrum also joins superiorly with the L5 vertebrae 
(via the L5/S1 intervertebral disk) and inferiorly with the 
coccyx (via the sacrococcygeal ligament).

 5 The sacrum contains a central canal, which is a continu-
ation of the vertebral canal. The canal terminates at the 
sacral hiatus, a fissure located in the posterior sacrum 
where the laminae of the fifth vertebrae do not fuse.

 5 The sacral cornu, a landmark for caudal anesthesia, can 
be found here as bilateral projections on either side of 
the sacral hiatus [3].

 5 The filum terminale, the most caudal extension of the 
pia mater, extends to the sacral hiatus. Although the 
dural sac typically ends at the S2 level in adults, the 

epidural fat continues to the hiatus, which is what allows 
access to the epidural space at this level during caudal 
techniques [4, 5].

2.1.2  Ligaments

Several ligaments surround the vertebral column, and 
together with the paraspinous muscles, provide support and 
structure to the spine:

 5 The vertebral bodies and intervertebral disks are bound 
together anteriorly and posteriorly by the anterior and 
posterior spinal ligaments, respectively in a cephalad to 
caudal direction along the length of the cervical, 
thoracic, and lumbar spine.

 5 Dorsal to the vertebral canal, the ligamentum flavum is a 
thick layer of tissue connecting the lamina along the 
spinal column immediately posterior to the epidural 

       . Fig. 2.4 C2 vertebra (axis) 
with views from multiple angles. 
Note the dens, which serves as 
the C1 body (Reprinted with 
permission Ochsner Health 
Systems © 2016. All Rights 
Reserved)
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space. When placing an epidural needle, this ligament is 
used as a landmark to help determine entrance to the 
epidural space. In some individuals the ligamentum 
flavum is absent, which can place the patient at a higher 
risk for unintended dural puncture.

 5 The interspinous ligament connects adjacent spinous 
processes, and the supraspinous ligament is the most 
superficially located ligament along the posterior surface 
of the spinous processes.

 5 Therefore, using a midline approach, the order of 
structures encountered during an epidural placement is 
skin, subcutaneous tissue, supraspinous ligament, 
interspinous ligament, ligamentum flavum, and, finally, 
epidural space.

2.1.3  Landmarks

When trying to locate the appropriate vertebral level in 
order to perform neuraxial anesthesia without the assistance 
of fluoroscopy, it is necessary to know surface landmarks:

 5 The C7 spinous process is the most prominent bony 
landmark in the base of the neck, whereas a line drawn 
between the lower edges of the scapulae denotes the T7 
interspace. These 2 landmarks are useful for locating the 
desired interspaces for thoracic epidurals and paraverte-
bral blocks [6].

 5 The most important landmarks for labor epidurals and 
spinal anesthesia are the iliac crests. A horizontal line 
drawn between the crests (Tuffier’s line) generally will 
traverse the L4/5 interspace, which is below the spinal 
cord in most adults [6].

 5 Finally, the bilateral posterior superior iliac spines 
designate the level of the S2 vertebral body, which is the 
inferior border of the dural sac in adults [6].

2.1.4  The Spinal Cord

As a fetus, the spinal cord spans the entire length of the spine. 
As the infant ages, the spine lengthens at a faster rate compared 
to the growth of the spinal cord. As a result, the spinal cord ends 
at the L3 level in early childhood, and in adulthood the spinal 
cord extends from the foramen magnum to the L1-2 level.

As the spinal cord approaches L1 it tapers off into the 
conus medularis and eventually becomes the cauda equina, 
or “horse’s tail,” a bundle of nerve roots that float relatively 
freely in the cerebrospinal fluid (CSF) of the spinal canal. A 
spinal anesthetic performed below L1 would be in the terri-
tory of the cauda equina and decrease the potential for spinal 
cord trauma as the needle theoretically displaces the nerve 
roots to the side.

There are 31 pairs of spinal nerves (8 cervical, 12 thoracic, 
5 lumbar, and 5 sacral). The nerve roots exit the spinal col-
umn through bilateral intervertebral foramen. In the cervical 
spine the nerve roots exit above their corresponding vertebral 
body. At the C7 body, the C7 root exits above and the C8 root 
exits below (between C7 and T1). Starting at T1, the nerve 
roots then exit below their respective vertebral bodies [2].

The dural sac, as well as the subarachnoid space, extends 
below the cauda equina to S2  in adults and S3  in children. 
The dura often continues to sheath the nerve roots as they 
exit the spinal canal into the intervertebral foramen. As such 
there is a risk of subdural or subarachnoid injection even 

       . Fig. 2.5 The cervical spine spinous processes have a relatively 
horizontal angle (Reprinted with permission Ochsner Health Systems © 
2016. All Rights Reserved)
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when approaching from a caudal or transforaminal approach. 
Although the dura mater extends to S2, the pia mater contin-
ues as a thin strand of tissue to form the filum terminale, 
which connects the conus to the coccyx [4].

2.1.5  Meninges

The meninges are the 3 layers of connective tissue surrounding 
the spinal cord composed of the outermost dura mater, the 
arachnoid mater, and the innermost pia mater. Superficial to 
these layers, the epidural space exists as a potential space 
between the dura mater and the ligamentum flavum. It contains 
fat, lymphatics, and blood vessels, and it is in this space that 
local anesthetic can be instilled for epidural anesthesia 
(. Fig. 2.6). The epidural space communicates freely with the 
adjacent paravertebral spaces by the intervertebral foramen. 
Closely adherent to the dura mater is the arachnoid mater. 
Beneath the arachnoid layer is the subarachnoid space, where 
cerebrospinal fluid is contained within the spinal column. The 
innermost layer is known as the pia mater, which is closely 
adherent with the spinal cord. The pia will extend laterally 
above T12 to form a dense triangular band between the dorsal 
and ventral roots known as the denticulate ligament [4]. 
Radiographic studies also suggest the presence of dorsal median 
connective tissue or septa within the epidural space, which may 
lead to an unintentional unilateral neuraxial anesthetic [7].

2.1.6  Cerebrospinal Fluid

The major function of cerebrospinal fluid is to insulate and 
protect the brain and spinal nerves against trauma. It is found 
in cerebral ventricles and the subarachnoid space of the brain 

and spinal cord. It flows freely across the foramen magnum, 
allowing for introduction of local anesthetic to the brain in 
the event of a complete or high spinal. CSF is mostly formed 
in the choroid plexus of the cerebral ventricles. In adults, 
normal CSF production is 500 cc/day, yet total CSF volume is 
only about 150 cc secondary to continuous reabsorption into 
arachnoid granulations.

2.1.7  Blood Supply

The spinal cord is supplied by a single anterior spinal artery 
and 2 paired posterior arteries. The anterior spinal artery 
arises from the vertebral artery in the cervical region and 
supplies the anterior two-thirds (motor innervation) of the 
spinal cord. The posterior arteries are formed from the poste-
rior inferior cerebellar arteries and cover the posterior one- 
third (sensory innervation) of the cord (. Fig. 2.7). Below the 
cervical level, the spinal cord also receives additional blood 
supply from segmental or radicular arteries, which feeds the 
anterior spinal artery in the thoracic and lumbar region. The 
anterior spinal artery receives variable contributions from 
these arteries and relies heavily on the large artery of 
Adamkiewicz or great radicular artery (GRA). The GRA 
typically branches off the aorta around T9-T12, but can be 
anywhere from T5-L5, and it is almost always on the left [2]. 
If this artery is damaged, a patient may present with bilateral 
lower extremity motor deficits from a process called anterior 
spinal artery syndrome. This syndrome occurs as a result of 
decreased spinal cord perfusion pressure, which is equal to 
mean arterial pressure (MAP) – spinal cord pressure. Anterior 
spinal artery syndrome, therefore, may occur secondary to 
either a decrease in MAP (hypotension, damaged GRA) or an 
increased spinal cord pressure (from a variety of factors 
including increased CSF pressure or mechanical pressure).

       . Fig. 2.6 Axial view of the spine reveals a cross-section of the spinal 
cord and exiting nerve roots, which lie between the anterior and 
posterior epidural space. The spinal nerve roots exit through the 
intervertebral foramen (Reprinted with permission Ochsner Health 
Systems © 2016. All Rights Reserved)

       . Fig. 2.7 Cross-section of the spinal cord with the midline anterior 
spinal anatomy and one of the 2 paired posterior spinal arteries on the 
left side (Reprinted with permission Ochsner Health Systems © 2016. 
All Rights Reserved)
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The venous drainage from the spinal cord flows through 
the vertebral venous plexus. The plexus can be enlarged in 
situations that obstruct abdominal venous return, such as 
increased intra-abdominal pressure secondary to gravid 
uterus or tumors compressing the vena cava. This may result 
in an increased likelihood of intravascular injection during 
epidural anesthesia as well as increase the spread of local 
anesthetic by decreasing the volume of the epidural space.

2.2  Neuraxial Anesthesia

2.2.1  Preoperative Considerations

 Indications
Neuraxial anesthesia may be indicated as the primary anes-
thetic for major or minor surgeries or as an adjunctive anes-
thetic for intraoperative pain control in addition to general 
anesthesia. It is most useful as the primary anesthetic in sur-
geries involving the abdomen, perineum, or lower extremities. 
Neuraxial anesthesia is also an option for thoracic and upper 
abdominal surgeries, although it may not be the optimal choice 
for a patient with respiratory insufficiency or during prolonged 
surgeries resulting in compromised respiratory function (such 
as pneumoperitoneum). This is related to the fact that these 
patients rely heavily on accessory muscles of inspiration, which 
are often weakened with high neuraxial anesthesia, despite 
minimal changes in tidal volume. In these situations, an epi-
dural or spinal may be useful to supplement general anesthesia 
in providing postoperative pain relief. Continuous epidural 
anesthesia is also widely used in labor analgesia [6].

 Contraindications
Absolute contraindications to neuraxial anesthesia include 
patient refusal, bleeding diathesis, elevated intracranial pres-
sure (except pseudotumor cerebri), infection at site of injec-
tion, hypovolemia, and indeterminate neurologic disease [6].

Other disease processes are discussed as relative contrain-
dications and clinical judgment should be used in these situa-
tions. Severe aortic or mitral stenosis or left ventricular outflow 
obstruction when combined with spinal or rapidly achieved 
epidural anesthesia may result in sudden, severe hypotension 
and possible cardiac ischemia. These effects are secondary to a 
sympathetic blockade, leading to vasodilation, venous pool-
ing, and ultimately decreased preload. However, neuraxial 
anesthesia can be used safely with close monitoring, and when 
possible, a slowly dosed epidural would be preferred over spi-
nal anesthesia to avoid the abrupt decline in blood pressure.

Sepsis or distant infections have been implicated in pre-
disposing the patient to meningitis, epidural abscess, or cen-
tral nervous system (CNS) infection via hematogenous 
spread following neuraxial anesthesia. While it is recom-
mended to exercise caution in such patients, it is generally 
not contraindicated to perform a neuraxial block as it may 
actually be a better choice for some sick patients.

Chronic back pain or preexisting neurological deficits 
and paresthesia due to prior neurologic disease are generally 

not contraindications; however, prior symptoms or exacerba-
tions of a disease state may mask or imitate side effects or 
complications associated with the procedure itself. Some 
practitioners would defer from performing neuraxial or 
regional anesthesia on such patients. It is, therefore, impor-
tant to thoroughly interview and examine the patient and 
document reported findings prior to performing the neur-
axial blockade. Also, in many patients with prior lumbar sur-
geries the ligamentum flavum may not be intact. Therefore, 
the provider should not rely on loss of resistance technique to 
find the epidural space and consideration should be made to 
enter at a level remote from previous surgery.

Previously, there were concerns that neuraxial anesthesia 
in a human immunodeficiency virus (HIV)-infected patient 
would hasten central nervous system manifestations of the 
disease. However, it is now understood that CNS involve-
ment occurs early during the course of HIV infection and 
introduction of HIV into a previously virus-free CNS after is 
not a concern.

 Preparation
Preparation for neuraxial anesthesia, like general anesthesia, 
should begin with a discussion with the patient and obtain-
ing informed consent. The patient interview should include 
specific questions such as whether there is a history of anes-
thetic complications, prior difficult placement of epidural or 
spinal anesthesia, history of bleeding disorders or thrombo-
cytopenia, whether the patient is taking any anticoagulant 
medications, and history of spine disorders (ie, scoliosis) or 
surgeries. The provider should then discuss the benefits and 
potential complications associated with neuraxial blockade. 
These include the rare but serious complications such as 
bleeding, infection, or temporary nerve damage, as well as 
more common but less severe risks such as post dural punc-
ture headache and mild pain.

 Location, Monitors, and Additional Equipment
Generally, a neuraxial blockade should only be performed in 
a facility with appropriate emergency equipment, medica-
tions, and personnel available in the event of an urgent situa-
tion requiring intubation or resuscitation. The procedure can 
be performed in an operating room or in an outside area with 
the above requirements. Patients should have frequent moni-
toring of blood pressure and pulse oximetry. Supplemental 
oxygen via nasal cannula or face mask with end tidal CO2 
(EtCO2) monitoring is recommended if sedation is provided. 
Patients should have an adequately functioning intravenous 
line prior to the procedure. Although an ultrasound machine 
is typically unnecessary for neuraxial blockade, it may facili-
tate a difficult placement in a patient with poor surface land-
marks, as discussed later in this chapter. Required practice 
for sterile technique includes hat, mask, and gloves.

 Premedication and Sedation
Lumbar neuraxial anesthesia may be performed completely 
awake, with minimal sedation or under general anesthesia. 
Performing this block under general anesthesia, however, 
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remains controversial. The reasoning is that the patient would 
be unable to verbalize pain or paresthesia during injection, 
symptoms that are associated with intraneural injection and 
postoperative neurological deficits. On the other hand, provid-
ing deep sedation or general anesthesia would reduce sudden 
patient movement, allowing for easier needle placement and 
less chance of nerve damage. Epidurals and spinals of the tho-
racic and particularly of the cervical spine should be placed in 
awake patients. The exception to this is the pediatric population, 
in which case neuraxial anesthesia is often performed under 
general anesthesia secondary to poor patient cooperation.

Pharmacological premedication, typically in the form of 
midazolam and fentanyl, is often beneficial prior to perform-
ing regional anesthesia. Premedication is avoided for labor 
epidurals, so it is essential to discuss expectations and ver-
bally guide the patient through the procedure if desired. In 
situations where premedication is not used, patients should 
be provided with ample local anesthetic skin infiltration.

2.2.2  Patient Positioning

A patient can be positioned in either the sitting, prone, or 
lateral position for neuraxial anesthesia. Regardless of the 
type of position chosen, the goal is to flex the spine in order 
to draw apart the adjacent spinous processes and expand the 
interlaminar foramen.

 Sitting
The sitting position is the most commonly encountered 
arrangement for spinal and epidural placement. In this posi-
tion, the patient is curled forward, pressing the chin into the 
chest and the buttocks into the bed to form a C shape with the 
spine. This allows the spinous processes to be pressed closer 
to the skin where they are more easily palpated and also pro-
motes the most expansion of the interlaminar space. The mid-
line is also the most recognizable in the sitting position, which 
is of significant value in the obese population. This position is 
not ideal for a heavily sedated patient (. Fig. 2.8) [6].

 Lateral Decubitus
This position is preferable in a patient under general anesthe-
sia or in the elderly, sick population in which the patient is 
unable to sit upright without generous assistance. In the lat-
eral decubitus position, the patient would lie on his or her 
side with the neck and knees flexed forward and pulled into 
the patient’s chest.

 Prone
The prone position is most often used for chronic pain proce-
dures under the guidance of fluoroscopy. Rarely, the prone 
position is also used as the jackknife position for perineal 
procedures. In the prone position, the midline surface land-
marks are not as easily appreciated. Because CSF pressure is 
lower than when the patient is upright, CSF aspiration is 
typically necessary to confirm subarachnoid injection as the 
CSF will not be free flowing.

2.2.3  Needles

Several different types of needles are available for spinal anes-
thesia, varying in overall size and the contour of their tips. In 
general, a smaller needle gauge decreases the incidence of 
post-dural puncture headaches (PDPH). The tapered pencil- 
point needles (Whitacre, Sprotte) are most commonly 
selected as their blunt tips are designed to ease the dural 
fibers apart versus cutting needles such as a Quincke. Pencil- 
point needles also produce a ragged-edged hole in the dura, 
which provokes a more robust inflammatory response. Both 
the cutting of less dural fibers and the increased inflamma-
tory response are thought to contribute to a smaller CSF leak 
and subsequently a lower risk of PDPH. These needles con-
tain a side port that allows for directed injection of local 
anesthetic. Since these pencil-tip needles require more force 
to push through the dura, a more pronounced popping sen-
sation can be appreciated by the operator. The other basic 
type of needle is the open-ended beveled needle (Quincke). 
Such open-ended beveled needles cut through the dura, 
which is associated with more dural trauma and elevated risk 
of PDPH.

One recent cadaver study evaluated needle type (pencil 
point vs. cutting), needle gauge, and angle of dural puncture 
(30° vs. 90°) and found that a large-bore cutting needle was 
associated with a larger dual leak over 1  h than blunt-tip 
smaller bore needles. No correlation was found between dura 
leak and angle of puncture [8].

The most commonly used epidural needle is the blunt- 
tipped Tuohy needle, which is designed to push the dura out-
ward and away rather than penetrate through it. This needle 
features a curved edge that gently directs the epidural cathe-
ter in the direction of the curve for optimal placement in the 
epidural space.

All needles contain a removable, smaller-gauged inner 
stylet, which occludes the center of the needle to prevent 
lodging of bone fragments or subcutaneous tissue, which if 
present can lead to a false sense of resistance and possibly 

       . Fig. 2.8 Marks are made on the patient’s skin at the midpoint of 
the probe’s long and short sides. The needle insertion site should be 
the intersection of these 2 marks
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result in dural puncture in epidural placement. Such an inner 
stylet also serves to prevent the transfer of epithelial cells and 
possible surface contaminants into the intrathecal space.

2.3  Spinal Anesthesia

2.3.1  Indications

Spinal anesthesia is commonly indicated for surgical proce-
dures involving the mid to lower abdomen, perineum, and 
lower extremities. It is becoming more regularly encountered 
in orthopedic surgeries including total hip and knee replace-
ments. Benefits of regional anesthesia over general anesthesia 
in this population include reduced postoperative pain, 
decreased opioid consumption, reduced incidence of pulmo-
nary embolism and deep venous thrombosis, decreased hos-
pital length of stay, and increased rehabilitation—although 
there is no consensus on whether it results in decreased mor-
bidity and mortality [9, 10].

2.3.2  Contraindications

As previously mentioned, absolute contraindications for neur-
axial anesthesia include patient refusal, bleeding diathesis, ele-
vated intracranial pressure, infection at site of injection, severe 
hypovolemia, and indeterminate neurologic disease [11].

More specific to spinal anesthesia, the risk of sudden and 
severe hypotension following injection of local anesthetic 
into the intrathecal space is significantly more pronounced 
and immediate than in epidural anesthesia. This is likely due 
to the direct injection of local anesthetic into the CSF and the 
subsequent bathing of nerve roots. Spinal anesthesia is there-
fore contraindicated in many patients with hypovolemia and 
cardiac outflow obstructions such as aortic stenosis or hyper-
trophic obstructive cardiomyopathy (HOCM).

2.3.3  Technique

 Midline Approach
For the midline approach, the patient is placed in the pre-
ferred position (can be in seated or lateral decubitus) and the 
spine is palpated to identify the midline and individual spi-
nous processes. The interspinous spaces may be palpated as a 
depression between the bony spinous processes. Using the 
surface landmarks discussed earlier, the desired level can be 
identified by counting the number of spaces above or below 
these landmarks. Skin should then be cleaned with chlorhex-
idine or a similar solution, with subsequent application of a 
sterile fenestrated drape. A small-gauge needle such as a 
25-gauge 1.5-in. needle is used to anesthetize the skin and 
subcutaneous tissue through the creation of a skin wheal 
with local anesthetic infiltration. This smaller needle also can 
be advanced deeper to act as a finder needle, identifying the 
superior and inferior borders of the space.

Next, an introducer needle such as an 18G 1.5-in. hollow- 
bore needle is placed into the space along the superior surface 
of the inferior spinous process. This thicker, shorter needle 
breaks the skin and assists in the guidance of the thin spinal 
needle. The spinal needle is then advanced through the intro-
ducer needle in slow, gradual movements in a slightly cephalad 
direction. The needle will easily pass through the subcutane-
ous tissue and then transverse the supraspinous and interspi-
nous ligaments before encountering the thicker ligamentum 
flavum. The needle is further advanced until it penetrates the 
dura, which is accompanied by a characteristic popping sensa-
tion. Once the spinal needle is in the intrathecal space, the 
stylet is then removed to confirm the return of cerebrospinal 
fluid (CSF) into the hub of the needle (. Fig. 2.9). If no fluid is 
apparent, the stylet should be replaced and the needle slowly 
advanced, again removing the stylet to check for return of 
fluid. With visible confirmation of CSF, a syringe containing 
local anesthetic is firmly attached to the needle. Aspiration of 
the syringe should reveal a swirl of clear CSF. The local anes-
thetic can then be slowly injected through the needle, recon-
firming the correct location by a second aspiration near the 
end of the injection. Once complete, the needle and syringe are 
withdrawn and removed from the patient’s back [11].

If the needle encounters bone superficially, the introducer 
and spinal needles should be slightly withdrawn and redirected 
either superiorly or inferiorly as it is likely contacting a neigh-
boring spinous process. If the needle contacts bone at a deeper 
level, this likely indicates that the needle is not  midline, so the 
needle should be withdrawn and redirected to the left or right 
of the previous location to avoid contacting the lamina. If the 
appearance of blood-tinged CSF is present on aspiration and 

       . Fig. 2.9 View of spinal needle traversing the ligamentum flavum 
and dura mater (Reprinted with permission Ochsner Health Systems © 
2016. All Rights Reserved)
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does not clear immediately, the needle should be withdrawn 
and reinserted at a different interspace. Finally, if the patient 
reports transient paresthesia at any time (unilateral burning or 
shooting pain in buttocks, legs or perineum), local anesthetic 
should not be injected; instead, the operator should redirect 
the needle, as the paresthesia may indicate possible needle 
contact with a nerve or nerve root.

 Paramedian Approach
Although the midline approach may be easier to perform for 
most patients, the paramedian approach can be selected if a 
neuraxial anesthetic is difficult to place because of a patient’s 
spinal anatomy (e.g., severe spinal stenosis or prior spine 
surgery). This approach is also more commonly chosen for 
thoracic epidural placement given the angulated nature of 
the thoracic spinous processes. In this approach, the needle 
is inserted 1–2 cm lateral to the midline of the inferior sur-
face of the superior spinous process and directly slightly 
medial and cephalad (. Fig.  2.10). The needle then passes 
through skin and subcutaneous tissue and directly encoun-
ters the ligamentum flavum, thus bypassing the medially 
located supraspinous and interspinous ligaments. If the 
needle contacts the lamina superficially, the needle should 

be redirected to walk off the bone in a cephalad direction. 
The operator should be mindful to avoid directing the needle 
too medially in this approach as it could potentially cross the 
midline [11].

2.3.4  Assessment of Neuraxial Blockade

Once injected, the local anesthetic bathes the nerve roots, 
blocking the small and unmyelinated nerve fibers (sympa-
thetic, temperature/proprioception) first, followed by the 
large, myelinated fibers (sensory/motor). Since there is a 
 differential in the density of neural blockade depending on 
the fiber type, the sympathetic blockade is typically at least 2 
dermatomes levels higher than the sensory blockade, and the 
sensory blockade is 2 levels higher than the motor blockade.

The small C-type nerve fibers responsible for temperature 
change are the first to be affected, so one can test the ade-
quacy of a spinal block within the first few minutes by wiping 
a wet alcohol pad over the patient’s skin bilaterally. One can 
also test the adequacy of the sensory blockade by gently 
pricking the patient’s skin with a blunt needle or the broken, 
sharp edge of a tongue depressor.

1 cm

1 cm

L3

10˚-15˚

       . Fig. 2.10 Paramedian 
approach for spinal anesthesia 
uses an entry point 1 cm lateral 
and inferior to the superior 
spinous process and directed at a 
15-degree angle medially and 
cephalad (Reprinted with 
permission Ochsner Health 
Systems © 2016. All Rights 
Reserved)
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For intra-abdominal procedures, the minimum derma-
tome level should be approximately T4 (level of the nipples). 
For perineal, vaginal, and hip surgeries, a T10 level (at the 
umbilicus) should be adequate.

2.3.5  Pharmacokinetics and 
Pharmacodynamics of Spinal 
Anesthesia

The largest determinants of anesthetic spread include patient 
position during and immediately after injection and the dos-
age and baricity of the local anesthetic injected. A larger 
injected total dose (not volume or concentration alone) of 
local anesthetic will result in further spread in either direc-
tion [12]. The baricity of a local anesthetic basically refers to 
the relative density of the drug in relation to that of CSF. A 
hyperbaric drug is denser, and thus heavier, than CSF and 
will migrate in a direction consistent with gravity (ie, it will 
sink with gravity). A hypobaric solution is lighter than CSF 
and will spread in a direction opposite to gravity (rise against 
gravity). An isobaric anesthetic has the same density as CSF 
and will likely remain where it is injected [13]. For example, if 
a patient is injected with a solution while seated in an upright 
position, a hyperbaric solution will spread caudally, a hypo-
baric solution will spread cephalad, and an isobaric solution 
will remain at the site of injection. Dextrose is typically added 
to a solution to make it hyperbaric; whereas, fentanyl or ster-
ile water added to a solution will make it hypobaric.

Patient positioning after injection will also determine 
spread [13]. If a patient is placed in Trendelenburg position, 
the anesthetic will travel cephalad, and if the patient is in 
reverse- Trendelenburg, the solution will travel caudally. This 
is not true for isobaric solutions, however, as gravity does not 
play a role in these cases.

When a hyperbaric solution is used for a thoracic neurax-
ial in a patient in the supine position, the injected drug will 
migrate to the most dependent region of the spine. The natu-
ral curvature of the spine dictates that the most posterior and 
dependent curvature of the thoracic spine occurs at the T4-T8 
level, therefore producing an anesthetic level toward T4.

The spread and distribution of any spinal anesthetic is 
also highly dependent on the volume of CSF in the spinal 
column. In general, increased CSF volume is associated with 
decreased spread of local anesthesia, and decreased volume 
results in increased spread [13]. Patient factors affecting CSF 
volume include patient height (taller patients require more 
local anesthetic), intra-abdominal pressure including preg-
nancy or large intra-abdominal tumors, and individual ana-
tomic variations of the spinal column. In the case of 
pregnancy, the thought is that the increased intra-abdominal 
pressure leads to engorgement of epidural veins, thereby 
decreasing CSF volume. Thus, parturients would require less 
anesthetic solution to achieve the same spread.

Some recent studies have indicated that obesity may pro-
long the effects of spinal anesthesia, possibly due to a reduction 
in CSF volume as a result of epidural fat or extradural vein dis-

tention, although controversy still exists regarding the effects of 
obesity on duration and spread of spinal anesthesia [14].

Age also may be an independent determinant in that the 
elderly have decreased CSF volume, possibly due to severe 
kyphosis, and require smaller doses of local anesthetic.

The height of the injection site and the direction of injec-
tion through the needle are also factors that may affect the 
level of anesthesia obtained.

 Spinal Anesthetic Agents
One of the more commonly used local anesthetics for spinal 
anesthesia is hyperbaric 0.75% bupivacaine. This has a rela-
tively slow onset of about 5–10 min with a prolonged duration 
of 90–120  min. The addition of epinephrine may modestly 
prolong the duration to 100–150 min. The typical dosage for 
hyperbaric bupivacaine is 8–10 mg for lower abdominal sur-
geries (up to T10 level), and 14–20 mg for a T4 level [14].

Other local anesthetics that are less commonly used 
include 5% lidocaine and 10% procaine (60–90  min), and 
0.25–1% ropivacaine and 1% tetracaine (90–120  min). All 
solutions must be preservative-free to avoid neurotoxicity.

Years ago, lidocaine was the most commonly used local 
anesthetic for spinal anesthesia. However, in recent years it is 
typically avoided secondary to the concern for transient neu-
rological symptoms (TNS) and cauda equina syndrome 
(CES) encountered more commonly with lidocaine. These 
syndromes are discussed in further detail later.

More specific details on mechanism of action and side 
effects of local anesthetics can be found in the pharmacology 
chapter on these agents.

 Additives to Local Anesthetics
Vasoconstrictors (epinephrine 1:200,000), opioids (fentanyl), 
and alpha-2-adrenergic agonists (clonidine) are often added 
to the local anesthetic solution to prolong the duration and 
intensify the effect of a spinal anesthetic [6].

The addition of epinephrine or phenylephrine is thought 
to benefit in multiple ways. First, the vasoconstriction of 
nearby tissue limits the redistribution of local anesthetic 
away from the intended site of action, prolonging the dura-
tion of anesthetic by keeping the drug in contact with the 
nerve fibers. This vasoconstriction also prevents systemic 
reabsorption of local anesthetic, decreasing the incidence of 
local anesthetic systemic toxicity (LAST) [15]. And finally, 
the presence of epinephrine, if accidentally injected intravas-
cularly, will alert the provider to the incorrect needle place-
ment by the accompanying hypertension and tachycardia.

The effects of vasoconstrictors are not the same for all 
local anesthetics. This has the most apparent effect on tet-
racaine and the least significant effect on bupivacaine. The 
increased duration of action is more pronounced in anes-
thetics with shorter intrinsic duration as well as the degree 
of spinal cord vasodilation associated with the drug. For 
example, tetracaine is associated with the most vasodila-
tion of spinal cord vasculature, and the addition of epi-
nephrine to tetracaine has the most effect on prolongation 
of duration.
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Opioids such as fentanyl and morphine also can be added to 
enhance surgical analgesia and improve postoperative pain with-
out prolonging motor or sympathetic blockade. These opioids 
work at receptors located in the dorsal horn of the spinal cord. 
Fentanyl, a lipophilic agent, provides a more localized effect with 
a shorter onset and approximately 6-h duration of effect due to its 
rapid vascular uptake. Morphine, on the other hand, is hydro-
philic, and provides roughly 6–24 h of analgesic effect.

Respiratory depression may be seen with the addition of 
opioids. With fentanyl, respiratory depression would occur 
early with the rostral spread of opioid in the CSF and imme-
diate vascular uptake. On the contrary, respiratory depres-
sion with morphine often presents in a biphasic manner. It 
may first occur within 30 min due to vascular absorption, but 
it also may occur later (6–18 h) due to slow penetration of the 
brainstem with delayed rostral spread.

Pruritus and nausea are also common side effects associated 
with the addition of opioids. The treatment for pruritus consists 
of opioids antagonists or agonist/antagonists; however, given in 
large doses it may also reverse the analgesic effects [16].

2.4  Epidural Anesthesia

Epidural anesthesia is regional blockade of spinal nerves 
achieved by placing local anesthetics and sometimes adjuvants 
such as epinephrine or sodium bicarbonate into the epidural 
space surrounding the dural sac. The epidural space is the 
potential space between the ligmentum flavum posteriorly and 
the dura mater anteriorly and contains epidural fat and veins.

In contrast to the limited duration of spinal anesthesia, the 
duration of anesthetic blockade can be controlled by placing a 
catheter in the epidural space and providing a bolus and sub-
sequent continuous infusion. Epidural anesthesia also can be 
utilized in conjunction with spinal anesthesia in a technique 
known as combined spinal epidural injection (CSE). A single 
shot technique without a catheter may be used, but generally 
this technique is used to deliver steroids to spinal nerves for 
the treatment of chronic pain, not as a regional anesthetic.

2.4.1  Indications

Epidural anesthesia can be used as a primary anesthetic for 
surgeries involving the abdomen and lower extremities and 
also for postoperative pain control in surgeries involving the 
thorax, abdomen, and lower extremities. It is particularly 
helpful when used in a patient who has comorbidities that 
may preclude or limit the use of general anesthesia. Lumbar 
epidural anesthesia is commonly used in the management of 
labor pain in the parturient. Thoracic epidural anesthesia is 
frequently used for postoperative pain control after surgery 
such as a thoracotomy. Pain management specialists can 
inject steroid around nerve roots for the treatment of radicu-
lopathy and other chronic pain conditions along almost the 
entire length of the vertebral column [11].

2.4.2  Contraindications

Absolute contraindications to epidural anesthesia are similar 
to those in spinal anesthesia and include patient refusal, 
inability to remain still, or evidence of increased intracranial 
pressure. Some patients may not be able to maintain proper 
positioning or remain still throughout the procedure; this 
exposes the patient to greater risk of neurological complica-
tions such as spinal cord/nerve root trauma or inadvertent 
dural puncture. Relative contraindications to epidural anes-
thesia include coagulopathy, including iatrogenic coagulopa-
thy secondary to anticoagulation, thrombocytopenia, local 
infection over the selected site, and hypovolemia. Risks, ben-
efits and alternatives must be carefully considered when rela-
tive contraindications are present [11].

2.4.3  Technique

As in spinal anesthesia, there are 3 positions utilized in the 
delivery of epidural anesthesia: sitting, lateral, and prone. 
The most common position for lumbar and thoracic epi-
durals is the sitting position. The lateral position can be 
used if the patient cannot sit upright or if there is a contra-
indication to the sitting position. The prone position is 
used exclusively by pain management specialists in con-
junction with fluoroscopy. With all positions except the 
prone position, the patient is asked to flex the spinal col-
umn, thereby increasing the space between the spinous 
processes and facilitating placement. In a similar fashion to 
spinal anesthesia, the patient’s back is prepped and draped 
in a sterile fashion.

There are 4 approaches used in accessing the epidural 
space. Two of the approaches are interlaminar: midline and 
paramedian. The others are caudal and transforaminal—the 
latter being used for chronic pain management when selec-
tivity is required for blocking one nerve root at a time. The 2 
interlaminar approaches are described as follows since epi-
dural catheters are commonly left in place using these 
approaches. The caudal and transforaminal approach will be 
discussed later.

 Midline Approach
The midline approach is generally used for lumbar epidural 
placement. As discussed previously, a line connecting the 
bilateral iliac crests crosses the L4 vertebra and the spinous 
process can be palpated. Entering at L3/4 or L4/5 allows 
safe entry below the conus medullaris, which typically ends 
at the level of the L1 or L2 vertebral body in adults. The 
spinous processes are palpated to identify the intraspinous 
space. Once the space is identified, a skin wheal is made in 
the midline with local anesthetic. A 17 or 18 gauge epidural 
needle (most commonly a Tuohy needle) is then placed 
into the skin wheal and directed perpendicular to the coro-
nal plane with a slight cephalad tilt and advanced until an 
increase in resistance is felt. This should indicate contact 
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with the supraspinous ligament and continued advance-
ment is made into the intraspinous ligament. At that point, 
the stylet is removed and the needle is advanced in an 
incremental or continuous fashion using the loss of resis-
tance or hanging drop technique to identify the epidural 
space [6, 11].

 Paramedian Approach
The paramedian approach is most often utilized with epidural 
placement in the thoracic spine as the spinous processes in this 
area are at a steeper angle in relation to the coronal plane mak-
ing the midline approach difficult. As in the midline approach, 
the initial step is the identification of the spinous processes of 
the desired level. A skin wheal is then made about 1–2 cm lat-
eral and 2 cm inferior to the midline of the desired level. The 
epidural needle is then inserted through the skin wheal and 
advanced medially and cephalad at an angle of 15–20° until 
lamina is contacted. The stylet is then removed and the needle 
is “walked off” the lamina medially and cephalad employing 
loss of resistance or hanging drop technique to identify the epi-
dural space. When placing an epidural using the paramedian 
approach, the epidural needle penetrates the paraspinous mus-
cles then enters the ligamentum flavum en route to the epidural 
space. While the supraspinous and interspinous ligaments are 
penetrated during a midline approach the epidural space, the 
paramedian approach is lateral to these ligaments [6, 11].

 Catheter Placement and Test Dose
Once the epidural space has been identified, a catheter is 
advanced though the epidural needle. Typically, 3–5  cm is 
added to the depth of the epidural needle in order to leave the 
catheter in the epidural space. At this time, the catheter is 
aspirated in order to detect intrathecal or intravascular place-
ment. If no CSF or blood is aspirated, which would indicate 
intrathecal or intravascular placement respectively, a test 
dose of lidocaine with epinephrine can be administered. 
Intravascular injection of the test dose may produce a metal-
lic taste in the mouth secondary to the lidocaine and a rapid 
increase in heart rate secondary to the epinephrine. Sudden 
motor blockade of the lower extremities indicates an intra-
thecal injection of local anesthetic. While absence of these 
findings is not 100% sensitive for aberrant placement, the 
epidural catheter can now be used with reasonable confi-
dence of correct placement.

 Caudal Approach
In the caudal approach to epidural anesthesia, the sacral hia-
tus is the access point for the epidural space. This approach 
takes advantage of the fact that the epidural fat continues 
caudally through the sacral canal even beyond the distal- 
most point of the thecal sac, which generally terminates 
around S1-S3, depending on age. In children, the thecal sac 
ends around S3 and with increasing age moves proximally 
toward S1 and S2. The sacral hiatus is a natural defect of S5 
dorsal midline and can be identified by palpating the 2 sacral 
cornu, which border the hiatus laterally and lie about 3–5 cm 
above the coccyx. The caudal epidural anesthesia technique 

is primarily used in pediatrics and pain management. Caudal 
epidural injection is used in pediatric anesthesia as part of an 
intraoperative anesthetic plan and postoperative pain control 
for urologic and lower extremity surgery such as inguinal 
hernia repair and hypospadias correction. In pain manage-
ment, the caudal approach is used to deliver steroids to the 
sacral nerve roots and lumbar canal. A catheter also can be 
employed and threaded up to the lower lumbar vertebra in 
order to treat pain arising from the lumbar nerve roots. This 
is often done in the setting of prior surgery where accessing 
the lumbar epidural space with an interlaminar technique 
would be technically difficult or impossible due to a surgi-
cally absent ligamentum flavum. Caudal injection is per-
formed with the patient in the prone position. After cleaning 
and draping in the usual fashion, the skin over the hiatus is 
anesthetized and a 22 gauge spinal needed is introduced 
through the sacrococcygeal ligament and advanced until it 
contacts the sacrum. It is then slightly withdrawn, the angle 
of entry flattened, and subsequently advanced. Flushing the 
needle with saline and observing for the absence of tissue 
swelling will confirm placement within the epidural space. If 
swelling is noted, this indicates that the needle lies posterior 
to the sacrococcygeal ligament and it must be redirected [6].

2.4.4  Pharmacokinetics and 
Pharmacodynamics of Epidural 
Anesthesia

The principle site of action for epidural anesthesia is the spi-
nal nerve root. Local anesthetic instilled into the epidural fat 
then crosses the dural layer and affects impulse conduction. 
To a lesser extent, local anesthetics will diffuse into the sub-
arachnoid space and exert some effect.

Three of the more common local anesthetics used in epi-
dural anesthesia include 2-chloroprocaine, lidocaine, and 
bupivicane. Duration of local anesthetic action in epidural 
anesthesia is not as important as in spinal anesthesia since 
use of a catheter allows continuous administration. In gen-
eral terms, duration can be remembered by the 1-2-3 rule: 
1 h for chloroprocaine, 2 h for lidocaine, and 3 h for bupivi-
cane. Speed of onset mirrors duration with chloroprocaine 
having the fastest onset, lidocaine slightly longer, and bupivi-
cane having the longest duration.

In addition to local anesthetics, several other medications 
can be added to the epidural space in order to modify the 
effects of the block. Sodium bicarbonate is often added to the 
local anesthetic and can decrease the time to onset of the 
block. Only the uncharged form of the local anesthetic pene-
trates the nerve fiber and blocks sodium conduction. However, 
with the addition of sodium bicarbonate, the pH is lowered 
and as the local anesthetics used in neuraxial anesthesia are 
weak bases, this forces more of the solution to the un-ionized 
form, thus leading to a greater fraction penetrating the nerve 
fiber and halting conduction. Sodium bicarbonate can be used 
with a variety of local anesthetics but is not added to  bupivicane 
as it can precipitate at a high pH. Another example of an addi-
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tive includes epinephrine, which can be added to local anes-
thetic to increase the duration of blockade. This occurs 
because the vasoconstricting effects of epinephrine limits 
absorption into the vasculature and thus delays metabolism of 
the drug. The addition of epinephrine extends the duration of 
chloroprocaine and lidocaine by about 50%. The decreased 
absorption also decreases the likelihood of local anesthetic 
systemic toxicity (LAST). Clonidine also can be injected into 
the epidural space as an adjuvant. As an α(alpha)2 agonist, 
clonidine increases the reuptake of norepinephrine at the pre- 
and post-synaptic terminal of the neuromuscular junction. 
This mimics the action of inhibitory neuro-pathways on pain 
signal transmission in the dorsal horn of the spinal column. 
Additionally, clonidine has been shown to inherently block 
transmission of pain signals in C and A delta fibers and cause 
local vasoconstriction, thereby reducing the washout of local 
anesthetic in the same manner as epinephrine [17].

2.5  Combined Spinal Epidural

The combined spinal epidural (CSE) technique combines the 
rapid onset of spinal anesthesia with the ability to control 
duration of epidural anesthesia via an epidural catheter. 
Additionally, the dural puncture adds an element of reassur-
ance that the catheter is, in fact, in the epidural space. Also, 
there is the theoretical benefit of a denser block as epidural 
medication migrates intrathecally though the dural punc-
ture. A CSE is done in the same manner as an epidural injec-
tion, but after the epidural space is accessed, instead of 
immediately placing a catheter a spinal needle is advanced 
through the epidural needle until it penetrates the dura. CSF 
is aspirated to confirm placement and medication then can 
be injected into the intrathecal space. The spinal needle is 
withdrawn leaving the epidural needle in place and a catheter 
is placed through the needle into the epidural space.

2.6  Ultrasound-Guided Neuraxial 
Procedures

Traditionally, landmarked-guided techniques are utilized in 
the delivery of spinal and epidural anesthesia. However, ultra-
sound guidance can aid in the ease and success of these pro-
cedures. It can be beneficial in all patients but there are specific 
situations where ultrasound guidance may be most helpful: 
patients with poorly identifiable surface landmarks, morbid 
obesity, lumbar spinal instrumentation, scoliosis, and anky-
losing spondylitis. Advantages of ultrasound guidance include 
identifying correct vertebral level, identifying midline, identi-
fying depth of various structures (spinous processes, lamina, 
epidural and subarachnoid spaces), identifying the optimal 
interspace and identifying anatomical abnormalities (scolio-
sis, prior laminectomy, and instrumentation). A low-fre-
quency curvilinear ultrasound probe (2–5 MHz) is often used 
for better penetration to these deeper structures.

With the probe in a transverse plane (perpendicular to the 
vertebral column) on the approximate center of the patient’s 

back, identify the dropout (acoustic shadow) of the spinous 
process with its characteristic acoustic outline (. Fig.  2.11). 
Slide the probe cephalad or caudal to obtain a transverse 
interspinous view (. Fig.  2.12). The acoustic shadow of the 
spinous process will give way to an echogenic interspinous 
ligament. A slight cephalad tilt of the probe may be necessary. 
The  ligamentum flavum is visualized as a horizontal hyper-
echoic line running between the articular processes and facet 
joints. It is common to see a single hyperechoic line represent-
ing the ligamentum flavum/dura complex. Deep to this is the 
hypoechoic intrathecal space that appears gray or black due to 
its weaker spectral reflection. Once this view is obtained, a 
mark on the patient’s skin can be made at the midpoint of the 
probe’s long and short sides. The needle insertion site should 
be the intersection of these 2 marks (. Fig. 2.8). At this point, 
it is beneficial to freeze the image on the ultrasound image. 

       . Fig. 2.11 Midline transverse probe placement: Spinous view. (SP 
spinous process, AS acoustic shadow behind spinous process and 
laminae, PM paraspinous muscle)

       . Fig. 2.12 Midline transverse probe placement: interspinous view. 
(IL interspinous ligament, FJ facet joint, LF/DC ligamentum flavum/dura 
complex, IS intrathecal space)
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The ultrasound machine’s electronic calipers can be used to 
measure the depth from skin to the ligamentum flavum to 
provide the expected depth of needle insertion (. Fig. 2.13). 
The spinal or epidural needle should be inserted at the respec-
tive mark on the skin and the initial angle should attempt to 
reproduce the cephalad angulation used with the ultrasound 
probe needed to obtain the interspinous view. A loss of resis-
tance to air or saline technique should still be employed for 
epidural procedures to confirm entry into the epidural space 
and to avoid dural puncture [18, 19].

2.7  Complications Associated 
with Neuraxial Anesthesia

2.7.1  Cardiovascular

 Hypotension
Cardiovascular manifestations of neuraxial anesthesia are 
largely due to the blockade of small, unmyelinated sympa-
thetic nerve roots. This sympathetic blockade usually extends 
2 dermatomes above and below the sensory/motor blockade. 
Hypotension immediately following spinal anesthesia is a 
common side effect occurring as a result of sympathetic 
blockade, thereby decreasing systemic venous resistance and 
often decreasing venous return and cardiac output as well. 
The severity of hypotension is related to the level of the spinal 
block as well as degree of coexisting hypovolemia. Treatment 
involves restoring preload by placing the patient in slight 
Trendelenburg, providing intravenous (IV) fluids and vaso-
pressors. Some practitioners will routinely administer 1 L of 
fluid as a preload before or during spinal or epidural anesthe-
sia as prophylaxis against  hypotension [20].

 Bradycardia
Many patients experience modest bradycardia following a 
spinal, although rarely bradycardia can progress to asystole 

and cardiac arrest without appropriate treatment. The under-
lying cause for bradycardia is believed to result from a block-
ade of the T1-T4 cardio accelerator fibers. This may also 
occur as a result of the Bezold-Jarisch reflex in which brady-
cardia occurs in response to decreased venous return. 
Treatment for minor bradycardia and hypotension may 
begin with IV ephedrine; more severe, persistent bradycardia 
may be treated with atropine and/or epinephrine [11].

2.7.2  Respiratory

 Dyspnea
While true hypoventilation can occur with epidural and spi-
nal anesthesia if it extends into the thoracic and cervical 
regions, a much more common occurrence is the feeling of 
dyspnea secondary to loss of proprioception in the intercos-
tal muscles [20].

2.7.3  Gastrointestinal and Genitourinary

 Nausea
Nausea after spinal or epidural anesthesia is often caused by 
1 of 2 mechanisms: hypotension and subsequent decreased 
cerebral perfusion. Once the hypotension is treated and cere-
bral perfusion pressure is restored, the nausea usually 
resolves. Alternatively, nausea can be caused by a predomi-
nance of parasympathetic tone. After spinal or epidural anes-
thesia produces sympathetic blockade, the patient is left with 
a predominance of parasympathetic tone and resulting nau-
sea. Ondansetron or promethazine are good choices for 
treating nausea due to parasympathetic overstimulation [11].

 Urinary Retention
S2-S4 nerve roots innervate the bladder. Blockade of these 
nerve roots inhibits the voiding reflex and sensation of a full 
bladder. Addition of opioids can also increase the incidence 
of urinary retention. Foley catheterization should be rou-
tinely used in the presence of spinal or epidural anesthesia.

2.7.4  Neurologic

 Transient Neurologic Symptoms
Transient neurologic symptoms (TNS) is defined as pain in 
the back or buttocks that can radiate to the legs within a few 
hours of spinal anesthesia, which is not associated with any 
other neurologic dysfunction and resolves within 24 h. TNS 
has the greatest association with lidocaine but is also seen 
with other local anesthetics as well [21].

 High Spinal Blockade
Exaggerated spread of local anesthetic secondary to the 
administration of a large or disproportionate dose of local or 
an unusual distribution secondary to patient anatomy may 
lead to a high or complete spinal blockade. The spread of 

       . Fig. 2.13 The ultrasound machine’s electronic caliper function 
measures the depth from skin to the ligamentum flavum to provide the 
expected depth of needle insertion. (IS intrathecal space, LF/DC 
ligamentum flavum/dura complex)
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local anesthetic into the cervical levels and sometimes even 
beyond the foramen magnum affecting the cranial nerves 
can lead to severe outcomes.

The patient likely will first complain of weakness and 
numbness of the upper extremities and nausea. Dyspnea may 
be a common side effect once the phrenic nerve (C3-C5) sup-
plying the diaphragm is affected, in addition to the effects 
resulting from the loss of proprioception from the intercostal 
musculature. As the anesthetic continues to spread cephalad to 
surround the cranial nerves, the patient will experience severe 
hypovolemia and bradycardia, progressing to syncope and loss 
of consciousness. Respiratory insufficiency may develop as a 
result of ischemia to the ventilation centers of the brainstem 
secondary to hypovolemia and decreased perfusion.

Treatment for a high spinal consists of cardiopulmonary 
support. Hypotension can be treated with intravenous fluids 
and vasopressors plus placement of the patient in Trendelenburg 
positioning, which act to increase venous return and systemic 
venous resistance. The operator should not attempt to block 
further spread of anesthetic by placing the patient in head-up 
position for this reason. Support of the patient’s airway is war-
ranted once respiratory distress is present. Tracheal intubation 
and mechanical ventilation are often necessary, particularly in 
patients at increased risk for  aspiration [11, 20].

 Failed Spinal
Occasionally a spinal anesthetic may not provide adequate 
analgesia and anesthesia even though the technique appeared 
seemingly successful. This may result from subdural injec-
tion (injection into the potential space between the dura and 
arachnoid layers instead of the subarachnoid layer), incom-
plete penetration of the needle opening into the intrathecal 
space resulting in only partial injection, or movement of the 
needle during injection. Failure rate is often related to the 
level of experience of the provider.

 Post-Dural Puncture Headache
Puncture of the dura during spinal anesthetic, lumbar punc-
ture, or an epidural wet tap can result in a post-dural puncture 
headache (PDPH). The proposed mechanism for this headache 
is a direct result of CSF loss through the open dural puncture 
site faster than the rate of CSF production, leading to a down-
ward displacement of the brain and stretching of supporting 
structures (meninges, tentorium, and cranial nerves). Traction 
and tension on the blood vessels may also contribute to pain. 
There have been case reports, especially in young patients, of 
cerebral hemorrhage after dural puncture secondary to this 
tension. Factors that increase the likelihood of PDPH include: 
female sex, young age, pregnancy, and  history of previous 
PDPH and the use of cutting-point, large- bore needles [8, 20].

Symptoms often present 12–48  h following the proce-
dure, although occasionally symptoms can appear as early as 
immediately post-procedure or sometimes as long as several 
weeks later. The hallmark presentation is a positional head-
ache, which intensifies when the patient is in an upright 
posture and is relieved while lying flat. The headache is typi-
cally bilateral, frontal, or occipital (sometimes extending to 

the neck) and described as a throbbing or constant pain. It is 
commonly associated with nausea and photophobia.

Treatment is typically conservative with caffeine, analge-
sics (nonsteroidal anti-inflammatory drugs, acetaminophen, 
opioids), rest and supine positioning, and fluids. Caffeine acts 
as a vasoconstrictor to decrease dilation and traction of intra-
cranial vasculature. Caffeine, as well as fluid resuscitation, 
aids to increase CSF production. Recumbent positioning 
helps to prevent further loss of CSF through the dural defect.

If the headache persists after conservative treatment, the 
patient may be offered an epidural blood patch, which is 
typically very effective, offering immediate results. This pro-
cedure involves removing roughly 20 ml of autologous blood 
and reinjecting it into the epidural space at or below the level 
of the dural puncture. This is believed to work by sealing the 
dural puncture to prevent further leakage of CSF.

 Nerve Root/Spinal Cord Trauma or 
Compression
Nerve root or spinal cord trauma can occur during needle or 
catheter placement. Usually this results in transient paresthe-
sias that resolve immediately either spontaneously or with 
removal of the needle or catheter. Some paresthesias may be 
associated with postoperative neurologic problems but most 
of these problems resolve spontaneously.

It is of paramount importance while performing spinal or 
epidural anesthesia never to inject in the presence of a pares-
thesia. Should the needle/catheter be located within an area 
of restricted spread (thus causing increased pressure on 
nearby nerve roots or spinal cord), the spinal cord or nerve 
root the damage may be much more severe.

 Epidural Hematoma
An epidural hematoma can cause spinal cord compression 
resulting in severe neurological deficits and paralysis. Epidural 
hematomas may be caused by rupture of the veins of the epi-
dural venous plexus. Clinically significant epidural hemato-
mas occur at a rate of 1:150,000 epidural procedures and 
1:220,000 for spinal procedures. The majority of these have 
occurred in the presence of anticoagulation or intrinsic 
defects of coagulation. Thus, neuraxial anesthesia is relatively 
contraindicated in patients on anticoagulation, a known coag-
ulation defect, thrombocytopenia (less than 60 K), and severe 
platelet dysfunction. An epidural hematoma can present at 
the time of the procedure but also has been known to present 
on catheter removal. Symptoms of an epidural hematoma 
include back pain, motor deficits, and bowel or bladder incon-
tinence. Treatment consists of surgical decompression so 
urgent MRI is indicated as not to delay surgery. In the setting 
of a spinal hematoma, surgical decompression of the hema-
toma in less than 8 h from the onset of symptoms is crucial to 
provide the best long-term neurological outcome [22, 23].

 Epidural Abscess
Epidural abscesses can also cause significant spinal cord 
compression in a similar fashion to epidural hematomas. 
The presentation of an epidural abscess can occur as early 
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as 5 days after spinal or epidural anesthesia but presentation 
can be delayed up to several weeks. An epidural abscess can 
be a complication of spinal or epidural anesthesia, neurosur-
gical procedures or can occur spontaneously in the absence 
of a neuraxial procedure. Those occurring in the absence of 
recent procedures are thought to be secondary to systemic 
infection seeding the epidural space. Symptoms of an epi-
dural abscess include fever, chills, back pain, increased with 
percussion, radicular pain, bowel and bladder dysfunction, 
and paralysis. Elevated white blood cell (WBC) count also 
can be seen. Urgent MRI or computed tomography (CT) 
is indicated as definitive treatment consists of surgical 

decompression. Additionally, antimicrobial antibiotics with 
 particular  attention to covering for Staphylococcus aureus 
and Staphylococcus epidermidis should be initiated [24].

2.8  American Society of Regional 
 Anesthesia Guidelines

The American Society of Regional Anesthesia (ASRA) has 
developed guidelines to assist the practitioner in making 
decisions concerning regional and neuraxial anesthesia in 
patients on anticoagulation. . Table 2.1 consist of the recom-

       . Table 2.1 Guidelines for regional anesthesia

Drug Amount of time 
drug must be 
discontinued 
before procedure

Amount of time medica-
tion must be delayed after 
procedure

Catheter removal Time interval between 
removing catheter and 
restarting medication

Apixaban
Eliquis

3 days 6 h 3 days 6 h

Aspirin No restrictions No restrictions No restrictions No restrictions

Clopidogrel
Plavix

7 days
If within 5–7 must 
show normal PLT 
function

Avoid
If within 5–7 must show 
normal PLT function

Avoid
If within 5–7 must show 
normal PLT function

No
Recommendation

Dibigatran
Pradaxa

5 days 6 h 5 days 6 h

Enoxaparin
Lovenox
(BID DVT Prophylac-
tic dosing)

10–12 h 12 h post op Before dosing of LMH 4 h after catheter 
removal if >12 since 
surgery

Enoxaparin
Lovenox
(Treatment dosing)

24 h No recommendation
Catheters should be 
removed before dosing

No recommendation
Catheters should be removed 
before dosing

No recommendation

Heparin
(SQ Bid dosing)

Hold for 4 h(ideally 
6 h)
If on heparin 
>4 days check PLT 
CT

Immediately Hold for 4 h (ideally 6 h)
If on heparin >4 days check 
PLT CT

Immediately

Rivaroxaban
Xarelto

3 days 6 h 3 days 6 h

Warfarin
Coumadin

4–5 days
+
Normal INR
For 1st dose 24 h 
before surgery or if 
second dose then 
check INR

No delay
If catheter left in place
  1. Low dose
  2. Daily INR
  3. Routine neuro checks
  4. Minimize sensory and 

motor block
  5. INR 1.5 or less for 

removal

INR
< 1.5 remove & neuro checks 
× 24 h
1.5 ≤ 3.0
Assess all medication that 
alter coagulation and remove 
with caution continue neuro 
checks until INR stabilizes at 
therapeutic level
>3.0 hold or reduce warfarin 
do not pull
Therapeutic INR
No recommendation

No recommendation

PLT platelet, BID twice daily, DVT deep vein thrombosis, LMH low molecular weight heparin, SQ subcutaneous, INR international normalized ratio
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mendations for regional anesthesia and . Table 2.2 covers the 
recommendations for neuraxial procedures. Many situations 
exist in which neuraxial anesthesia and anticoagulation would 
both be appropriate for a patient at the same time; the most 
common scenario would be deep vein thrombosis (DVT) 
prophylaxis in a postoperative patient. These guidelines are 
consensus opinions by experts in the fields of anticoagulation 
and neuraxial anesthesia. They also represent a thorough 
review of case reports and the literature surrounding epidural 
hematomas since they are such rare events, they do not lend 
themselves to study by randomized control trial. Thus, this is 
the strongest level of evidence available to guide practitioners. 
The ASRA guidelines for regional anesthesia list 2 items for 

each drug: how long of a period a patient should abstain from 
an anticoagulant before receiving neuraxial anesthesia and 
how long after removal one should avoid anticoagulants. The 
guidelines for neuraxial anesthesia risk stratify procedures 
into low, medium, and high risk and advise the practitioner 
on durations for which the drug should be held before and 
restarted after the procedure. High risk procedures include 
invasive procedures such as spinal cord stimulator (SCS) trial, 
intrathecal pump placement, and vertebroplasty. Intermediate 
risk procedures include epidural steroid injections and sym-
pathetic blockade. Low risk procedures include sacroiliac (SI) 
joint injections and peripheral nerve blocks. . Tables 2.1, 2.2, 
and 2.3 summarize these guidelines [25, 26].

       . Table 2.2 Neuraaxial and pain guidelines

High-risk Intermediate-risk Low-risk

SCS trial
Intrathecal catheter and pump placement
Vertebroplasty, Kyphoplasty, Epiduroscopy 
and Epidural decompression

Interlaminar and transforminal ESI
Facet MBNB and RFA
Paravertebral nerve block
Intradiscal procedures
Sympathetic blocks
Peripheral nerve stimulation trial and 
implant
Pocket revision
IPG/ITP placement

Peripheral nerve blocks
Peripheral joint and musculoskeletal 
injections
Trigger point injections including piriformis
SI joint
Sacral lateral branch blocks

Patients with high risk for bleeding (multiple anticoagulants, old age, history of bleeding or bleeding tendency, advanced liver or renal 
disease) undergoing low or intermediate risk procedures should be elevated to the next higher stratification
SCS spinal cord stimulator, ESI epidural steroid injection, MBNB medial branch nerve block, RFA radiofrequency ablation, IPG/ITP internal 
pulse generator/intrathecal pump,SI sacroiliac

       . Table 2.3 Guidelines advising how long patients should stop taking their medications before the procedure and when to restart after 
the procedure

Drug When to stop When to restart

High risk Intermediate risk Low risk

Acetylsalicylic acid (ASA) Primary prophylaxis 6 days
Secondary prophylaxis shared 
assessment and risk stratifica-
tion

Shared assessment and 
risk stratification

no 24 h

Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

NSAIDs 5 half-lives No
(consider stopping for 
certain procedures such 
as cervical epidural 
steroid injection [ESI])

No 24 h

Diclofenac
Ketorolac
Ibuprofen

1 day

Etodolac
Indomethacin

2 days

Naproxen
Meloxicam

4 days

(continued)

Central Neuraxial Anatomy and Anesthetic Application (Central Neuraxial Blockade)



36

2
Drug When to stop When to restart

High risk Intermediate risk Low risk

Nabumetone 6 days

Oxaprozin
Piroxicam

10 days

Phosphodiesterase inhibitors

Cilostazol 2 days No No 24 h

Dipyridamole 2 days No No

ASA combinations Follow ASA recommendations Shared assessment and 
risk stratification

Anticoagulants

Coumadin 5 days
Normal INR

5 days
Normal INR

No
Shared assessment and 
risk stratification

24 h

Acenocoumarol 3 days
Normal international 
normalized ratio (INR)

3 days
Normal INR

No
Shared assessment and 
risk stratification

24 h

IV heparin 4 h 4 h 4 h 2 h
(if moderate or 
high risk and 
involved bleeding 
the 24 h)

SQ heparin
(BID & TID)

8–10 h 8–10 h 8–10 h 2 h

Low molecular weight 
heparin (LMWH) 
prophylactic

12 h 12 h 12 h 4 h (low risk)
12–24 h medium 
to high risk

LMWH therapeutic 24 h 24 h 24 h 4 h (low risk)
12–24 h medium 
to high risk

Fibrinolytic agents 48 h 48 h 48 h 48 h

Fondaparinux 4 days 4 days Shared assessment and 
risk stratification

24 h

New anticoagulants

Dabigatran 4–5 days (6 days with impaired 
renal function)

4–5 days (6 days with 
impaired renal function)

Shared assessment and 
risk stratification

24 h

Rivaroxaban 3 days 3 days Shared assessment and 
risk stratification

24 h

Apixaban 3–5 days 3–5 days Shared assessment and 
risk stratification

24 h

Glycoprotein IIb/IIIa inhibitors

Abciximab 2–5 days 2–5 days 2–5 days 8–12 h

Eptifibatide 8–24 h 8–24 h 8–24 h 8–12 h

Tirofiban 8–24 h 8–24 h 8–24 h 8–12 h

IV intravenous, SQ subcutaneous, BID twice daily, TID three times a day

       . Table 2.3 (continued)
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2.9  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. In an adult with no history of spinal canal abnor-

malities, at which vertebral level does the dural sac 
generally terminate?
 A. L2
 B. S2
 C. T12
 D. S4

 2. In a neonate, the spinal cord extends to which verte-
bral level?
 A. L1
 B. T12
 C. S3
 D. L3

 3. What is the order of spinal ligaments in relation to the 
epidural space when moving from superficial to deep?
 A. Skin > supraspinous ligament > intraspinous 

ligament > ligamentum flavum > epidural space
 B. Skin > intraspinous ligament > supraspinous lig-

ament > ligamentum flavum > epidural space
 C. Skin > supraspinous ligament > ligamentum fla-

vum > intraspinous ligament > epidural space
 D. Skin > ligamentum flavum > intraspinous ligament 

> supraspinous ligament > epidural space
 4. Which statement regarding the blood supply of the 

spinal cord is most true?
 A. The spinal cord is supplied by 1 anterior spinal 

artery and 2 paired posterior arteries.
 B. The anterior spinal artery supplies the anterior 

spinal cord, the area responsible for sensory 
innervation.

 C. The artery of Adamkiewicz or Great Radicular 
Artery generally is found on the right side and 
supplies the anterior spinal artery in the upper 
thoracic region.

 D. There are 3 posterior arteries that supply the spi-
nal cord and account for two-thirds of the blood 
supply to the cord.

 5. Which statement regarding spinal vertebral anat-
omy is most true?
 A. There are 7 cervical spinal nerves and each one 

exits the neural foramen and each exits below 
their corresponding vertebral body.

 B. A lateral view of the spine reveals a double-C 
shape in which the cervical and lumbar regions 
exhibit a convex curvature (kyphosis) and the 
thoracic region appears concave (lordosis).

 C. The covering of the spinal cord is composed of 
the outermost dura mater, then the pia mater, 
and the innermost arachnoid mater.

 D. The C7 spinous process is the most prominent 
bony landmark in the base of the neck and a line 
drawn between the lower edges of the scapulae 
denotes the T7 interspace.

 6. Which of the following is NOT a likely contraindica-
tion to the placement of an epidural catheter for the 
purpose of postoperative analgesia?
 A. Infection at the insertion site
 B. Platelet count of 45,000
 C. Enoxaparin 1 mg/kg administered 12 h prior to 

placement
 D. Human immunodeficiency virus (HIV) infection
 E. Elevated intracranial pressure

 7. Which of the following symptoms are NOT consis-
tent with a post-dural puncture headache?
 A. Tinnitis
 B. Diplopia
 C. Worse in a recumbent position
 D. Nausea
 E. Photophobia

 8. When placing an epidural utilizing the parame-
dian approach, which of the following ligaments is 
traversed?
 A. Supraspinous ligament
 B. Interspinous ligament
 C. Ligamentum flavum
 D. Costotransverse ligament
 E. A, B, and C only
 F. All of the above

 9. A 62-year-old male underwent right thoracotomy and 
lung lobectomy. An epidural catheter was placed in 
the T4-5 interspace. He is receiving epidural analgesia 
via a continuous infusion of ropivacaine 0.1% with 
fentanyl 5 mcg/ml running at a rate of 8 ml/h. On 
postoperative day 2, he develops weakness in the 
lower extremities and associated sensory deficits. 
Which of the following is an appropriate next action?
 A. Reassure the patient and re-evaluate the next 

morning
 B. Change the local anesthetic to bupivacaine
 C. Reduce the rate of infusion to 6 ml/h.
 D. Remove the opioid from the infusion
 E. Obtain magnetic resonance imaging

 10. Based on the American Society of Regional 
Anesthesia and Pain Medicine (ASRA) guidelines, in 
which of the following scenarios would you proceed 
with the placement of an epidural catheter?
 A. Patient on enoxaparin 1.5 mg/kg daily and the 

last dose was 12 h ago
 B. Patient whose last dose of dabigatran was 48 h ago
 C. Patient who last took clopidogrel 5 days ago
 D. Patient last took warfarin 4 days ago and the cur-

rent international normalized ratio (INR) is 1.2

 v Answers
 1. B. S2. In children, the dural sac terminates at S3 and 

regresses to lie around S2 in adults. The epidural fat 
continues caudally to S4 and can be accessed via the 
sacral hiatus for use in caudal epidural anesthesia. 
When performing caudal anesthesia, care must be 
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taken not to advance the needle tip up to S3 in chil-
dren to avoid intrathecal injection.

 2. D. L3. When a child is born, the conus medullaris 
extends to about the L3 level and with age regresses 
to the level of about the L1 level in an adult. Thus, a 
spinal or epidural anesthesia approach is much safer at 
L4/5 or L5/S1 because this avoids approaching at the 
level of the cord. The cauda equina exists at the L4/5 
and L5/S1 level but these nerves will generally move 
to the side with gentle pressure of a spinal needle.

 3. A. Skin > supraspinous ligament > intraspinous 
ligament > ligamentum flavum > epidural space. 
When approaching in a midline trajectory for spinal 
or epidural anesthesia, 3 separate ligaments will be 
encountered when moving from superficial to deep. 
After passing through the skin and  subcutaneous 
tissue, the first increase in resistance will be the 
supraspinous ligament, which runs vertically to 
connect the posterior-most portions of the spinous 
processes. This resistance continues through the 
intraspinous ligament, which connects the inferior 
portion of the spinous process body with the supe-
rior portion of the spinous process of the vertebral 
level below and also traverses anteriorly from the 
outermost portion of the spinous process to the 
lamina. Finally, lying along the anterior surface of 
the lamina is the ligamentum flavum. It is shaped 
like a V with the apex pointing posteriorly and it runs 
the length of the spine from the cervical to lumbar 
region. After a spinal or epidural needle passes 
through this ligament, an abrupt loss of resistance 
may be encountered indicating entrance into the 
epidural space and may continue into the dural sac.

 4. A. The spinal cord is supplied by 1 anterior spinal 
artery and 2 paired posterior arteries. The anterior 
spinal artery arises from the vertebral artery and 
supplies the anterior two-thirds (motor innervation) 
of the spinal cord whereas the posterior one-third of 
the cord is supplied by the 2 posterior arteries and 
this territory is responsible for sensory innervation. 
The anterior spinal artery can receive contribu-
tion from the large artery of Adamkiewicz or great 
radicular artery (GRA). The GRA typically branches 
off the aorta around T9-T12 but can be anywhere 
from T5-L5 and a majority of the time arises on the 
left side. The GRA can contribute considerable arte-
rial flow to the lumbar region anterior spinal artery, 
so if injured will result in motor loss such as lower 
extremity weakness and bowel and bladder inconti-
nence, but sensory innervation being posterior may 
remain intact. The anterior spinal artery arises from 
the vertebral artery whereas the 2 posterior arteries 
arise from the posterior inferior cerebellar arteries.

 5. D. The C7 spinous process is the most prominent 
bony landmark in the base of the neck and a line 
drawn between the lower edges of the scapulae 
denotes the T7 interspace. A horizontal line drawn 

across the bilateral iliac crest will generally lie in the 
region of L4/5. These are useful landmarks in deter-
mining epidural placement and paravertebral blocks.

  There are 31 pairs of spinal nerves (8 cervical, 12 
thoracic, 5 lumbar, and 5 sacral). The nerve roots exit 
the spinal column through the bilateral interverte-
bral foramen. In the cervical spine the nerve roots 
exit above their corresponding vertebral body. At 
the C7 body, the C7 root exits above and the C8 root 
exits below (between C7 and T1). Starting at T1 the 
nerve roots then exit below their respective verte-
bral bodies. The cervical and lumbar regions exhibit 
a concave or lordotic curvature and the thoracic 
region appears convex (kyphosis). The meninges are 
the 3 layers of connective tissue surrounding the 
spinal cord composed of the outermost dura mater, 
the arachnoid mater, and the innermost pia mater. 
Beginning most superficially, the epidural space 
exists as a potential space between the dura mater 
and the ligamentum flavum.

 6. D. In addition to patient refusal, there are several rel-
ative contraindications and the provider must weigh 
the risk versus benefit for the patient. Infection at or 
near the insertion site can increased the risk of men-
ingitis. Significant coagulopathy, thrombocytopenia, 
or recent administration of anticoagulatant drug 
can increase the risk of spinal hematoma. Enoxa-
parin dosed 1 mg/kg every 12 h or 1.5 mg/kg daily 
require being held for 24 h prior to placement of a 
neuraxial block. Patients with increased intracranial 
pressure can be predisposed to brainstem herniation 
in the event of a dural puncture and large volumes 
injected into the epidural space can further increase 
intracranial pressure. Previously, there were concerns 
that neuraxial anesthesia in an HIV-infected patient 
would hasten central nervous system (CNS) manifes-
tations of the disease. However, it is now understood 
that CNS involvement occurs early during the course 
of HIV infection and introduction of HIV virus into a 
previously virus-free CNS after is not a concern.

 7. C. Patients with a post-dural puncture headache 
typically present with a fronto-occipital headache 
that radiates to the neck. Associated symptoms 
often include neck stiffness, tinnitus, photophobia, 
diplopia, and nausea. The headache is often pos-
tural in nature and is worse in the upright position 
and improves in the horizontal or supine position.

 8. C. When placing an epidural using the paramedian 
approach, the epidural needle penetrates the para-
spinous muscles then enters the ligamentim flavum 
en route to the epidural space. While the supraspi-
nous and interspinous ligaments are penetrated 
during a midline approach to the epidural space, the 
paramedian approach is lateral to these ligaments. 
The costotransverse ligament connects the rib to 
the transverse process of the vertebrae and is not 
encountered during epidural placement.
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 9. E. A spinal hematoma is a potentially devastating 
complication following neuraxial anesthesia, most 
commonly presenting with numbness and/or weak-
ness of the lower extremities. Epidural analgesia with 
local anesthetics can potentially cloud the clinical 
presentation, but any unexpected neurologic deficits 
must be taken seriously. A high thoracic epidural 
is unlikely to cause lower extremity symptoms and 
thus immediate action must be taken. Changing the 
local anesthetic or removing the opioid would not 
improve this scenario. A small change in the infusion 
rate would not be expected to make a significant 
difference. The epidural infusion should be imme-
diately stopped and the patient should be regularly 
monitored for resolution of his lower extremity defi-
cits, and the provider should have a high index of 
suspicion for other causes of this new neurological 
deficit. Prompt consultation with neurosurgery and 
obtaining an MRI to diagnose an epidural hematoma 
is very important. In the setting of a spinal hema-
toma, surgical decompression of the hematoma in 
less than 8 h from the onset of symptoms is crucial to 
provide the best long-term neurological outcome.

 10. D. A spinal hematoma is a potentially devastat-
ing complication following neuraxial anesthesia, 
and patients with pre-existing coagulopathy or 
patients using medications that impact coagula-
tion or platelet function are at increased risk. The 
American Society of Regional Anesthesia and Pain 
Medicine (ASRA) provides practice guidelines/
recommendations that summarize evidence-based 
reviews of regional anesthesia in patients receiving 
antithrombotic or thrombolytic therapy. According 
to ASRA guidelines: for patients receiving enoxa-
parin 1.5 mg/kg daily, neuraxial block should be 
delayed for at least 24 h after the last dose; the 
last dose of dabigatran should be 5 days prior to 
neuraxial block; the last dose of clopidogrel should 
be 7 days prior to neuraxial block. Warfarin should 
be stopped 4–5 days in advance and INR within the 
normal reference range should be confirmed prior 
to the neuraxial block.
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Key Points
1. The brain receives 15% of the body’s cardiac 

output and accounts for 25% of the body’s total 
oxygen consumption. The brain has no glucose or 
oxygen stores, so it is very susceptible to damage 
within minutes of ischemia.

2. The Circle of Willis is an anastomosis of the left and 
right internal carotid and vertebrobasilar systems, 
but the majority of healthy individuals do not have 
a complete Circle of Willis.

3. The cranial epidural space is created when signifi-
cant force leads to high-pressure bleeding, whereas 
bleeding in the cranial subdural space requires 
much less force to injure the small bridging veins.

4. The spinal epidural space is continuous from the 
sacral level to the cranial base and allows medica-
tions to be injected into the epidural space at one 
level in order to provide analgesia and anesthesia 
for a broad range of dermatomes.

5. The sympathetic nervous system arises from the 
thoracolumbar spine and mediates fight-or-flight 
responses, while the parasympathetic system 
arises from the craniosacral region and promotes 
rest-and-digest functions.

6. The autonomic nervous system modulates 
cardiovascular and respiratory function through a 
number of reflex arcs.

3.1  Anatomy of the Brain

The brain can be divided into 3 components: the cerebrum, 
the cerebellum, and the brainstem. The cerebrum, or fore-
brain, has 2 hemispheres and includes the telencephalon and 
the diencephalon. The diencephalon contains the thalamus 
and hypothalamus. The outer portion of the telencephalon is 
known as the cerebral cortex, whereas the inner (subcortical) 
regions include portions of the basal ganglia.

3.1.1  Cerebral Cortex

The cerebral cortex is folded into gyri and separated by sulci. 
This folded structure allows the expansive cortex to fit into 
the cranial vault in a compact fashion. The lateral surfaces of 
each hemisphere are traditionally divided into 4 lobes: fron-
tal, parietal, temporal, and occipital. The different lobes are 
separated from each other by sulci and this overall organiza-
tion is fairly constant across individuals.

The frontal lobe consists of areas responsible for initia-
tive, judgment, abstract reasoning, and creativity. The motor 
cortex is located in the posterior portion of the frontal lobe. 
The central sulcus separates the motor cortex from the 
somatosensory cortex, which is part of the parietal lobe. 
Damage to the parietal lobe can result in hemineglect, which 

highlights its importance in the integration of sensory infor-
mation. The occipital lobe is posterior to the parietal lobe and 
is most notable for housing the visual cortex. The auditory 
cortex is located in the temporal lobe, which also houses key 
regions for memory formation and language.

Many sources identify a fifth area located on the medial 
surface of the hemispheres as the limbic lobe. Deep within 
the lateral fissure lies the insular cortex, which some authors 
characterize as a sixth “lobe” (. Fig. 3.1). The cerebral hemi-
spheres communicate with each other via a bundle of myelin-
ated and unmyelinated fibers called the corpus callosum.

3.1.2  Basal Ganglia

The basal ganglia are a collection of nuclei best known for their 
role in motor control. The nuclei are spread between the telen-
cephalon, diencephalon, and midbrain. The striatum (which 
includes the caudate, putamen, and nucleus accumbens) and 
the globus pallidus are located in the telencephalon. The sub-
thalamic nucleus is part of the diencephalon, whereas the sub-
stantia nigra is a midbrain structure. Dopaminergic efferents 
from the substantia nigra are critical for motor control, and 
damage to this area leads to Parkinson’s disease. Striatal dam-
age is an early feature of the autosomal- dominant movement 
disorder Huntington’s chorea. In addition to its role in motor 
function, the basal ganglia are an important component of the 
reward pathway and may play a role in addiction.

3.1.3  Cerebellum

The cerebellum arises from the hindbrain and lies in the poste-
rior fossa of the skull. It is separated from the brainstem by the 
fourth ventricle and from the cerebrum by the tentorium. The 
cerebellum plays a key role in balance and the coordination of 
movement. Cerebellar deficits may lead to ataxia or intention 

       . Fig. 3.1 Lobes of the brain. The frontal and parietal lobes are 
separated by the central sulcus. Some sources identify the limbic and 
insula as additional lobes. In this diagram lateral portions of the brain 
have been cut away to demonstrate the insula deep in the lateral 
sulcus (Reprinted with permission from Jacobson and Marcus [1])
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tremor. On exam, patients with cerebellar disease may have dif-
ficulty with finger-nose-finger (dysmetria) or rapid alternating 
movements (dysdiadochokinesia). In contrast to lesions of the 
cerebrum, unilateral cerebellar damage usually manifests on 
the same side of the body.

3.2  Anatomy of the Brain Stem

The brainstem is made up of the midbrain, pons, and medulla 
and is located just ventral to the cerebellum. The cranial 
nerves (CN) are numbered based on their place of exit from 
the brainstem from rostral to caudal (. Fig. 3.2). The brain-
stem contains essential ascending and descending tracts and 
nuclei that are involved with consciousness as well as cardiac, 
respiratory, sensory, and motor functions. In addition, the 
brainstem houses these critical parts in a densely compact 
arrangement such that even very small lesions can have dev-
astating effects.

3.2.1  Midbrain

The midbrain is a transition from the cerebrum to the brain-
stem. It houses the nuclei for cranial nerves III (oculomotor) 
and IV (trochlear). The base of the midbrain contains the 
corticospinal, corticobulbar, and corticopontine pathways, 
which together form the crus cerebri. It also houses the sub-
stantia nigra. The tegmentum portion of the midbrain con-
tains all of the ascending tracts of the spinal cord and lower 
brainstem and many of the descending pathways as well. The 
red nucleus receives and sends many of these fibers and plays 
an important role in motor coordination. The nuclei of the 
locus ceruleus located here have norepinephrine-containing 
neurons that connect to the cortex, hippocampus, thalamus, 
midbrain, pons, medulla, cerebellum, and spinal cord to 
regulate the sleep-wake cycle and arousal. The midbrain also 
houses the periaqueductal gray matter with descending auto-
nomic tracts, which have been targeted in emerging chronic 
pain treatments.
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       . Fig. 3.2 The brainstem and 
cranial nerves. The cranial nerves 
exit the ventral surface of the 
brainstem and are numbered 
from rostral to caudal. Cranial 
nerves III and IV originate in the 
midbrain, V-VII come from the 
pons, and VIII-XII emerge from the 
medulla (Reprinted with 
permission from Jacobson and 
Marcus [1])
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3.2.2  Pons

The pons contains nuclei for CN V (trigeminal), VI (abdu-
cens), VII (facial), and VIII (vestibulocochlear) near its junc-
tion with the medulla. The corticospinal tract, medial 
lemniscus, and spinothalamic tracts all travel through the 
pons. The corticopontine tract connects the cerebral cortex 
to the pontine nucleus. The raphe nuclei extend from the 
middle of the pons into the medulla. Its neurons contain 
serotonin and modulate arousal, sleep-wake cycles, and pain 
sensory input through projections to the cortex, hippocam-
pus, basal ganglia, thalamus, cerebellum, and spinal cord. 
Rapid correction of hyponatremia may lead to extensive 
demyelination of the base of the pons. This central pontine 
myelinolysis causes limb paralysis and bulbar palsy leading 
to a locked-in syndrome.

3.2.3  Medulla

The medulla contains nuclei for CN IX (glossopharyngeal), X 
(vagus), XI (accessory), and XII (hypoglossal). These nuclei 
control taste, salivation and lacrimation, the muscles of the 
tongue, swallowing, and vocalization. The medulla also 
houses many ascending and descending tracts that connect 
the spinal cord to the cortex and control motor and sensory 
function.

3.2.4  Role of the Brainstem in Respiration 
and Consciousness

Several key processes are controlled by circuits involving 
multiple regions of the brainstem. Areas of respiratory con-
trol span from the pons to the caudal medulla. The pons, ret-
rotrapezoid nucleus, and raphe modulate respiratory drive, 
while the solitary nucleus and ventral lateral medulla receive 
feedback from peripheral areas such as the lungs, carotid 
bodies, and respiratory muscles. As a result, acute herniation 
of the ventrolateral medulla causes changes in respiration 
such as Cheynes-Stokes breathing with intermittent apnea.

The reticular activating system is a set of nuclei and cir-
cuits that plays an important role in arousal. The system has 
ascending projections as well as a descending reticulospinal 
tract. This tract modulates spinal reflex activity, spinal auto-
nomic activity, and sensory input. The system is a functional 
classification based on its nonspecific role in regulating con-
sciousness and arousal. A variety of types of stimuli can 
modulate the level of consciousness and arousal. Since differ-
ent stimuli activate different parts of the cortex, large areas of 
the cortex need to be damaged in order to decrease con-
sciousness whereas a small midbrain lesion can result in 
coma. Anesthesia depresses the reticular activating system so 
that even though the stimuli activate sensory thalamic and 
cortical areas, generalized cortical arousal is inhibited. 

Components of the reticular formation in the hypothala-
mus and brainstem actively regulate the daily sleep-wake 

cycle. The reticular formation structures of the pons dis-
charge prior to sleep and certain pontine lesions may lead to 
hyper-alertness and decreased sleep. Rapid eye movement 
(REM) sleep is specifically triggered by neurons in the dorsal 
midbrain and pontine tegmentum and may be ablated by 
damage to the rostral reticular nucleus of the pons. Many of 
the neurons release serotonin or norepinephrine: monamine 
oxidase inhibitors increase norepinephrine and decrease 
REM sleep whereas decreased serotonin levels can promote 
wakefulness in animal models.

3.3  The Cerebral Circulation

The brain has an extensive vascular supply to support the 
high metabolic needs of constant neural activity. The brain 
receives 15% of the body’s cardiac output and accounts for 
25% of the body’s total oxygen consumption. The brain has 
no glucose or oxygen stores so if blood flow stops it can be 
permanently damaged within minutes. As shown in 
. Fig. 3.3, the burden of this constant blood supply is placed 
on two internal carotid arteries and two vertebral arteries, 
which form a complex anastomosis known as the Circle of 
Willis. Ultimately, the venous blood drains into the dural 
venous sinuses.

3.3.1  Arterial Supply to the Brain

The internal carotid arteries pierce the cavernous sinus to 
enter the subarachnoid space. Here the ophthalmic, posterior 
communicating, and anterior choroidal arteries branch off 
before each internal carotid artery divides unevenly into an 
anterior and middle cerebral artery. The anterior cerebral 
artery (ACA) passes above the optic chiasm and forms an 
arch around the corpus callosum. As shown in . Fig. 3.4, it 
supplies the medial surface of the hemisphere and contrib-
utes to the blood supply of the internal capsule and caudate 
nucleus. The middle cerebral artery (MCA) receives the 
majority of the blood flow (between 60% and 80%) of the 
internal carotid artery. It supplies the frontal, parietal, and 
temporal lobes; part of the optic radiation; and two-thirds of 
the lateral surface of the brain. The MCA provides branches 
to the corpus striatum and internal capsule and occlusion of 
the MCA leads to contralateral hemiplegia.

The vertebral arteries form the basilar artery between the 
medulla and pons and the basilar artery quickly splits into 
the 2 posterior cerebral arteries at the upper border of the 
pons. Although the posterior cerebral arteries are usually the 
terminal branches of the basilar artery, they arise from the 
internal carotid artery during embryogenesis. Therefore, in 
25% of people the internal carotid contributes a majority of 
the blood supply to the posterior cerebral artery via the pos-
terior communicating artery. The posterior cerebral artery 
supplies the splenium of the corpus callosum, cortex of the 
occipital and temporal lobes, thalamus, subthalamic nucleus, 
and optic radiation. With contribution from the posterior 
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       . Fig. 3.3 Frontal a and lateral b views of arterial supply of the brain. 
The internal carotid and vertebral arteries deliver oxygenated blood to 
the brain. In these images only the left carotid (darker shading) and right 
vertebrobasilar system (lighter shading) are shown within the skull to 
minimize overlap. Abbreviations: ACA anterior cerebral artery, AICA 
anterior inferior cerebellar artery, BA basilar artery, C1–C4 cervical, 

petrous, cavernous and cerebral parts of internal carotid artery, MCA 
middle cerebral artery, mma middle meningeal artery, PCA posterior 
cerebral artery, pcma posterior communicating artery, PICA posterior 
inferior cerebellar artery, SCA superior cerebellar artery, VA vertebral 
artery, in a 1–3 refer to the trifurcation of the MCA; in b 1–6 are branches 
of the ACA (Reprinted with permission from ten Donkelaar [2])
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       . Fig. 3.4 Vascular territories of the cerebral cortex. The color- coded regions show the predominant arterial supply to the lateral surface of the 
left cortex a and the medial surface of the right cortex b (Reprinted with permission from Jacobson and Marcus [1])

Anatomy of the Brain and Spinal Cord



46

3

communicating artery, the posterior cerebral artery also sup-
plies the midbrain. The posterior inferior cerebellar artery is 
a branch of the vertebral artery that provides blood supply to 
the medulla and cerebellum. The anterior and posterior spi-
nal arteries also branch from the vertebral artery and supply 
parts of the medulla before continuing to the spinal cord via 
the foramen magnum. The basilar artery gives rise to the 
anterior inferior cerebellar and superior cerebellar arteries, 
which supply the pons, cerebellum, and inner ear. The cho-
roid plexus of the lateral ventricle is supplied by both the 
internal carotid and vertebrobasilar systems via the anterior 
choroidal and posterior choroidal branches, respectively.

3.3.2  The Circle of Willis

The Circle of Willis is a system of anastomoses linking the left 
and right internal carotid and vertebrobasilar systems 
(. Fig. 3.5). It lies in the deep interpeduncular cistern of the 

subarachnoid space and provides collateral flow in the event 
of arterial occlusion. The anterior portion of the circle con-
sists of the anterior cerebral arteries and the small anterior 
communicating artery. The posterior communicating artery 
provides an anastomosis between the internal carotid and 
vertebrobasilar systems. Dozens of perforating arteries 
branch off of the Circle of Willis. All arteries of the Circle of 
Willis contribute to the short perforating branches and they 
provide the blood supply to the optic nerve, chiasm, and 
tract, and the hypothalamus. Long perforating branches are 
formed from the 3 cerebral arteries and supply the thalamus, 
corpus striatum, and internal capsule. There is extensive ana-
tomic variation and a complete Circle of Willis is present in 
less than 50% of normal individuals, with several groups 
documenting a complete circle in only 18–20% of their study 
population. Roughly 15% of patients are at risk for insuffi-
cient collateral flow because of deficits in both the anterior 
communicating artery and one or both posterior communi-
cating arteries.
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       . Fig. 3.5 The Circle of Willis. 
Abbreviations: ACA anterior 
cerebral artery, ACha anterior 
choroidal artery, ACOM anterior 
communicating artery, AICA 
anterior inferior cerebellar artery, 
ICA internal carotid artery, MCA 
middle cerebral artery, PCA 
posterior cerebral artery, PCOM 
posterior communicating artery, 
PICA posterior inferior cerebellar 
artery, SCA superior cerebellar 
artery (Reprinted with permission 
from Tarulli [3])
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3.3.3  Venous Drainage of the Brain

Superficial and deep veins form a complex drainage system. 
The thin-walled veins have no valves or surrounding muscle. 
They traverse the arachnoid mater and eventually empty 
into the dural venous sinuses. Specifically, the superficial 
cerebral veins drain the cerebral cortex and underlying white 
matter into the superior sagittal sinus, cavernous sinus, and 
transverse sinus. The deep vertebral veins drain the corpus 
striatum, thalamus, and choroid plexuses into various larger 
veins that eventually form the great cerebral vein. The great 
cerebral vein unites with the inferior sagittal sinus and forms 
the straight sinus, which eventually empties into the trans-
verse sinus. 

Ultimately, all the venous sinuses drain into the internal 
jugular veins (IJV), which comprise the superior and inferior 
jugular venous bulbs. On average, two-thirds of the blood 
from a single internal carotid artery is drained by the ipsilat-
eral IJV, and one-third is drained by the contralateral jugular 
vein. Although the jugular venous blood is derived from both 
cerebral hemispheres, the venous drainage is usually asym-
metrical, with the majority of the patients draining cerebral 
venous blood dominantly into the right side jugular bulb, 
some draining dominantly into the left side, and a few may 
drain equally into both jugular bulbs. Cerebral oxygenation 
is often monitored in patients with brain injury by  measuring 
jugular venous saturation (SjvO2). The normal SjvO2 ranges 
from 55% to 70% with values below and above this threshold 
reflecting cerebral ischemia and hyperemia, respectively.

3.4  Anatomy of the Spinal Cord and Spine

The spinal cord is an extension of the central nervous system 
(CNS) that links the brain to the peripheral nervous system. 
In humans, as in all vertebrates, the spinal cord is protected 
by the bony spine. Early in fetal development, the spinal cord 
initially spans the entire length of the vertebral column. As 
development continues, however, the tip of the spinal cord 
becomes more cephalic as the bony spine grows at a faster 
rate. The tip is known as the conus medullaris, and ascensus 
medullae is the Latin term for this relative migration. At birth 
the spinal cord terminates around L3 and the more cephalic 
“adult” position is reached around 2 years of age. A magnetic 
resonance imaging (MRI) study of 504 adults found a mean 
termination of the conus in the lower third of L1, which 
agrees with pooled cadaveric studies [4]. The cord ended 
above the L2/3 disk in almost 99% of the modern MRI 
cohort. These data support the safety of therapeutic and diag-
nostic dural puncture at L3/4 level or below.

3.4.1  Variations in Vertebral Configuration

Other anatomic features of the spine have relevance to neur-
axial anesthesia. . Figure 3.6 shows the typical arrangement 
of the human vertebral column into 7 cervical, 12 thoracic, 

and 5 lumbar vertebrae as well as the 5 fused vertebrae of the 
sacrum and coccyx. The acute angles of the spinous processes 
in the thoracic region can make midline neuraxial approaches 
more challenging. In addition, the normal curvature of the 
spine shown in the figure has implications for the spread of 
intrathecal medications (see 7 Chap. 2). Nearly 90% of 
patients have 24 presacral vertebrae, as shown in . Fig. 3.6, 
but one study reported 25 presacral vertebrae in 5% and 23 
vertebrae in 6% of a North American cohort [6]. These differ-
ences arise from variation in the fusion of vertebrae around 
L5 and S1. In addition to variable fusion of the sacrum, there 
also can be incomplete fusion of the neural arch of one or 
more vertebrae. Such an isolated cleft spine, or spina bifida, is 
present in 10–20% of the population and should be consid-
ered a normal variant. These are often asymptomatic and 
there may or may not be exterior evidence for closed defects 
such as a tuft of hair in the sacral area (hence the term spina 
bifida occulta). Open forms are often associated with neuro-
logic deficits and other abnormalities.
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       . Fig. 3.6 Divisions of the human spine. This sagittal view shows the 
normal distribution of vertebrae into cervical, thoracic and lumbar 
segments (Reprinted with permission from Patel et al. [5])
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3.4.2  Spinal Nerves

The relationships of the vertebrae to the cord and spinal 
nerves are shown in . Fig. 3.7. At a basic level, the cord can 
be divided into gray and white matter. As in the brain, the 
white matter is composed primarily of myelinated axons, 
which are organized into tracts that either ascend or descend 
in the spinal cord (. Fig. 3.8). The cellular gray matter con-
tains a sensory dorsal horn and a somatomotor ventral horn, 
which come together via the intermediate zone to give an 
H-shaped appearance. In the thoracolumbar region there is 
also an intermediolateral portion of the gray matter that 
forms part of the sympathetic nervous system. Projections to 
and from the gray matter horns give rise to dorsal and ventral 
roots; these roots unite to form the spinal nerves.

Cervical spinal nerves C1–7 emerge above their respec-
tive vertebrae and C8 exits between the C7 and T1 vertebrae. 
The thoracic, lumbar, and sacral nerves course through 
foramina below their respective vertebrae. The relative ascen-
sion of the spinal cord discussed previously means that the 
sacral and lower lumbar spinal nerves travel some distance 
caudad before exiting the vertebral canal. This area is termed 
the cauda equina because of its resemblance to a horse’s tail. 
Together with the coccygeal nerve there are 31 pairs of spinal 
nerves. . Figure 3.9 shows the approximate sensory distribu-

tion of these spinal nerves. Although such dermatome maps 
are useful for assessing neuraxial blocks, it is important to 
remember that in patients there can be some variation and 
overlap of this innervation.

3.4.3  Arterial Supply of the Spinal Cord

The spinal cord receives blood from a pair of posterior spinal 
arteries and a single anterior spinal artery (. Fig.  3.10). The 
anterior spinal artery is formed by branches of each vertebral 
artery and supplies the anterior two-thirds to three-quarters of 
the cord. The posterior spinal arteries arise either from the ver-
tebral arteries or from the posterior inferior cerebellar arteries 
and supply the remainder of the spinal cord. These three longi-
tudinal arteries receive additional blood from feeders known 
as radicular, medullary, or radiculo-medullary arteries. These 
radicular arteries are particularly important to blood flow in 
the thoracic region and below. They are variable, but there are 
typically eight that feed the anterior spinal artery and twelve 
that feed the posterior spinal arteries. The artery of 
Adamkiewicz is the largest anterior radicular artery and can be 
disrupted during aortic surgeries. In most people this is a left-
sided vessel that originates from an intercostal branch off the 
aorta between T8 and L1, but its origin can be quite variable.
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       . Fig. 3.7 Cross section of the 
vertebral column at the level of a 
spinal nerve. The spinal nerve has 
dorsal, ventral, and meningeal 
branches (db, vb, and mb, 
respectively). It divides into a 
ventral root (vr) and a dorsal root 
(dr). The dorsal root ganglion is 
also known as a spinal ganglion 
(spg). The roots enter the spinal 
cord and connect to the dorsal 
and ventral horns (dh and vh). 
Structures of the meninges are 
indicated by numbers as follows: 
(1) periost, (2) epidural space, (3) 
dura mater, (4) arachnoid mater, 
(5) subarachnoid space, and (6) 
pia mater. The pia mater also 
gives rise to the denticulate 
ligaments (dlg) which tether the 
spinal cord (Reprinted with 
permission from ten Donkelaar 
[2])
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       . Fig. 3.8 Major spinal cord 
pathways. Ascending tracts are 
shown as elevated components 
on the left side of the figure, 
whereas descending tracts are 
shown as elevated components 
on the right side of the figure 
(Reprinted with permission from 
Jacobson and Marcus [1])
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       . Fig. 3.9 Dermatomes of the ventral a and dorsal b body surfaces (Reprinted with permission from ten Donkelaar [2])
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3.5  Meninges: Epidural, Subdural, 
and Subarachnoid Spaces

The CNS is surrounded by 3 protective membranes known as 
meninges: the dura mater, arachnoid, and pia mater. The 
most external is the dura mater, and a potential epidural 
space can be created superficially to the dura. The arachnoid 
and pia mater lie below the dura and are collectively referred 
to as the leptomeninges due to many shared characteristics. 
The subdural space is between the dura and arachnoid, 
whereas the subarachnoid space is between the arachnoid 
and pia. The cranial meninges pass through the foramen 
magnum to continue as the spinal meninges.

3.5.1  Dura Mater

The dura mater is a tough fibrous connective tissue that fuses 
with the inner periosteum of the cranium and creates com-
partments within the brain to separate the cerebrum from the 
cerebellum (Tentorium cerebelli), the cerebral hemispheres 
(Falx cerebri), cerebellar hemispheres (Falx cerebelli), and the 
pituitary gland (Diaphragma sellae). The cranial dura is com-
prised of an inner meningeal layer and an outer endosteal 
layer. These two layers separate only to enclose the venous 
sinuses. Although the dura adheres to the cranial bones, the 
meningeal layer surrounds the cranial nerves and fuses with 

the epineurium as they exit the cranium. The dura also fuses 
with the vascular adventitia as the major vessels enter the cra-
nium.

The cranial dura is continuous with the dural sac sur-
rounding the spinal cord and becomes continuous with the 
periosteum of the coccyx. The spinal dura then surrounds 
the spinal roots and nerves as they exit the intervertebral 
foramina and eventually fuses with the epineurium.

3.5.2  Subdural and Epidural Spaces

The cranial epidural and subdural spaces become clinically 
significant with trauma and aging. The epidural space is cre-
ated when significant force leads to high-pressure bleeding, 
which then causes separation of the periosteum and dura. 
The majority of cases involve middle meningeal artery injury 
and 75–95% are associated with skull fracture. The classic 
presentation is a lucid interval followed by gradual deteriora-
tion as intracranial pressure increases. As expected, an epi-
dural hematoma does not cross cranial suture lines because 
the dura is tightly attached to the skull at the suture lines. The 
only treatment for an epidural hematoma is emergent sur-
gery for evacuation.

In contrast to epidural bleeds, enlargement of the cranial 
subdural space by separation of the dura and arachnoid mater 
requires much less force. Injury to small bridging veins can 
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       . Fig. 3.10 Blood supply of the 
spinal cord (Reprinted with 
permission from Brambrink et al. [7])
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easily lead to a subdural hematoma. Acute subdural hemato-
mas are most commonly found in children, whereas chronic 
subdural hematomas are more common in older people whose 
bridging veins have already become fragile and stretched due 
to brain shrinkage. Subacute subdural hematomas can occur 
after injury in any age group and signs and symptoms of 
increased intracranial pressure develops up to three  weeks 
post-injury due to slower blood accumulation.

The spinal epidural space contains connective tissue, fat, 
a venous plexus, small arterial branches, and lymphatics. 
Contrast studies have shown that fluid injected into the epi-
dural space at the sacral level will spread up to the cranial 
base. As a result, medications can be injected into the epi-
dural space at one level to provide analgesia and anesthesia 
for a broad range of dermatomes. Although the spinal subdu-
ral space does not normally exist due to the close apposition 
of the dura and arachnoid, it is a potential space that has been 
inadvertently accessed during attempts at epidural catheter 
placement. Subdural injection may lead to spinal cord dam-
age as a result of direct toxicity or compressive effects.

3.5.3  Arachnoid Mater 
and the Subarachnoid Space

Although the arachnoid mater is a thin fibrocellular mem-
brane, the outermost cell layer of the arachnoid mater con-
sists of tight junctions that contain the cerebrospinal fluid 
(CSF) that is secreted by the choroid plexuses of the cerebral 
ventricles. The arachnoid mater is closely apposed to the pia 
mater and underlying brain, except at concavities of the brain 
where the pia adheres to the brain’s surface while the arach-
noid spans the area. Therefore the subarachnoid space varies 
in depth with deeper portions at the concavities forming cis-
terns of CSF. The cisterns house much of the cerebral vascu-
lature including the MCA, basilar artery, ACA, Circle of 
Willis, and the great cerebral vein. The cerebral subarachnoid 
space drains CSF into the fourth ventricle via three connec-
tions. The arachnoid membranes also form villi and granula-
tions that aid CSF reabsorption into the venous system from 
the higher pressure ventricular system via the lower pressure 
venous sinuses. The cranial arachnoid is continuous with the 
spinal arachnoid mater. As nerves and blood vessels enter 
and exit the subarachnoid space, the arachnoid mater contin-
ues on as a thin covering for both.

3.5.4  Pia Mater

The cranial pia mater surrounds the brain so closely that it 
follows into the sulci and fissures. The spinal pia also closely 
encases the spinal cord and forms denticulate ligaments that 
help secure the spinal cord to the dura between spinal nerves 
as they exit. The pia extends around the filum terminale as it 
spans from the conus medullaris to the tip of the dural sac to 

further stabilize the spinal cord and dura. In addition, the pia 
continues to the perineurium of cranial and spinal nerves 
and attaches to the blood vessels as they enter and exit the 
CNS.

3.6  Anatomy of the Autonomic Nervous 
System

The autonomic nervous system (ANS) is broadly divided into 
the sympathetic and parasympathetic nervous systems. 
Managing the physiology of this system is key to the practice 
of anesthesiology and will be discussed in greater detail else-
where. For the sake of simplicity one may think of the sympa-
thetic nervous system (SNS) as mediating fight-or-flight 
responses and the parasympathetic nervous system (PNS) as 
mediating rest-and-digest responses. The efferent components 
of both arms are characterized by preganglionic and postgan-
glionic neurons activated by specific neurotransmitters.

3.6.1  The Sympathetic Nervous System

The sympathetic ANS is also known as the thoracolumbar 
system because its preganglionic cell bodies are found in the 
intermediolateral gray column from T1-L3. Myelinated 
axons from these neurons exit via the ventral root and briefly 
travel along the spinal nerve before exiting via the white com-
municating branch of the rami communicantes (. Fig. 3.11). 
The rami communicantes link the spinal nerves to the 22 
paired ganglia of the sympathetic chain. Each preganglionic 
axon can take one of three possible routes from the white 
communicating ramus: (1) Synapse in the sympathetic gan-
glion at that level, (2) travel caudad or cephalad within the 
sympathetic chain before synapsing at another ganglion in 
the chain, or (3) travel some distance in the chain before exit-
ing it without synapsing. Those axons that leave the sympa-
thetic chain without synapsing may travel either to one of 
several large unpaired ganglia or may go directly to the adre-
nal medulla.

The sympathetic chain ganglia lie anterolateral to the 
spinal cord and are also known as paravertebral ganglia. 
They contain postganglionic cell bodies with nicotinic ace-
tylcholine receptors. Postganglionic axons are frequently 
unmyelinated and give rise to the gray communicating 
ramus when they rejoin the spinal nerves. Those axons that 
terminate at sweat glands release acetylcholine, while those 
traveling to the heart and blood vessels release norepineph-
rine. Most ganglia in the chain are unnamed, but the three 
cervical paravertebral ganglia are referred to as the superior, 
middle, and inferior cervical ganglia. In 80% of patients the 
inferior cervical ganglia are fused with the first thoracic 
ganglia and termed the stellate or cervicothoracic ganglia. 
The stellate ganglion is sometimes the target for regional 
nerve blockade.
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Many preganglionic axons that leave the sympathetic 
chain without synapsing are destined for large, unpaired 
ganglia also known as prevertebral, preaortic, or collateral 
ganglia (. Fig. 3.12). These are named the celiac, superior 
mesenteric, aorticorenal, and inferior mesenteric ganglia. 
The postganglionic neurons are activated by acetylcholine 
via nicotinic receptors and release norepinephrine at their 
targets in the pelvic and abdominal organs. Other pregan-
glionic axons travel from the sympathetic chain to the adre-
nal medulla. The chromaffin cells of the adrenal medulla are 
modified neuronal cells that function as postganglionic 
cells which release epinephrine and norepinephrine into 
the blood.

3.6.2  The Parasympathetic Nervous System

The parasympathetic ANS is also known as the craniosacral 
system because its preganglionic efferents arise from the 
brainstem and sacral spinal cord. It utilizes acetylcholine at 
both the preganglionic and postganglionic synapses. In con-
trast to the sympathetic ANS, many of the postganglionic 
neurons lie in close proximity to their target organs and fewer 
appear as discrete ganglia on a gross anatomic level. The 
sacral portion of the parasympathetic ANS arises from S2-S4 

and innervates the distal colon and rectum as well as genito-
urinary structures via the pelvic splanchnic nerves. It works 
in concert with the sympathetic ANS to coordinate micturi-
tion and sexual responses. Somatic innervation to pelvic 
structures also arises from S2–4, but it travels via the puden-
dal nerves, which are distinct from the pelvic splanchnics.

The cranial portion of the parasympathetic ANS is associ-
ated with CN III, VII, IX, and X. The vagus nerve (CN X) 
carries three-fourths of the parasympathetic activity but we 
will briefly describe the other cranial components. 
Preganglionic efferents from the Edinger-Westphal nucleus 
travel via CN III to the ciliary ganglia where they synapse 
with neurons that innervate the sphincter pupillae and ciliary 
muscle. The other parasympathetic innervation of the eye 
travels via CN VII to synapse at the pteryopalatine ganglion 
before continuing to the lacrimal glands. The pteryopalatine 
ganglion is also known as the sphenopalatine ganglion and it 
also sends fibers to mucous glands of the nose, mouth, and 
pharynx. Part of the “digest” function of the parasympathetic 
ANS is promoted by the stimulation of saliva production via 
CN VII and IX. Facial nerve fibers synapse in the subman-
dibular ganglion before postganglionic fibers continue to the 
submandibular and sublingual glands, while parasympa-
thetic tracts in the glossopharyngeal nerve synapse in the otic 
ganglion en route to the parotid glands.
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       . Fig. 3.11 Arrangement of 
pre- and post-ganglionic neurons 
of the sympathetic nervous 
system. Afferents are shown as 
solid lines and efferents as dotted 
lines. Preganglionic neurons are 
located in the intermediolateral 
gray column, which is shown here 
as the lateral horn (lh). After 
exiting the cord via the ventral 
root and spinal nerve the axons 
of these pre-ganglionic neurons 
depart via the white ramus 
communicantes which is also 
known as the white communicat-
ing branch (wcb). They then 
either synapse in a paravertebral 
ganglion (parg), continue to an 
unpaired prevertebral ganglion 
(preg) via the thoracic splanchnic 
nerves (spln) or continue to the 
adrenal medulla. Postganglionic 
neurons in the paravertebral 
ganglion give rise to the gray 
communicating branch (gcb) as 
the rejoin the spinal nerve (spn) 
(Reprinted with permission from 
ten Donkelaar [2])
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       . Fig. 3.12 Sympathetic and 
parasympathetic innervation of 
major organs. The heart receives 
sympathetic innervation from 
upper thoracic levels (T2-4) as 
well as from cervical ganglia 
(shown as scg, mcg, and icg for 
superior, middle and inferior 
cervical ganglia). Lower thoracic 
levels (T9-12) innervate the upper 
gut via the celiac ganglion (cg) 
whereas neurons in the lumbar 
region (L1-3) synapse in the 
inferior mesenteric ganglion 
(img). Parasympathetic innerva-
tion from sacral levels synapse 
with postganglionic neurons in 
the walls of organs such as the 
urinary bladder (ub) (Reprinted 
with permission from ten 
Donkelaar [2])
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The vagus nerve carries the most clinically significant 
components of the parasympathetic nervous system. It proj-
ects efferents to key structures and organs in the neck, chest, 
and abdomen down to the transverse colon. Although its pre-
ganglionic axons sometimes pass through sympathetic gan-
glia they do not synapse in those structures. Rather they 
continue on to synapse in or near the walls of their target 
organs.

3.6.3  Autonomic Control of Hemodynamics 
and Respiration

The vagus nerve carries parasympathetic outflow from the 
medulla to the heart and plays a critical role in cardiovascular 
homeostasis. The carotid sinus reflex is an important homeo-
static mechanism that has evolved to modulate blood pressure. 
As shown in . Fig. 3.13, high pressure is detected by barore-
ceptors in the carotid sinus. This signal travels to the nucleus of 
the solitary tract via the glossopharyngeal nerve and the 
 efferent reflex limb decreases heart rate by increasing vagal 
parasympathetic tone. This reflex also leads to vasodilation 
and decreased cardiac contractility by inhibiting sympathetic 

outflow as part of a coordinated response to decrease blood 
pressure. Similar baroreceptors in the aortic arch send afferent 
reflex information via the vagus nerve itself. The vagus also 
forms the efferent arm of other bradycardic reflexes such as the 
oculocardiac reflex. The vagus nerve may mediate both arms 
of the reflex in cases such as laparoscopic insufflation or peri-
toneal stretch, though the afferent pathways of these reflexes 
are not well characterized.

Chemoreceptors located near the carotid bifurcation and 
aortic arch also play a role in regulating respiration. Activation 
of these receptors by increased pCO2 or decreased pH leads 
to an increase in respiratory drive. Signals from the carotid 
bodies travel via CN IX and those from the aortic bodies 
return to the brainstem via CN X.

3.7  Nociception

The process of nociception illustrates how the anatomic orga-
nization of the CNS provides for both localized and integrated 
responses to noxious stimuli. Receptors on free nerve endings 
of A-δ and unmyelinated C fibers are activated by heat, cold, 
extreme pressure, or other irritants. The response can be 
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       . Fig. 3.13 The baroreceptor 
reflex. Stretch receptors in the 
carotid sinus (CS) transmit signals 
via afferents in the glossopharyn-
geal nerve (nIX) to the nucleus of 
the solitary tract (Sol). After 
traveling through the reticular 
formation (RF) the signal passes 
through the dorsal motor nucleus 
of the vagus (Xdm) and then the 
vagus nerve itself (nX) on the way 
to the nodal tissue of the heart. 
The sympathetic arm of the 
response travels to the paraverte-
bral ganglia (pvg) via the 
intermediate zone of spinal gray 
matter (iz) and the interomedio-
lateral nucleus (IMZ). Postgangli-
onic nerves then continue on to 
the heart and blood vessels 
(Reprinted with permission from 
ten Donkelaar [2])
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amplified by the release of substance P. The resulting action 
potentials travel to bipolar cell bodies located in the dorsal root 
ganglia. Axons from these bipolar neurons travel through the 
dorsal root to the dorsal horn. These signals trigger responses 
within the spinal cord as well as travelling through ascending 
pathways to the brain. Within the cord, painful stimuli trigger 
a withdrawal reflex that helps protect the body from injury. 
This spinal reflex involves interneurons in the gray matter that 
form a bridge in the reflex arc between the sensory informa-
tion entering the dorsal horn and motor neurons located in the 
ventral horn. For simplicity such reflex arcs are often dia-
grammed as occurring within a single spinal level, but in real-
ity the signals travel short distances up and down to activate 
the muscle groups responsible for withdrawal of the affected 
limb. In cases such as stepping on something sharp these pain-
ful stimuli also trigger motor responses in the contralateral 
limb (crossed extensor reflex) and core muscle groups to facil-
itate shifting a person’s weight onto the other leg. Pain signals 
reach the brain via the spinothalamic tract shown in . Fig. 3.14. 
They also trigger responses of the autonomic nervous system.

Blocking the withdrawal reflex is a hallmark of anesthesia 
and represents the output of studies of minimum alveolar 
concentration (MAC) for volatile anesthetics. It is important 
to remember that these responses are independent of brain 
activity and can occur even when the patient is unconscious. 
Indeed, elegant studies by Antognini and Rampil revealed 
that general anesthetics act primarily in the spinal cord to 
produce immobility (reviewed by Antognini [8]). Obviously, 
withdrawal response to surgical stimulation in an anesthe-
tized patient does not indicate that the patient is “awake.”

3.8  Implications for Intraoperative 
 Neuromonitoring

Knowledge of the anatomy of the brain and spinal cord is 
fundamental to the proper use of intraoperative neuromoni-
toring. One of the most common techniques is somatosen-
sory evoked potentials (SSEPs), in which peripheral sensory 
nerves are stimulated with electrodes. The response to stim-
ulation is commonly recorded over the somatosensory cor-
tex but also may be recorded at the cervical spine. SSEPs 
monitor the integrity of the pathway that transmits vibration 
and proprioception, including the posterior columns of the 
spinal cord (labeled as fasciculus cuneatus and gracilis in 
. Fig. 3.8).

The anterior portion of the spinal cord can be monitored 
with motor evoked potentials (MEPs). Stimulation over the 
motor cortex leads to activation of the corticospinal tract and 
a compound muscle action potential that is recorded in the 
periphery. In addition to utility in brain and spine surgery, 
MEPs may be used to detect ischemia during aortic proce-
dures that may disrupt supply of the anterior spinal artery.

Evoked potentials also can be used to monitor specific 
cranial nerves. For example, brainstem auditory evoked 
potentials (BAEPs) travel along CN VIII to the brainstem 
and activate the cochlear nucleus, superior olivary complex, 
inferior colliculus, and auditory radiation. Visual evoked 
potentials (VEPs) are an analogous technique in which light 
stimuli are transmitted along CN II to the optic chiasm and 
eventually to the visual cortex where responses are measured 
over the occipital lobe.
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       . Fig. 3.14 The spinothalamic/
anterolateral system for pain and 
temperature transmission. Note 
that incoming fibers may synapse 
at the level of entry or travel up 
or down a few levels before 
synapsing (Reprinted with 
permission from Jacobson and 
Marcus [1])
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Other cranial nerves can be monitored using electromy-
ography (EMG), either by recording spontaneous or stimu-
lated activity. For example, the facial nerve (CN VII) is 
commonly monitored during acoustic neuroma resection 
and other operations in the cerebellopontine angle as well as 
during parotid surgery. This technique can be applied to 
many of the cranial nerves. An emerging use is in thyroid and 
neck surgery, where specialized endotracheal tubes contain 
contacts that detect motor activity in the vocal folds and 
hence monitor the recurrent laryngeal nerve branch of CN X.

3.9  Conclusion

Oliver Wendell Holmes famously suggested that the state 
Morton induced with ether be called anesthesia, meaning 
“without sensation.” Just as the anatomy of the brain and spi-
nal cord is central to the process of sensation, so too is it cen-
tral to the practice of anesthesiology. Advancing our knowledge 
of brain and spinal cord anatomy has led to improved surgical 
procedures, anesthetic techniques, intraoperative monitoring, 
and pain management. This has fostered dramatic increases in 
patient safety but there is more work ahead. As we learn more 
about brain and spinal cord anatomy, we may develop drugs 
and techniques that allow more specific and targeted anesthet-
ics that further improve patient care and safety.

3.10  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. A patient presents to the angiography suite for 

removal of a thrombus in the proximal portion of 
her right middle cerebral artery. Which of the follow-
ing symptoms is she LEAST likely to display?
 A. Paralysis of the left arm
 B. Symmetric wrinkling of the forehead
 C. Expressive aphasia
 D. Inability to recognize her left hand

 2. Which of the following statement(s) is/are true 
regarding the brainstem?
 A. The brainstem houses critical parts that control 

cardiac, respiratory, sensory, and motor functions in 
a densely compact arrangement which can lead to 
clinically devastating deficits with very small lesions.

 B. The bilateral locus ceruleus nuclei have norepi-
nephrine-containing neurons that connect to the 
cortex, hippocampus, thalamus, midbrain, pons, 
medulla, cerebellum, and spinal cord to regulate 
the sleep-wake cycle and arousal.

 C. The raphe nuclei lie from the middle of the pons 
extending into the medulla and its neurons also 
contain norepinephrine and modulate arousal, 
sleep-wake cycle, and pain sensory input.

 D. A and B
 E. A and C

 3. An expanding cranial mass lesion is causing the 
medial aspect of the temporal lobe to herniate 
across the tentorium. Which of the following is the 
most accurate statement about this process?
 A. The ipsilateral pupil may be fixed and dilated 

because of compression of sympathetic fibers in 
cranial nerve III.

 B. Compression of the posterior cerebral artery may 
cause visual field defects.

 C. Motor weakness occurs from compression of the 
middle cerebral artery.

 D. All of the above statements are correct.
 4. Which of the following statement(s) about cerebral 

circulation is NOT true:
 A. Each internal carotid artery divides unevenly into 

an anterior and middle cerebral artery with the 
latter receiving the majority of the blood flow.

 B. Although the posterior cerebral arteries are usu-
ally the terminal branches of the basilar artery, 
the internal carotid artery supplies a majority of 
blood to this vessel in one fourth of the popula-
tion.

 C. Most patients have adequate collateral flow in 
the brain because they have a complete Circle of 
Willis.

 D. Cerebral venous drainage consists of superficial 
and deep veins that are thin-walled, have no 
valves or surrounding muscle, and empty into 
the dural venous sinuses.

 E. All are true.
 5. Which of the following scenarios, if any, is most 

likely to lead to cortical ischemia?
 A. Left carotid occlusion in a patient with a hypo-

plastic anterior communicating artery
 B. Proximal basilar artery occlusion in a patient with 

a hypoplastic left posterior communicating artery
 C. A clip placed on the right anterior cerebral artery 

just distal to its origin in a patient with hypoplasia 
of both posterior communicating arteries

 D. Anterograde perfusion of the right axillary artery 
when there is no flow through the left carotid or 
vertebral arteries during aortic arch surgery in 
a patient with hypoplasia of the anterior com-
municating and right posterior communicating 
artery

 E. None of the above: Collateral flow should be 
adequate in all four cases.

 6. You have just extubated a patient after emergency 
repair of an aortic dissection. The patient complains 
that he is unable to move his legs. Which of the fol-
lowing is LEAST likely to be noted on exam?
 A. Decreased rectal tone
 B. Intact biceps tendon reflex
 C. Impaired vibratory sensation in the feet
 D. Loss of pinprick sensation in the thigh
 E. Absent patellar tendon reflexes
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 7. During placement of a carotid stent the patient 
becomes abruptly bradycardic. Which of the fol-
lowing statements is most accurate regarding this 
response?
 A. The efferent limb travels along the glossopha-

ryngeal nerve.
 B. The resulting increase in vagal tone decreases 

heart rate and contractility.
 C. The nucleus of the solitary tract is a key relay 

point for the reflex.
 D. It leads to increased release of acetylcholine and 

norepinephrine.
 8. All of the following are true about epidural and sub-

dural spaces EXCEPT:
 A. Subdural hematomas in children are commonly 

chronic due to their delicate cerebral veins.
 B. Little force is required to damage small bridging 

veins and cause a subdural hematoma.
 C. The continuity of the epidural space from the 

sacrum to the cranial vault means that medica-
tions can be injected into the epidural space at 
one level to provide analgesia and anesthesia for 
a broad range of dermatomes.

 D. Subdural injection of local anesthesia may lead 
to spinal cord damage as a result of direct toxic-
ity or compressive effects.

 E. Both the spinal epidural and subdural spaces are 
only potential spaces that are iatrogenically cre-
ated.

 9. Responses to stepping on a nail include all of the 
following EXCEPT:
 A. Primary activation of a cell in the dorsal root 

ganglion without a prior synapse
 B. A spinal reflex arc occurs that involves multiple 

spinal levels.
 C. Ascending pain signals cross in the brainstem to 

activate the contralateral cortex.
 D. It triggers responses of the opposite leg as well 

as core muscles in the trunk.
 10. Which of the following is NOT true about cranial epi-

dural hematomas?
 A. The epidural space is created when significant 

force leads to high-pressure bleeding, which then 
causes separation of the periosteum and dura.

 B. The majority of cases involve middle meningeal 
artery injury and the hematoma crosses cranial 
suture lines.

 C. They commonly present with a lucid interval fol-
lowed by gradual deterioration as intracranial 
pressure.

 D. The only treatment for an epidural hematoma is 
emergent surgery for evacuation.

 E. Seventy-five to ninety-five percent of epidural 
hematomas are associated with skull fractures.

 v Answers
1. C. The middle cerebral artery supplies two-thirds of 

the lateral surface of the brain and is a common site 
for ischemic strokes. Because motor and sensory 
pathways decussate (cross the midline), many symp-
toms are contralateral to the affected hemisphere. 
Common findings include contralateral sensory loss 
and weakness, but each side of the upper portion 
of the face has motor innervation from both hemi-
spheres. For this reason, an upper motor neuron 
deficit in the face often spares the forehead. MCA 
ischemia of the language-dominant hemisphere may 
lead to aphasia. The left hemisphere is dominant for 
language in 99% of right-handed individuals and 
roughly 70% of left-handed individuals. It is therefore 
very unlikely the patient in question would have a 
language issues with a right-sided lesion. Not recog-
nizing one’s own hand is a type of hemineglect and is 
classically associated with right MCA stroke.

2. D. The brainstem is made up of the midbrain, pons, 
and medulla and is located just ventral to the 
cerebellum. It contains essential ascending and 
descending tract and nuclei that are involved with 
consciousness as well as cardiac, respiratory, sensory, 
and motor functions. In addition, the brainstem 
houses these critical parts in a densely compact 
arrangement that can lead to clinically devastating 
deficits with very small lesions.

The bilateral locus ceruleus nuclei located here 
have norepinephrine containing neurons that con-
nect to the cortex, hippocampus, thalamus, mid-
brain, pons, medulla, cerebellum, and spinal cord to 
regulate the sleep-wake cycle and arousal. The raphe 
nuclei lie from the middle of the pons extending into 
the medulla. Its neurons contain serotonin and modu-
late arousal, sleep-wake cycle, and pain sensory input 
by projecting to the cortex, hippocampus, basal gan-
glia, thalamus, cerebellum, and spinal cord.

3. B. Uncal herniation can be rapidly fatal unless the 
pressure is relieved. The medial portion of the tem-
poral lobe is forced through the tentorium and puts 
pressure on the midbrain. The posterior cerebral 
artery may be compressed and cause homonymous 
hemianopia. Hemiplegia and sensory loss may result 
from compression of the crus cerebri of the midbrain, 
which contain key sensory and motor tracts. The 
course of the oculomotor nerve (CN III) places it at 
risk for compression and a “blown pupil” results when 
its parasympathetic fibers are injured.

4. C. Each internal carotid artery divides unevenly into 
an anterior and middle cerebral artery. The middle 
cerebral artery receives roughly 60–80% of blood 
delivered by the internal carotid artery. The vertebral 
arteries form the basilar artery between the medulla 
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and pons and then the basilar artery quickly splits 
into the 2 posterior cerebral arteries at the upper 
border of the pons. Although the posterior cerebral 
arteries are usually the terminal branches of the basi-
lar artery, they arise from the internal carotid artery 
during embryogenesis. In about 25% of individuals 
this “fetal” supply is preserved and the majority of 
blood flow to the posterior cerebral artery comes 
from the internal carotid via the posterior communi-
cating artery.

The Circle of Willis is an anastomosis of the inter-
nal carotid and vertebrobasilar systems for both 
hemispheres that provides collateral flow in the 
event of arterial occlusion. The anterior communi-
cating artery provides a collateral from one internal 
carotid to the other and the posterior communicat-
ing arteries on each side link the carotids to the 
vertebrobasilar system. Less than half the population 
has a complete circle, but most have adequate col-
lateral flow because having one of the two pathways 
is sufficient.

Superficial and deep veins form a complex drain-
age system. The thin-walled veins have no valves or 
surrounding muscle. They traverse the arachnoid 
mater and eventually empty into the dural venous 
sinuses. Specifically, the superficial cerebral veins 
drain the cerebral cortex and underlying white mat-
ter into the superior sagittal sinus, cavernous sinus, 
and transverse sinus. The deep vertebral veins drain 
the corpus striatum, thalamus, and choroid plexuses 
into various larger veins that eventually form the 
great cerebral vein. The great cerebral vein unites 
with the inferior sagittal sinus and forms the straight 
sinus, which eventually empties into the transverse 
sinus.

5. E. The full Circle of Willis provides two routes for col-
lateral flow but having just one of two pathways is 
generally sufficient to provide adequate collateral 
flow. All of the scenarios listed have one patent route 
for flow so the risk for ischemia should be low. In the 
case of the left carotid occlusion with a hypoplastic 
anterior communicating artery, the posterior com-
municating arteries provide a path for flow from the 
vertebrobasilar system or the right carotid. Similarly, 
for a proximal basilar occlusion with a hypoplastic 
left posterior communicating artery the left poste-
rior cerebral artery should be able to fill from the 
right carotid via the right posterior communicating 
artery. A clip on the proximal portion of the anterior 
cerebral artery should still allow perfusion from the 
opposite side via the anterior communicating artery.

Right axillary cannulation is a perfusion strategy 
for replacement of the aortic arch. Blood from the 
bypass machine enters the right axillary artery and 

can travel up the right carotid and vertebral arteries. 
Even if both the right posterior and anterior com-
municating arteries are hypoplastic, blood should be 
able to reach the left side of the brain by traveling 
from the right vertebral artery to the left vertebral 
artery and then on to the left MCA and ACA via the 
left posterior communicating artery.

6. C. The anterior spinal artery relies on radicular arter-
ies to augment supply of blood to the thoracic and 
lumbar spine. The artery of Adamkiewicz is the larg-
est anterior radicular artery and can be disrupted 
during aortic surgeries. This can lead to an anterior 
spinal artery syndrome that features ischemia of the 
anterior two-thirds to three-fourths of the spinal cord 
from the thoracic region and below (thus sparing the 
arms in this scenario). Disruption of the spinotha-
lamic tract would decrease pinprick sensation and 
the descending motor pathways are frequently com-
promised. Vibratory sensation is likely to be intact 
because the posterior columns are usually supplied 
by the posterior spinal arteries.

7. C. Treatment of carotid stenosis may trigger the 
baroreceptor reflex whether the approach is open or 
endovascular. The afferent limb of the reflex travels 
via the glossopharyngeal nerve to the nucleus of the 
solitary tract. The efferent responses are mediated by 
the vagus nerve and sympathetic nervous system. 
Heart rate decreases through increased acetylcholine 
release by vagal terminals in the sinoatrial node, 
whereas contractility decreases via inhibition of the 
sympathetic innervation of the ventricles. Decreased 
catecholamine release from this sympathetic inhibi-
tion also triggers vasodilation and may contribute to 
hypotension.

8. A. Small bridging vein injury can lead to a subdural 
hematoma with less force than that required to cause 
an epidural bleed in the brain. Acute subdural hema-
tomas are most commonly found in children, whereas 
chronic subdural hematomas are more common 
in older people whose bridging veins have already 
become fragile and stretched due to brain shrinkage. 
Subacute subdural hematomas can occur after injury 
in any age group and signs and symptoms of increased 
intracranial pressure develops up to three weeks post-
injury due to slower blood accumulation.

The spinal epidural space contains connective 
tissue, fat, a venous plexus, small arterial branches, 
and lymphatics. Contrast media has shown that fluid 
injected into the epidural space at the sacral level 
will spread up to the cranial base. As a result, medica-
tions can be injected into the epidural space at one 
level to provide analgesia and anesthesia for a broad 
range of dermatomes. Although the spinal subdu-
ral space does not normally exist due to the close 
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apposition of the dura and arachnoid, it is a potential 
space that has been inadvertently accessed during 
attempts at epidural catheter placement. Subdural 
injection may lead to spinal cord damage as a result 
of direct toxicity or compressive effects.

9. C. The afferent limb of a spinal reflex involves pri-
mary activation of bipolar neurons whose cell 
bodies reside in the dorsal root ganglion. This trig-
gers a coordinated response to a painful stimulus. 
Withdrawal of the limb in question often requires 
that the reflex pathway travels to different spinal 
levels to activate the appropriate motor neurons. In 
the case of stepping on something sharp, weight is 
shifted away from the affected leg by activating core 
muscles and extensor muscles in the contralateral 
leg (crossed extensor response). In contrast to the 
posterior column system, which decussates in the 
brainstem, pain signals traveling through the spi-
nothalamic tract cross in the spinal cord itself. This 
difference leads to characteristic pattern of deficits 
if one half of the spinal cord is damaged (Brown-
Séquard syndrome): paralysis and loss of propriocep-
tion of the ipsilateral limb below the lesion with loss 
of pain and temperature sensation contralateral to 
the lesion.

10. B. The epidural space is created when significant force 
leads to high-pressure bleeding, which then causes 
separation of the periosteum and dura. The majority 
of cases involve middle meningeal artery injury and 
75–95% are associated with skull fracture. A lucid 

interval followed by gradual deterioration as intra-
cranial pressure increases is the classic presentation. 
An epidural hematoma does not cross cranial suture 
lines because the dura is tightly attached to the skull 
at the suture lines. The only treatment for an epidural 
hematoma is emergent surgery for evacuation.
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Key Points
 1. The airway starts at the nares and extends up to the 

alveoli and they all contribute to the physiology and 
the difficulties that we face during airway manage-
ment.

 2. The nose serves multiple functions including 
olfactory, humidification, filtration, and phonation in 
addition to being a pathway to respiration.

 3. The larynx has 3 paired and 3 unpaired cartilages and 
its position in relation to the cervical spine varies in 
adults and children.

 4. The extrinsic muscles of the larynx act as elevators 
and depressors of the larynx.

 5. The epiglottis serves the function of protecting the 
airway and preventing aspiration and its shape and 
size determines the type of laryngoscopic blade one 
might need to use in order to visualize the vocal cords.

 6. The larynx is supplied by the superior and recurrent 
laryngeal nerves and the function and position of the 
vocal cords is affected by its integrity.

 7. The cricothyroid membrane, which can often be 
easily identified, serves as an entry point for emer-
gent access to the airway below the true vocal cords.

 8. The upper airway is intimately associated with major 
vascular and nerves in the neck and may be involved 
in a pathology that arises from these structures.

 9. Inspiration is an active process. Normal exhalation is 
predominantly a passive process. The diaphragm 
contributes almost 70% of a normal tidal volume.

 10. The intercostal and accessory muscles come into play 
during forced inspiration and expiration.

 11. There is no single test that would consistently 
identify patients at a high risk for difficulties in 
securing their airway.

 12. Multiple scoring techniques have been suggested 
that might facilitate identifying patients at a risk.

 13. Use of muscle relaxants might facilitate ventilation in 
patients with a difficult mask ventilation.

 14. There are an increasing number of techniques and 
devices that are available to facilitate visualization 
and control of the airway and one must invest the 
time and learn the skills involved.

 15. Asleep and awake fiberoptic intubation is an 
underused tool due to lack of experience, unfamiliar-
ity with the technique, and presumed patient 
dissatisfaction.

 16. Mastering of the techniques of airway anesthetic 
techniques and use of adjunct medications will 
facilitate an awake fiberoptic intubation and increase 
its success rate.

 17. Bronchial blockers and double lumen tubes offer the 
opportunity to isolate the lungs and can be lifesaving 
in some instances.

4.1  Part 1: Anatomy

4.1.1  Topographical Anatomy as Landmarks

 The Neck: Cricothyroid Membrane
The cricothyroid membrane is a fibroelastic membrane 
located in the midline of the neck that stretches between the 
lower border of thyroid cartilage superiorly and the upper 
border of the cricoid cartilage inferiorly. It is the first inden-
tation just below the thyroid cartilage and is bordered later-
ally by the cricothyroid muscles [1]. The central portion is 
usually subcutaneous where the airway can be emergently 
accessed with a needle or a tube.

It is variable in size and measures abut 9–10 mm verti-
cally and about 22–33 mm horizontally [1]. The membrane 
may be pierced by small blood vessels, usually at its attach-
ments to the thyroid and cricoid cartilages. Usually, there are 
no major arteries, veins, or nerves in the area of the cricothy-
roid membrane. Cricothyroid artery, when present, runs 
near the upper half of the membrane. When doing a crico-
thyroidotomy, the transverse incision should be made along 
the upper border of the cricoid cartilage. The incision should 
not extend laterally for >1 cm [1].

Though it is well described, it may be difficult to identify, 
especially in female and/or obese patients [2, 3]. Accuracy for 
identification is generally poor and ultrasound may help in 
identifying this structure in an emergency [4, 5].

 Nose
The airway functionally begins at the nares and the mouth, 
where air first enters the body. Breathing preferentially occurs 
through the nose in the newborns. The nose and the nasal 
passages provide the least resistance to inspiration in chil-
dren because:

 5 The oral cavity in the child is smaller.
 5 The muscles are less mature.
 5 The tongue is proportionately larger and closer to the 

soft palate compared to adults.

The differences become less significant as the child grows 
older. In an adult, resistance to airflow through the nasal pas-
sages is twice the resistance through the mouth. Therefore, 
during exercise or respiratory distress, mouth breathing 
occurs to facilitate a reduction in airway resistance and 
increased airflow.

The nose serves a number of functions:
 5 Respiration
 5 Olfaction
 5 Humidification and filtration of inspired air
 5 Phonation

The nasal cavity extends from the nostrils to the nasophar-
ynx. It measures about 10–14 cm back to front in an adult 
and is separated into 2 passages by the nasal septum.

 S.S. Bhavani and B. Abdelmalak
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The nasal septum is composed of both a bony and a carti-
laginous component and is the main support for the external 
nose. It can be deviated to one side. It has a rich blood supply, 
is highly convoluted and provides a large surface area for 
humidifying and warming the inspired air.

Superiorly it is bound by the cribriform plate and this can 
be disrupted due to facial trauma resulting in direct commu-
nication with the anterior cranial fossa. This can result in 
nasogastric tubes, nasal airways, or nasotracheal tubes being 
accidently introduced into the subarachnoid space in trauma 
patients.

Laterally, the nasal fossa is bound by 3 turbinates: the 
superior, middle, and inferior. The paired paranasal sinuses—
frontal, ethmoidal, sphenoidal, and maxillary—drain 
through apertures into the lateral wall of the nose. Prolonged 
nasotracheal intubation, particularly in children, may lead to 
infection of the ipsilateral maxillary sinus due to obstruction 
to the sinus drainage.

The nasal cavity derives its blood supply from a rich 
plexus of arteries including the ethmoid branches of the oph-
thalmic artery, the sphenopalatine and greater palatine 
branches of the maxillary artery, and the superior labial and 
lateral nasal branches of the facial artery. These arteries all 
communicate anteriorly at the “Little’s area”—the site com-
monly involved in epistaxis.

The olfactory area is located in the upper third of the 
nasal cavity and is innervated by the olfactory nerve. The rest 
of the nasal cavity is supplied by the first 2 divisions of the 
trigeminal nerve. The nasal cavity has both autonomic and 
sensory innervation. The autonomic nervous system is 
involved through a complex reflex mechanisms in the regula-
tion of the blood flow, congestion, and secretions from the 
nasal passages. This allows the nasal passages to shrink and 
swell quickly in response to certain inciting events. Trigeminal 
nerve fibers are involved in transmitting sensations of pain, 
temperature, and touch, and pass through the sphenopala-
tine ganglion to the midbrain.

 The Pharynx
The pharynx extends from the base of the skull superiorly to 
the level of the cricoid cartilage antero-inferiorly and the 
inferior border of the sixth cervical vertebra postero- 
inferiorly (. Fig. 4.1). It measures about 12–15 cm in length 
in an adult. It is divided into 3 sub-divisions—the nasophar-
ynx, the oropharynx, and the laryngopharynx (hypophar-
ynx):

 5 The nasopharynx starts at the termination of the 
turbinates and nasal septum and extends down to the 
soft palate. It is supplied by the pharyngeal branch of V2.

 5 The oropharynx starts below the soft palate and extends 
inferiorly to the superior edge of the epiglottis. It is 
innervated by CN IX.

 5 The laryngopharynx starts at the superior border of the 
epiglottis and extends inferiorly to the inferior border of 
the cricoid cartilage, where it becomes continuous with 
the esophagus. It is innervated by CN X.

 Epiglottis
It is composed of fibroelastic cartilage and maintains some 
flexibility throughout life. Its shape and flexibility changes 
with age but it never calcifies. It prevents the entry of food 
into the airway during swallowing. It is attached to the thy-
roid and hyoid cartilages by the thyroepiglottic and the hyo-
epiglottic ligaments. The angle between the base of the tongue 
and the epiglottis is called the valleculla. The tip of the 
Macintosh blade placed in this angle can help push the 
tongue and the surrounding soft tissue anteriorly and pull up 
the epiglottis, bringing the vocal cords into view during 
direct laryngoscopy (DL).

 Larynx
The larynx is formed by 3 unpaired—the thyroid, cricoid, 
and epiglottis—and 3 paired— the arytenoids, cornicu-
lates, and cuneiforms cartilages. They normally lie oppo-
site C3-C5 in adults. The thyroid, arytenoids, and cricoid 

       . Fig. 4.1 The 3 subdivisions of the pharynx (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 
2007–2017. All Rights Reserved)
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cartilages contain hyaline and ossify with advanced age. 
They are connected to each other by ligaments, muscles, 
and membranes.

The thyroid cartilage is formed by 2 laminae, which 
fuse anteriorly in the midline of the neck, forming a pro-
tuberance. The shape of the thyroid cartilage differs in 
males and females. The more acute angle of fusion between 
the 2 sides in some males results in the prominent “Adam’s 
apple.”

Superiorly, the inlet is formed by the upper edge of the 
epiglottis, a fold of mucous membrane stretched between the 
2 arytenoid cartilages, and aryepiglottic folds.

For simplicity, the anatomical space around the larynx is 
divided into 3 spaces—the supraglottic, glottic, and subglot-
tic spaces:

 5 The supraglottic space extends from the inlet of the 
larynx to the lower margin of the false vocal cords.

 5 The glottis is formed by the true vocal folds and the 
space between the vocal cords.

 5 The subglottic space extends below the glottis to the first 
tracheal ring.

Muscles of the Larynx
The muscles of the larynx are divided into extrinsic and 
intrinsic muscles (. Fig.  4.2). The extrinsic muscles act as 
elevators or depressors of the larynx.

The extrinsic muscles are divided into suprahyoid and 
infrahyoid muscle groups. The suprahyoid muscles attach the 
larynx to the hyoid bone and serve as elevators of the larynx. 
They include:

 5 Thyrohyoid
 5 Stylohyoid
 5 Mylohyoid
 5 Geniohyoid
 5 Digastric
 5 Stylopharyngeus
 5 Palatopharyngeus

The infrahyoid group act as depressors of the larynx and 
include:

 5 Omohyoid
 5 Sternohyoid
 5 Sternothyroid.

The intrinsic muscles of the larynx are involved in phonation 
and protection of the airway during deglutition. They bring 
this about by opening the airway (abductors), closing the air-
way (adductors) or by changing the tension (tensors). The 
intrinsic muscles of the larynx include the:

 5 Posterior cricoarytenoid
 5 Lateral cricoarytenoid
 5 Arytenoids (transverse and oblique)
 5 Thyroarytenoid
 5 Cricothyroid

All the intrinsic laryngeal muscles, except the cricothyroid 
muscle, are supplied by the recurrent laryngeal nerve. The 
latter is supplied by the external branch of the superior laryn-
geal nerve.

The laryngeal inlet can be closed at 3 levels (. Fig. 4.3):
 5 At the level of the aryepiglottic folds – by aryepiglottic 

and oblique arytenoid muscles.
 5 At the level of the false vocal cords – by lateral thyroary-

tenoids.
 5 At the level of true vocal cords – by interarytenoids, the 

lateral cricoarytenoids, and the cricothyroid.

During laryngeal spasm, both true and false vocal cords lie 
tightly in the midline opposite each other.

Blood Supply of the Larynx
Blood supply to the larynx is derived from the superior and 
inferior laryngeal arteries on each side. The former is derived 
from the superior thyroid artery, which originates from the 
external carotid artery. The inferior thyroid artery ascends 
with the recurrent laryngeal nerve from its origin with the 
thyrocervical trunk and enters the larynx at the lower bor-
der of the inferior constrictor and supplies the laryngeal 

       . Fig. 4.2 Muscles of the larynx (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2007–2017. 
All Rights Reserved)
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muscles and mucosa. These 2 branches communicate exten-
sively between each other and with those of the contralateral 
side.

The superior laryngeal artery supplies the tissues from 
the epiglottis down to the vocal cords. The inferior laryngeal 
artery supplies the region around the cricothyroid.

Venous return from the larynx parallels the arteries. The 
superior and inferior laryngeal veins drain into the superior 
and inferior thyroid veins, respectively. The superior thyroid 
vein drains into the internal jugular vein and the inferior thy-
roid vein usually drains into the left brachiocephalic vein.

Innervation of the Larynx
The larynx is supplied by the recurrent laryngeal nerves and 
the internal and external branches of the superior laryngeal 
nerves. The superior laryngeal and recurrent laryngeal nerves 
are branches of the vagus nerve.

All the intrinsic muscles of the larynx, except the crico-
thyroid muscle, is supplied by the recurrent laryngeal nerve. 
The external branch of the superior laryngeal nerve supplies 
motor innervation to the cricothyroid muscle.

 5 Superior Laryngeal Nerve: The superior laryngeal 
nerve exits the cranium just outside of the jugular 
foramen. At the level of the hyoid bone, it divides into 

an external and an internal branch. The external branch 
accompanies the superior thyroid artery to the crico-
thyroid muscle, giving off a branch to the inferior 
constrictor of the pharynx along the way. The internal 
branch pierces the thyrohyoid membrane laterally 
between the thyroid cartilage and greater cornu of the 
hyoid bone. The nerve provides sensory innervation 
from the back of the base of the tongue to the level of 
the vocal cords.

 5 Recurrent Laryngeal Nerve: The left recurrent laryngeal 
nerve branches out of the vagus nerve in the thorax and 
courses cephalad after looping around the arch of the 
aorta. On the right, the nerve loops beneath the subcla-
vian artery and then follows a cephalad course to the 
larynx. Both nerves lie in the tracheoesophageal groove 
before they reach the larynx. The recurrent laryngeal 
nerve supplies all the intrinsic muscles of the larynx 
except the cricothyroid. It also provides sensory innerva-
tion to the larynx below the vocal cords.

The recurrent laryngeal nerve may be injured by trauma or 
during surgery in the head and neck and upper chest. It can 
also be affected by pressure from an endotracheal tube (ETT) 
or a supraglottic airway (SGA). The left recurrent laryngeal 
nerve may be involved by tumors in the chest, aneurysm of 
the aortic arch.

Cartilages of the Larynx
The main cartilages of the larynx are the thyroid, arytenoids, 
and the cuneiform.

Cricoid Cartilage  – The cricoid cartilage supports the 
lower limit of the larynx. It is shaped like a ring. It is the only 
complete cartilaginous ring in the airway. It was always 
thought to be the narrowest portion of the pediatric airway, 
however, subsequent studies have shown that the glottic 
opening may be narrower than the cricoid region [6, 7].

 Vocal Cords, Positions with Paralysis
Normally, the vocal cords meet in the midline during phona-
tion but move apart with inspiration. Injury to the adductors 
of the vocal cords (recurrent laryngeal nerves) results in fail-
ure for the vocal cords to return to the midline with expira-
tion, resulting in a small gap between the edges. The left 
nerve is likely to be paralyzed twice as frequently as the right 
side. This is in part due to its proximity to the intrathoracic 
structures during its course from the neck into the chest 
before it loops back around the left subclavian artery.

Superior Laryngeal Nerve
The superior laryngeal nerve innervates the tensor of the 
vocal cord and its damage can lead to change in voice. The 
hoarseness might improve with time due to compensation 
from the other side. The cords may appear wavy on  endoscopy.

       . Fig. 4.3 Anatomy of the upper respiratory tract (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 
2007–2017. All Rights Reserved)
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With total bilateral paralysis of the superior laryngeal 
nerves the vocal cords are relaxed, abducted and appear wavy 
(cadaveric position). On administration of muscle relaxants, 
a similar picture may be seen.

Recurrent Laryngeal Nerve
The recurrent laryngeal nerves supply both the adductors 
and the abductors of the vocal cords. The abductor fibers are 
more vulnerable to damage as compared to the adductors. It 
is thus possible to have pure abductor palsy or both adductor 
and abductor palsy.

Unilateral Vocal Cord Paralysis
In the case of unilateral abductor palsy, the cords will con-
tinue to meet in the midline on phonation; however, during 
inspiration only the normal cord will move away from the 
midline. In the case of complete unilateral palsy, however, the 
unaffected cord will try and compensate and will cross the 
midline to meet its paralyzed counterpart. On inspiration, 
the unaffected cord will move to full abduction. Thus there 
will be no respiratory distress.

Bilateral Vocal Cord Paralysis
This can be complete or incomplete. When there is a com-
plete paralysis of both adductors and abductors, the vocal 
cords tend to be midway between abduction and adduction 
and a reasonable opening exists for breathing. However, 
when there is an incomplete paralysis, the adductors will 
tend to draw the vocal cords together and thus produce 
severe respiratory distress. Thus incomplete paralysis is more 
dangerous than complete bilateral recurrent nerve paralysis.

 Trachea

Structure of the Trachea in Neck and Chest
The trachea begins at the cricoid cartilage (at the level of 
C5-6) and ends at the bifurcation of the trachea into the left 
and right main bronchi (level of T5 posteriorly, Angle of 
Louis anteriorly). It is made up of 16–20 incomplete 
horseshoe- shaped cartilaginous rings whose posterior edges 
are connected by membrane and fibroelastic tissue. There is 
some variation in the size and shape of the tracheal rings, but 
they usually measure about 4  mm in width and 1  mm in 
thickness. They tend to calcify with age and this results in loss 
of compliance with age. In addition, this loss of elasticity 
results in less tolerance to blunt trauma. The trachea is 
10–20 cm long and 12 mm in diameter in an adult. Part of it 
is intrathoracic (beyond the sixth ring) and part of it is 
 extrathoracic in   location. The trachea has an inner circular 
and outer stratified longitudinal muscle layers that are more 
prominent in children. Submucosal glands are found exten-
sively distributed in the trachea and the proximal airway. The 
trachea terminates in the carina and bifurcates at the level of 
the fourth or fifth thoracic vertebra posteriorly, into the left 

and right main stem bronchi slightly to the right of the mid-
line. The lymphatic drainage from both sides of the tracheo-
bronchial tree and lungs drain into the subcarinal lymph 
nodes.

 The Bronchi
The right main stem bronchus is shorter, wider, and takes off 
more in line with the trachea while the left is longer, nar-
rower, and takes off at an angle. Hence, foreign bodies, deeply 
placed endotracheal tubes, and aspirated material enter the 
right main bronchus preferentially.

The bronchi, like the trachea, are surrounded by carti-
laginous rings. These are also incomplete posteriorly and are 
connected by a fibroelastic and muscular tissue. This incom-
plete ring architecture allows for change in the size of the 
airway with the respiratory cycle. Identification of the mem-
brane facilitates orientation and identification of the trachea 
and the bronchi during fiberoptic bronchoscopy. The rings 
become discrete plates once they enter the substance of the 
lung. The right main stem bronchus gives rise to 3 lobar 
bronchi, and the left gives rise to 2. Both the main bronchi 
and the lower lobe bronchi are situated outside the lung sub-
stance. These then divide to give rise to the bronchopulmo-
nary segments that supply the respective lobules. Airways 
become smaller as they divide inside the lungs and the carti-
laginous plates disappear when the airway diameter becomes 
less than 0.6 mm. Although the diameter of each new divi-
sion of the airway decreases progressively, the aggregate 
cross-sectional area increases, thus increasing the overall 
area available for air exchange.

The airway smooth muscles are supplied by the auto-
nomic nervous system. They are stimulated by the vagus 
nerve and inhibited by sympathetic innervation from the 
upper thoracic ganglia. They maintain the bronchomotor 
tone. Though the muscles progressively decrease in thick-
ness, their ratio to the bronchial wall increases with each 
division. Hence the small bronchioles can be effectively cut 
off during bronchospasm. They also play a protective role in 
closure of non-perfused portions of the lung when a 
ventilation- perfusion mismatch occurs.

 Airway Anatomical Relationships  
in the Neck and Chest
The upper part of the trachea is covered by the thyroid gland 
and its isthmus. The recurrent laryngeal nerves usually run in 
the tracheoesophageal groove. The left nerve tends to run its 
entire course along the tracheoesophageal groove after its 
origin below the aortic arch. The right nerve loops around 
the right subclavian artery and courses medially to lie in the 
trachea-esophageal groove. Both of these nerves are in close 
proximity to the inferior thyroid artery branches.

The esophagus is usually directly posterior to the trachea 
but in some instances may lie partially to the left of the tra-
chea. The anterior wall of the esophagus with the membra-
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nous segment of the trachea may be connected by loose 
connective tissue. The brachiocephalic artery lies in front of 
and in close apposition to the trachea. The aortic arch wraps 
around the lower part of the trachea on the left side and the 
left main bronchus courses under the arch.

The trachea and the esophagus are enveloped by the deep 
layer of the deep cervical fascia. This facial layer fused with 
the pericardium and visceral pleura. This fusion allows infec-
tions to descend from the neck and the air to ascend to the 
neck producing subcutaneous emphysema from tracheo-
bronchial tree or lung disruptions. There are no arteries tra-
versing this plane and this facilitates entry into the 
mediastinum from the neck for mediastinoscopy.

4.1.2  Muscles of Respiration, Accessory 
Muscles

Respiration involves the act of inspiration and expiration. 
Inspiration is an active process. Normal exhalation is pre-
dominantly a passive process, associated with little to no 
muscle contraction and is primarily driven by the elastic 
recoil of the thoracic wall.

 Inspiration
During active inspiration, there is a change in all the 3 planes 
of the thoracic cavity—the vertical, horizontal, and antero- 
posterior. This is brought about by an upward and outward 
movement of the ribs combined with a downward displace-
ment of the diaphragm. The muscles involved in inspiration 
are as follows:

Diaphragm
The diaphragm is a fibromuscular structure that separates the 
thoracic and abdominal cavities and serves as the primary 
organ of respiration. During normal quiet breathing, the pre-
dominant muscle of respiration in the diaphragm is respon-
sible for almost 70% of the tidal volume in a normal breath. It 
increases all the 3 diameters of thorax.

The diaphram arises from 3 distinct sites:
 5 The sternal part arises as 2 fleshy slips from the posterior 

aspect of the xiphoid process.
 5 The costal part arises from the lower 6 or 7 ribs and their 

costal cartilages.
 5 The posterior part arises from the medial and lateral 

arcuate ligaments and the median arcuate ligament, and 
these attach the diaphragm to the upper lumbar verte-
bra.

From their origin these fibers converge to the central tendon. 
The central tendon is pierced by 3 important structures: the 
inferior vena cava, the aorta, and the esophagus. The right 
dome separates the liver from the chest and is higher than the 
left dome.

Blood Supply
The diaphragm derives its blood supply from lower 5 inter-
costal and subcostal arteries, the superior and inferior 
phrenic arteries, and the pericardiacophrenic and musculo-
phrenic arteries.

Nerve Supply
 5 The phrenic nerve is the motor supply to the diaphragm. 

It also serves as the sensory supply to the central tendon. 
It arises in the neck from the 3rd, 4th, and 5th cervical 
ventral rami.

 5 Sensory fibers accompany the lower 6 thoracic intercos-
tal nerves.

Mechanism of Action
When the diaphragm contracts, initially the dome only 
descends, pushing the abdominal contents away. As inspira-
tion continues, due to pressure from the abdominal organs, 
the central dome gets fixed and the transverse and anteropos-
terior diameters are increased by elevation of the lower ribs. 
The zone of apposition between the diaphragm and the lateral 
chest wall at the initiation of the breath is very important and 
determines to a large extent the inspiratory capacity. When we 
take a maximal breath, the zone of apposition is almost zero.

Intercostal Muscles
There are 3 intercostal muscles:

 5 The external intercostal
 5 The internal intercostal
 5 The innermost intercostal

External Intercostals:
 5 The external intercostals arise from the inferior border 

of the rib above and are inserted into the superior border 
of the rib below a given intercostal space. They are 
incomplete anteriorly and are replaced by the anterior 
intercostal membrane between the sternal border and 
the costochondral junction bilaterally.

 5 The muscle fibers are directed downward and medially 
in the anterior part and downward and laterally in the 
posterior part.

 5 Contraction of these fibers results in an upward and 
outward movement of the ribs resulting in an increase in 
the antero-posterior and transverse diameters of the chest.

Internal Intercostals:
 5 The internal intercostals arise from the lower part of 

the inner surface of the rib above and are inserted into 
the upper border of the rib below a given intercostal 
space.

 5 These muscles are in a deeper plane as compared to the 
external intercostal muscles. Beyond the angle of the rib, 
posteriorly, they are replaced by posterior intercostal 
membrane from angle of the rib to the body of the 
corresponding vertebra bilaterally.
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 5 The muscle fibers are directed at right angle to those of 
the externus muscles. When these fibers contract, they 
pull the ribs together and inward, thus facilitating forced 
expiration.

Innermost Intercostals:
 5 They represent an incomplete muscle layer and often 

extend beyond 1 rib thus covering more than 1 intercos-
tal space. They arise from the costal grove above and are 
inserted into the superior edge of the rib below.

 5 They have a more supportive role and they assist both 
the external and internal intercostal muscles.

Nerve Supply
All the intercostal muscles are supplied by intercostal nerves.

Accessory Muscles of Inspiration
Accessory muscles involved in forced inspiration are:

 5 Pectoralis major and minor
 5 Serratus anterior
 5 Scalene group of muscles
 5 Sternocleidomastoid

The accessory muscles only come into play when the patient 
develops respiratory failure. They elevate and fix the first and 
second ribs and allow the chest to increase its antero- 
posterior and transverse diameters.

 Accessory Muscles of Expiration
The muscles that contribute to forced expiration include:

 5 Muscles of anterior abdominal wall
 5 Rectus abdominus
 5 External oblique
 5 Internal oblique
 5 Transversus abdominus

 5 Quadratus lumborum
 5 Latissimus dorsi
 5 Serratus posterior inferior

Flat muscles of anterior abdominal wall compress the lower 
part of the thorax and increase the intra-abdominal pressure. 
The quadratus lumborum stabilizes the 12th rib. The latissi-
mus dorsi and serratus posterior inferior help in forced expi-
ration by depressing the ribs.

4.1.3  Differences Between Infant and Adult

An understanding of the subtle but significant anatomical 
and physiological features of the pediatric airway that differ-
entiates it from the adult airway would facilitate the develop-
ment of a rational set of strategies to manage both normal 
and difficult pediatric airways.

 Anatomical Differences
Size of the Occiput:

 5 Larger in children as compared to adults.
 5 In infants it is often necessary to place a small roll under 

the shoulder to bring the airway in a better alignment 
for direct visualization by a laryngoscope.

 5 In children, sometimes it may not be necessary to place 
any pillow, while in an adult, one may need to place a 
pillow under the occiput to bring it in alignment.

Nasopharynx:
 5 Infants are obligate nasal breathers for the first 

3–5 months.
 5 Children develop adenoid hypertrophy that leads to 

nasopharyngeal obstruction in the first decade more 
often than adults.

 5 These adenoidal tissue can be very fragile and so caution 
should be exercised when placing a nasal airway in 
infants as they can bleeding.

 5 Drainage of the sinuses can get blocked when a nasal 
airway is inserted for a prolonged period.

Oral Cavity:
 5 Mouth opening in children is smaller.
 5 The ratio of the tongue to the volume of the oral cavity is 

proportionately larger than in children as compared to 
adults. Hence the tongue is more prone to fall back and 
obstruct the airway in children. It is thus important to 
pull the mandible forward opening up the oropharyn-
geal space following induction.

 5 Tonsillar hypertrophy is also very common in children 
and may obscure the view of the larynx during laryngos-
copy.

Shape of the Epiglottis:
 5 In infants it is narrow, omega-shaped, angled over the 

airway and stiffer. It will need to be retracted with the tip 
of the laryngoscope blade in order to visualize the 
laryngeal inlet. Unlike the adult epiglottis, hyoepiglottic 
ligament is more elastic in young children; thus, a 
laryngoscope blade tip in the vallecula may not elevate 
the epiglottis out of view in order to visualize the vocal 
cords.

 5 The adult epiglottis is larger, flat, broad, in line with the 
trachea, and can usually be moved by pressure in the 
anterior valleculla.

Pediatric Larynx:
 5 Sits at a higher level at C3–4 in a neonate as compared to 

C 5–6 in an adult.
 5 The tongue is also closer to the hyoid bone making 

visualization of laryngeal structures more difficult as it 
produces a more acute angle between the plane of the 
tongue and the glottic opening plane.
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 5 The higher attachment of the larynx is also often 
misdescribed as “anterior.” The adult airway, in con-
trast, appears to descend vertically down from the 
epiglottis.

 5 The larynx of the pediatric patient has often been 
described to be funnel shaped with the narrowest 
portion being at the level of the cricoid cartilage 
(subglottic); however, this has been shown to be untrue 
in more recent studies. The adult airway is often 
described as being a straight tube with the narrowest 
point being defined by the vocal cords. The transition 
from pediatric to adult airway is completed by the age of 
5 years.

 5 The thyroid cartilage is quite prominent in an adult but 
is not so in a child.

 5 The cartilages that form the larynx are soft, very pliable, 
and easily compressible from the outside in infants and 
young children.

Trachea:
 5 The trachea is shorter in children than it is in adults. 

This becomes important in determining the depth to 
which one needs to place the endotracheal tube. With 
flexion and extension of the neck, the tube can travel 
significantly, resulting in inadvertent extubation or bron-
chial intubation.

Airway Resistance:
 5 Resistance in the airway is indirectly related to the 

diameter of the airway. Due to the small size of the 
airway, even a small change in the luminal diameter can 
significantly affect the resistance to airflow, thus increas-
ing the work of breathing.

 5 The laryngeal structures are soft and pliable so that 
external laryngeal manipulation of the airway makes 
intubation much easier than expected.

4.2  Part 2: Airway Management

4.2.1  Assessment/Identification of Difficult 
Airway

One of the most difficult aspects in clinical anesthesia is the 
consistent identification of patients in whom airways are likely 
to be challenging to secure. This is in part due to the fact that 
they are not very common and even when they are encoun-
tered they are not reported consistently. The act of securing 
the airway involves multiple steps, viz.: positioning, face mask 
ventilation, visualization of the vocal cords, and securing the 
airway or intubation. A failure to accomplish any one of these 
acts would constitute a “difficult airway” scenario.

Over time, multiple qualitative and quantitative assess-
ments have been proposed to identify patients preoperatively. 

Unfortunately, none of these parameters have consistently 
been able to identify these subset of patients with difficult 
airways. When taken together, they have a better predictive 
value. Some of these have included:

 A History of Difficult Airway
It cannot be emphasized enough that a good history and 
physical examination goes a long way in identifying patients 
with a difficult airway. A history of a prior difficult airway 
should always be taken seriously. A history of facial trauma, 
tumors, radiation to the head and neck, acute and chronic 
infections, obvious facial deformities, and congenital syn-
dromes should alert one to the possibility of associated air-
way malformations and difficult access.

The presence of a beard, morbid obesity, advanced age, 
marked cachexia, overhanging incisors, micrognathia, and 
retrognathia could give us an inkling regarding the possibil-
ity of a difficult mask ventilation.

 Diabetes Mellitus
The incidence of difficult airway is thought to be almost 10 
times higher in patients with long-standing diabetes mellitus 
as compared to normal people. The limited joint mobility 
syndrome occurs in 30–40% of insulin-dependent diabetics 
and is thought to be due to glycosylation of tissue proteins 
that occurs in patients with chronic hyperglycemia.

 Mallampatti Classification
Mallampati et al. in 1985, suggested that “the size of the base 
of the tongue is an important factor determining the degree 
of difficulty of direct laryngoscopy” [8]. He proposed a clas-
sification based on the ability to visualize the faucial pillars, 
soft palate, and base of uvula in a seated patient whose mouth 
is opened wide and the tongue is maximally protruded 
(. Fig. 4.4).

Important Points:
 5 The patients sits upright with the head in a neutral 

position [9].
 5 The mouth must be opened as widely as possible.
 5 The tongue should be protruded maximally.
 5 The observer should sit opposite the patient at the eye level.
 5 The pharyngeal structures are visualized.

They are classified according to the structures seen.
Mallampati initially proposed 3 grades:

 5 Class 1 – Faucial pillars, soft palate and uvula could be 
visualized.

 5 Class 2 – Faucial pillars and soft palate could be visual-
ized, but uvula was masked by the base of the tongue.

 5 Class 3 – Only soft palate can be visualized.

Later Samsoon and Young [10] in 1987 added a fourth grade 
to the original classification:

 5 Class 4 – Soft palate not visible.
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Not uncommonly, when we do the test, we tend to ask our 
patients to phonate. This was not alluded to in the initial 
work of Mallampati et  al. [8, 11]. It was Lewis et  al. who 
introduced this concept and recommended that the 
Mallampati test be performed with the patient in the sitting 
position, the head fully extended, the tongue protruded with 
phonating [11, 12]. However, Khan et al. in 2013 showed that 
a Mallampati score in the supine position without phonation 
has better predictive value for difficult mask ventilation than 
for intubation [11, 13].

 Inter-Incisor Gap
In order to assess the inter-incisor gap, with the patient 
sitting in front of you at eye level, ask the patient to maxi-
mally open his or her mouth. Measure the distance 
between the upper and the lower incisors in the midline. It 
should normally measure about 30–40  mm or 2 fingers 
breath. It indirectly indicates movement at the temporo-
mandibular joint. The cutoff is arbitrary and there is con-
flicting evidence regarding its usefulness as a single 
parameter.

Grade I Grade II

Grade III Grade IV

       . Fig. 4.4 Mallampati 
classification (Reprinted with 
permission, Cleveland Clinic 
Center for Medical Art & 
Photography © 2007–2017. All 
Rights Reserved)
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 Upper Lip Bite Test
The upper lip bite test (ULBT), [14] introduced as a simple 
beside test by Khan et al., [15] was based on the premise that 
it could predict difficult laryngoscopic intubation. With this 
test, we test the range and freedom of anterior advancement 
of the mandibular joint and the lower jaw in general. By this, 
it indirectly predicts the amount of space that can be 
 potentially available in the oropharynx and the ease of visu-
alization of the laryngeal inlet. It is classified as:

 5 Class 1 – Lower incisors can bite upper lip above 
vermilion line.

 5 Class 2 – Lower incisors can bite upper lip below 
vermilion line.

 5 Class 3 – Lower incisors cannot bite upper lip.

This evaluation has been found to be fairly specific without 
great sensitivity [15–17].

 Neck Circumference
The neck circumference is measured at the level of the thy-
roid cartilage. Brodsky et al., in 2002, showed that the prob-
ability of difficult intubation increased from 5% (in patients 
with a neck circumference of 40 cm) to 35% in patients with 
a neck circumference of 60 cm [18]. This increase in the neck 
circumference has also been associated with a higher inci-
dence of obstructive sleep apnea (OSA) [18]. The neck cir-
cumference was identified as a better predictor of difficult 
intubation in obese patients rather than the degree of obesity 
nor the presence of OSA [19].

The cut-off neck circumference related to difficult intuba-
tion has not been clearly identified.

 Thyromental Distance
The thyromental distance (TMD) is measured from the thy-
roid notch to the lower border of the mandibular mentum 
with the patient’s head fully extended. This indirectly gives us 
a clue regarding the submandibular space. During laryngos-
copy, the tongue is usually displaced into this space. In a 
patient with a short TMD or a non-compliant submandibu-
lar space, the tongue would tend to be displaced posteriorly, 
thus obstructing a clear view of the vocal cords and poten-
tially increasing the degree of difficulty of securing the air-
way. An exact cutoff value at which it would have a significant 
predictive value is still elusive [11, 20].

Most anesthesiologist use a distance of less than 6  cm 
between the thyroid cartilage and the mandible to indicate a 
decreased TMD [21]. TMD will vary with the patient’s size. 
Hence Schmitt et al. in 2002 suggested that “the ratio of the 
patient’s height to TMD (ratio of height to TMD = RHTMD) 
would improve the accuracy of predicting difficult laryngos-
copy compared with TMD alone.” And should be used instead 
of TMD for predicting difficulty in visualizing the vocal cords.

 Thyromental Height
The thyromental height is measured between the anterior 
border of the thyroid cartilage and the anterior border of the 

mental protuberance of the patient lying supine with her/his 
mouth closed [22]. The test has not yet been validated in a 
large population and the actual cutoff has not been defined.

 Hyomental Distance
Hyomental distance (HMD) is measured as the distance 
from the symphysis of the mandible to the body of the hyoid 
bone. This measurement, like the thyromental height, also 
gives the anesthesiologist a clue to the space where the tongue 
would normally be displaced during laryngoscopy.

This distance may be more challenging to discern in an 
obese patient as the hyoid bone may be difficult to identify.

 Sternomental Distance
The sternomental distance is measured from the top of the 
sternum to the symphysis of the mandible. It is measured 
with the patient lying supine, the head in a neutral position, 
and neck fully extended. The sternomandibular distance is a 
good indicator of maximum neck extension.

 Radiological Measurements
For over half a century, multiple radiological signs have been 
suggested that could indicate a difficult intubation. Multiple 
authors have suggested measuring different anatomical dis-
tances that could predict difficult intubation. Lateral neck 
X-rays are usually taken in a sitting position with the jaw 
relaxed and the head in a neutral position. The predictive 
value can be enhanced by adding views with extreme head 
extension. Measurements used that may indicate the poten-
tial for difficult airway include:

 5 Reduced angle of the mandible [23]
 5 Shortened distance from the upper incisors to the 

posterior border of the ramus of the mandible
 5 Short ramus of the mandible [24, 25]
 5 Increase in the posterior depth of the mandible [24]
 5 Increase in the anterior depth of the mandible [24]
 5 Reduction in the distance between the occiput and the 

spinous process of C1 [24]
 5 Reduction in the C1-C2 interspinous gap [24]
 5 Reduced mobility of the mandible because of tempero- 

mandibular joint dysfunction or trismus [23]
 5 High arched palate associated with a long narrow mouth 

[23]
 5 Premaxillary overgrowth [23]
 5 Increased alveolar mental distance
 5 Reduced mandibulo hyoid distance [25]

However, before recommending routine X-rays of the neck, 
the risk of X-rays should be balanced against the perceived 
benefits of being able to predict a difficult airway. Munster 
et al. suggested that anatomical location of the vocal cords in 
relation to cervical vertebrae could predict the degree of dif-
ficulty in visualizing the vocal cords [26]. They suggested that 
a higher position of the vocal cords was associated with an 
increasing difficulty of direct laryngoscopy and a higher 
Cormack-Lehane score.

Anatomy of the Airway/Airway Management



72

4

 Computerized Facial Analysis
Using facial profile pictures to predict difficulty in visualiza-
tion of the vocal cords and therefore difficulty in intubation 
has been proposed in the past [27]. A simpler, noninvasive 
method of computerized facial analysis was proposed in 2011 
by Conner et al. [28]. In their study, they analyzed the digital 
photographs (frontal and left and right sided views) of 
patients postoperatively and correlated it to the degree of dif-
ficulty met with intraoperatively using a facial structure 
analysis software. They suggested that “the model presented 
significantly outperformed the current standard of the com-
bination of MP and TMD examinations, and is based on 
quantification of facial anatomy performed by an unbiased 
computer algorithm” [28]. These findings have to be vali-
dated by larger studies.

 Range of Motion
While questioned by some, it has been widely accepted that 
visualization of the vocal cords for intubation is facilitated by 
proper alignment of the oral, pharyngeal, and laryngeal axes. 
When we fail to align these axes, difficult intubation can be 
anticipated. This can be illustrated in patients with diabetes 
mellitus, ankylosing spondylitis, or post-radiation and burn 
contracture of soft tissue in the neck where the impact of 
these conditions on the anatomical structures limit this 
alignment. In general, however, if there is no limitation to 
neck extension, there is less likelihood for difficulty during 
intubation.

 Wilson Score
Wilson [29] identified 5 factors—patient weight, head and 
neck movement, jaw movement, mandibular size, and prom-
inence of the upper incisors—as factors that contribute to a 
difficult visualization of the laryngeal hiatus during routine 
laryngoscopy. The factors were each graded as 0, 1, and 2, 
depending on set criteria and a sum total was determined. A 
composite score of 5 or less would indicate easy laryngos-
copy. A score of >8 would indicate a high probability of dif-
ficult laryngoscopy.

 Cormack-Lehane Classification
The Cormack–Lehane classification is a grading system com-
monly used to describe laryngeal view during direct laryn-
goscopy [30]:

 5 Grade 1 – “If most of the glottis is visible”
 5 Grade 2 – “If only the posterior part extremity of the 

glottis is visible – Light pressure on the larynx will nearly 
always bring at least the arytenoids into view, if not the 
cords.”

 5 Grade 3 – “If no part of the glottis can be seen, but only 
the epiglottis.”

 5 Grade 4 – “If not even the epiglottis can be exposed.”

However, despite its widespread use, the CL classification has 
not been fully validated and often there is a lot of confusion 
between the different grades even amongst anesthesiologists 
[30]. Multiple modifications have been proposed to the CL 

classification, such as dividing grade 2 and/or grade 3 into 
grade 2a/2b and 3a/3b, respectively, [31] and classifying the 
grade of difficulty as easy restricted and difficult depending 
on the need of alternate techniques.

 POGO Scoring System
Percentage of glottic opening (POGO) visualized has been 
used to assess the difficulty of intubation. A score of 100 
denotes complete from the anterior commissure to the inter-
arytenoid notch, and if the interarytenoid commissure can-
not even be visualized, a score of 0 is given [32]. Because the 
POGO score differentiates between varying degrees of partial 
glottic visibility, it might provide a better assessment tool 
than the more commonly used Cormack-Lehane system.

 Intubation Difficulty Score
The Intubation Difficulty Score (IDS) developed by Adnet 
et al., [33] uses 7 variables to determine the IDS score. The 
IDS score is the sum of N1 through N7. They include:

 5 N1 – first attempt = 0, further attempts = 1
 5 N2 – need for additional operators
 5 N3 – alternative intubation techniques used; eg, patient 

reposition, change of blade or tube change approach
 5 N4 – Cormack and Lehane grade on initial attempt; 

grade 1 = 0
 5 N5 – lifting force applied during laryngoscopy; need for 

increased force gets 1 point
 5 N6 – need for external laryngeal pressure or manipula-

tion to improve view gets a point
 5 N7 – the position of the vocal cords during laryngoscopy 

(open- 0, closed 1)

A score of 0 indicates easy intubation; a score from 1 to 5 
indicates slight difficulty; and a score greater than 5 indicates 
moderate to major difficulty [34].

Of note, the prior discussion was for the most part refer-
encing the use of the commonly used direct laryngoscopy 
blades such as Macintosh and Miller. However, with the 
advent of the videolaryngoscopy more than a decade ago, 
clinicians are trying to figure out a scoring system that would 
accurately predict and/or quantify the difficult videolaryn-
goscopy intubation scenarios.

4.2.2  Techniques for Managing Airway

 Awake Versus Asleep
Awake intubation is often underused due to lack of experi-
ence, unfamiliarity with the technique, and presumed patient 
dissatisfaction. A well-executed awake intubation is both safe 
and well-tolerated and accepted by patients. When the issue 
is primarily a difficult intubation rather than mask ventila-
tion, the asleep technique may be used in certain situations. 
It is appropriate to master this technique in simulation train-
ing labs and an asleep patient (electively, when difficult intu-
bation is not anticipated) initially before having to resort to 
the technique in an awake patient.
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Absolute Contraindications to Awake Technique
The cited contraindications for awake intubation include:

 5 Patient refusal
 5 Patient’s inability to comply with instructions

However, in the authors’ clinical practice such contraindica-
tions are extremely rarely encountered. Proper patient dis-
cussion and education of the benefits and risks of such a 
technique is almost always met with acceptance, and mastery 
of the technique can overcome the lack of patient compliance 
with instructions if encountered.

Relative Contraindications:
 5 Inexperience
 5 Allergy to local anesthetics
 5 Airway bleeding that might preclude a proper visualiza-

tion

It Should Be Used with Caution:
 5 Patients with upper airway tumors and stridor due to an 

increased risk of complete airway obstruction. In this 
group of patients, an awake tracheostomy should be 
considered.

 Use Versus Avoidance of Muscle Relaxants
Patient-related factors alluded to earlier, anesthesiologist’s 
technical skill, knowledge of airway management, anesthesia 
technique, use of muscle relaxants [35], facilities and support 
[36] available all dictate success of airway management in 
both an emergent and planned intubation of the airway [37]. 
Normally tracheal intubation follows administration of a 
muscle relaxant to supplement the drugs given for the induc-
tion of general anesthesia and relaxes the jaw and the vocal 
cords, thus facilitating endotracheal intubation. It has been 
the common dogma to administer a neuromuscular blocking 
agent after establishing or confirming face mask ventilation 
following induction of anesthesia [38]. This has been based 
on the fear that muscle paralysis would worsen ventilation in 
a patient with a difficult mask ventilation [38].

There is increasing evidence that such a “conservative” 
approach is not warranted [39]. There are multiple caveats to 
this argument. The muscle relaxants when they take full effect 
may actually turn a difficult mask situation scenario into an 
easy one, and even if the difficult ventilation persists after 
muscle relaxation, intubation may prove to be an easy task. 
Please note that in the American Society of Anesthesiologists 
(ASA) difficult airway algorithm (. Fig. 4.5), [40] it addresses 
waking the patient up when we cannot intubate, and cannot 
ventilate the patient and not following a failed mask ventila-
tion. In most instances, anesthesiologists tend not wake the 
patient up after a failed attempt at mask ventilation and even 
if we consider that option, even with only induction agent 
and no muscle relaxant used, we may not have enough time 
to allow that to occur as the hypoxemia may reach danger-
ously low levels before the patient wakes up [39, 41]. Thus, in 
a seemingly normal airway with no anticipated difficulty with 
either mask ventilation or intubation, administering the mus-
cle relaxants immediately following the induction agent 

seems reasonable. However, when difficulties with either 
mask ventilation or intubation is anticipated, an awake tech-
nique should be considered.

 Dose of Muscle Relaxants
See . Table 4.1 for dosages for muscle relaxants [42–45].

 Effect of Priming
In general, depolarizing neuromuscular agents have an ear-
lier onset of action as compared to the non-depolarizing 
muscle relaxants. By administering a sub-paralyzing dose of 
non-depolarizing agent followed a few minutes later by the 
intubating dose of a depolarizing agent (succinyl choline), 
the onset of the blockade has been shown to be earlier than if 
the agent had been given without the priming dose [46]. 
Such a dosing strategy also helps to eliminate the defascicula-
tion phenomenon observed after administration of the suc-
cinyl choline without the priming dose, that is why it is often 
referred to as a defasciculating dose. Fasciculations could 
result in postoperative myalgias, and, in extreme very rare 
conditions, can result in rhabdomyolysis, hemoglobinuria, 
and renal dysfunction.

4.2.3  Drug Selection

 Anti-Sialogogues
Glycopyrrolate 0.2 mg is usually given intravenously due to 
its lack of central nervous system (CNS) effects and relatively 
less likelihood of producing tachycardia when compared to 
atropine. The onset of action after an intravenous (IV) 
administration is usually within a minute, but after intramus-
cular (IM) injection, the onset may be delayed by 15–30 min. 
It dries the mucus membranes facilitating the efficacy of 
topical anaesthesia, and improving visualization conditions 
by decreasing salivation. That said, the authors of this chapter 
tend not to use glycopyrrolate routinely due to the potential 
detrimental effect of tachycardia in already tachycardic 
patients due to the anxiety of the situation, many of whom 
may already have coronary artery disease (CAD). Also the 
fact that secretions are rarely of a quantity that creates a con-
cern, except for certain situations such as in patients with 
esophageal strictures who cannot handle their secretions 
well.

 Local Anesthetics
Lidocaine is the most commonly used agent for topical air-
way anesthesia. The maximum described dose for topical 
administration in the context of airway topicalization gas 
been 9 mg/kg. The dose should be decreased in patients with 
liver disease. Lidocaine can be atomized, nebulized, or a 
“spray as you go” technique. It can be administered by a cri-
cothyroid puncture or transtracheal puncture to augment the 
airway anesthesia.

Lidocaine also can be used to produce a local nerve block. 
In experienced hands, such nerve blocks can provide excel-
lent anesthesia and intubating conditions.
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       . Fig. 4.5 American Society of Anesthesiologists (ASA) difficult airway 
algorithm (Reproduced with permission from Apfelbaum et al. [40]) 
aOther options include (but are not limited to): surgery utilizing face 
mask or supraglottic airway (SGA) anesthesia (e.g., LMA, ILMA, laryngeal 
tube), local anesthesia infiltration or regional nerve blockade. Pursuit of 
these options usually implies that mask ventilation will not be problem-
atic. Therefore, these options may be of limited value if this step in the 
algorithm has been reached via the Emergency Pathway. bInvasive airway 

access includes surgical or percutaneous airway, jet ventilation, and 
retrograde intubation. cAlternative difficult intubation approaches 
include (but are not limited to): video-assisted laryngoscopy, alternative 
laryngoscope blades, SGA (e.g., LMA or ILMA) as an intubation conduit 
(with or without fiberoptic guidance), fiberoptic intubation, intubating 
stylet or tube changer, light wand, and blind oral or nasal intubation. 
dConsider re-preparation of the patient for awake intubation or canceling 
surgery. eEmergency non-invasive airway ventilation consists of a SGA
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Three blocks are used to provide anesthesia to the upper 
airway:

 5 Glossopharyngeal (oropharnyx)
 5 Superior laryngeal (larynx above the cords)
 5 Translaryngeal (trachea below the cords).

Glossopharyngeal Block
Glossopharyngeal block can be performed by using 2 differ-
ent approaches: intraoral and peristyloid.

For intraoral block, adequate topical anesthesia must be 
provided to the tongue and tonsillar mucosa so that the 
patient will allow manipulation of this sensitive area 
(. Fig. 4.6a). The tongue is displaced to visualize the poste-
rior palatopharyngeal fold (posterior tonsillar pillar) and 
about 5 ml of lidocaine is injected submucosally just caudal 
to the pillar after ensuring a negative aspiration for blood 
using a bent 22-gauge needle (. Fig.  4.6b). The process is 
repeated on the contralateral side.

This block also can be achieved by applying pressure to 
this area using a local anesthetic soaked gauze. This latter 
approach has a lower success rate but avoids the possibility of 
intravascular injection.

In the peristyloid approach, bony landmarks (mastoid 
process and the angle of the mandible) are identified on the 
lateral aspect of the neck. The tip of the styloid process ideally 
lies at the midpoint of the line joining these 2 landmarks. 
Using a 22-gauge needle, the styloid process is then identified 
and then the needle is walked off the process posteriorly and 
about 5–7  ml of local anesthetic is injected in this area 
(. Fig. 4.7). The process is repeated on the contralateral side.

Both these blocks carry the risk of intravascular injection 
due to the proximity of the great vessels in the neck.

Superior Laryngeal Nerve Block
The superior laryngeal nerve is blocked just before it pene-
trates the thyrohyoid membrane between the greater cornu 
of the hyoid bone and the superior cornu of the thyroid 

 cartilage (. Fig. 4.8). Identification of the hyoid bone can be 
difficult in patients with short, thick, or edematous necks. 
After negative aspiration, 2–3 mL of local anesthetic is then 
injected at the site. This block also can be associated with 
intravascular injection of the local anesthetic.

Translaryngeal
By this method, the trachea and larynx can be anesthetized. 
The local anesthetic is injected by going through the crico-
thyroid membrane (. Fig.  4.9). It is invasive and carries 
potential risks to the airway. As the patients usually tend to 
cough after injection of the local anesthetic in the trachea it 
also provides some spotty anesthesia to the supraglottic 
structures.

Cocaine can also be used as an alternate to lidocaine. It 
has the added benefit of producing local vasoconstriction. 
Usually a 4% solution is used for topicalization for fiberoptic 
(FO) intubation, particularly when a nasal route is chosen. It 
has become less popular due to its cardiac and central ner-
vous system side effects (tachycardia, hypertension, coronary 
artery spasm, dysrhythmia), potential for abuse, and is not 
easily available.

4.2.4  Sedation

Although awake intubation can be achieved using local anes-
thesia alone, some form of sedation is often used to enable 
improved patient tolerance. Anxiolytic or analgesic drugs are 
most commonly used. Safety of awake intubation relies on 
the maintenance of spontaneous breathing. Oversedation 
may result in respiratory depression, apnea, or loss of airway 
muscle tone resulting in airway obstruction. There are a 
number of drugs that are commonly used to facilitate awake 
intubation, and one should choose one that they are most 
familiar with and can result in a reliable, reproducible safe 
sedation plane.

       . Table 4.1 Dosages of muscle relaxants

Drug Ed95 mg/Kg Intubation dose 
mg/Kg

Onset minutes Duration 
minutes

Dominant elimination 
pathway

Succinylcholine 0.3–0.6 1–1.5 1–1.5 5–10 Plasma cholinesterase

Atracurium 0.2 0.4–0.6 3–5 20–35 Hofmann elimination and ester 
hydrolysis

Cisatracurium 0.05 0.15–0.2 1–2 60 Hofmann elimination

Vecuronium 0.05 0.1–0.2 3–5 20–36 Biliary (60%), Hepatic (20%)

Rocuronium 0.3–0.6 0.6–1.2 1–2 30–40 Biliary (70%)
Renal? (30%)

Mivacurium 0.07–0.08 0.15–0.2 3–5 15–25 Plasma Cholinesterase

Pancuronium 0.07 0.08–0.12 3–5 60–90 Renal (70%)
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 Midazolam and Fentanyl
Midazolam is a benzodiazepine that can be given as a bolus 
in incremental doses starting at 0.5–1.0 mg increments up to 
about 5 mg. As it lacks analgesic properties, it is often used in 
conjunction with fentanyl. The main advantage of this tech-
nique is the availability of the medications, simplicity in 
execution, extensive experience in using and managing the 

       . Fig. 4.8 Superior laryngeal nerve block (Reprinted with permis-
sion, Cleveland Clinic Center for Medical Art & Photography © 
2007–2017. All Rights Reserved)

       . Fig. 4.7 Peristyloid approach for glossopharyngeal block 
(Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography © 2007–2017. All Rights Reserved)

a b
       . Fig. 4.6 Intraoral approach 

for glossopharyngeal block. (a) 
Local anesthesia is applied to the 
tongue and tonsillar mucosa 
using anesthesia-soaked gauze. 
(b) Just caudal to the posterior 
tonsillar pillar, 5 ml of lidocaine is 
injected submucosally (Reprinted 
with permission, Cleveland Clinic 
Center for Medical Art & 
Photography © 2007–2017. All 
Rights Reserved)
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side effects, availability of medications to reverse the effects, 
antegrade amnesia (midazolam), and low cost. Large fre-
quent boluses can still result in respiratory arrest.

 Remifentanil
Remifentanil has a very rapid onset and offset of action. Its 
metabolism is independent of renal and hepatic function. It has 
excellent anti-tussive and analgesic properties. It can be used in 
conjunction with a small dose of midazolam to reduce recall. 
Remifentanil is commonly associated with bradycardia, hypo-
tension, apnea, hypoxia, and may cause chest wall rigidity.

 Propofol
Propofol can be used in small incremental boluses, as an 
infusion, or as a target-controlled infusion (TCI). It may be 
challenging to achieve the correct balance between underse-
dation and oversedation due to its narrow therapeutic index 
when used for sedation. It can also be supplemented with 
opioids or benzodiazepines, but the addition of the latter will 
increase the risk of oversedation.

 Dexmedetomidine
Dexmedetomidine is an alpha-2 adrenoceptor agonist. It 
produces sedation, amnesia, anxiolysis, and has some analge-
sic properties. It has minimal effect on respiration. It can be 
started as a loading bolus of 1 mcg/kg over 10 min followed 
by an infusion of 0.3–0.7 mcg/kg/h.

4.2.5  Retrograde Intubation Techniques

Retrograde intubation is useful for patients who have an ana-
tomic problem that makes orotracheal intubation impossible 

or dangerous using conventional techniques. It has an appli-
cation not only for elective use in patients with an unstable 
cervical spine or face trauma but also when the view is 
obscured by secretions or blood. It has been successfully used 
in awake, sedated, spontaneously breathing, or apneic 
patients. This technique can be successful in both children 
and adults, but the neck should allow for identification of 
landmarks and the cricothyroid membrane.

A guide wire is introduced into the larynx through a 
Tuohy needle that is placed through the cricothyroid mem-
brane or membranous space between the cricoid cartilage 
and the first tracheal ring. The wire is gently guided upward 
to emerge in the mouth or nostril. An endotracheal tube is 
then guided antegrade into the airway using the wire as a 
guide. Multiple techniques have been described including 
the classical railroading technique using the guidewire, using 
a guiding catheter, using a fiberoptic bronchoscope and silk 
pull-through techniques [47]. Once the endotracheal tube is 
passed through the larynx, the wire is removed and the tube 
is passed further into the trachea. The position of the tube is 
confirmed by capnography and auscultation and by fiberop-
tic bronchoscopy if required.

4.2.6  American Society of Anesthesiologists 
Guidelines

Practice guidelines have been developed by the American 
Society of Anesthesiologists to assist the practitioner and 
patient in making decisions about health care [40]. These 
recommendations may be adopted, modified, or rejected 
according to clinical needs and constraints and are not 
intended to be the “standard of care” nor replace local insti-
tutional policies. The guidelines cannot guarantee an out-
come but facilitate a standard approach to a difficult 
problem.

The first step in this comprehensive approach is to iden-
tify clinical factors that might impede our capability to 
administer supplemental oxygen during the process of man-
aging a difficult airway (see . Fig. 4.5). It is thus important 
that we develop more than 1 plan when managing a difficult 
airway.

4.2.7  Devices

 Flexible Fiberoptic
Flexible fiberoptic bronchoscopy not only allows us to visual-
ize the tracheobronchial tree but also can be used to facilitate 
the placement of an ETT or offer therapeutic modalities 
through the various access ports. A standard adult broncho-
scope has 3 channels: one for light source; one for the optics; 
and the third is a shared channel that allows for suctioning, 
obtaining biopsies, retrieving foreign bodies, and instrumen-
tation.

       . Fig. 4.9 Translaryngeal block (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2007–2017. 
All Rights Reserved)
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 Rigid Bronchoscopy
Rigid bronchoscopy is a hollow metal tube that is available in 
several sizes (diameter and lengths) that facilitates direct 
visualization of the trachea and the proximal bronchus. Due 
to its rigid nature and inability to flex the tip, it can be used 
only in the trachea and the proximal bronchi.

The lumen may be cylindrical and of a uniform diameter 
through most of its length. Occasionally they taper toward 
the tip. The tip is usually beveled and occasionally has a lip 
with which one can lift the epiglottis and facilitate its intro-
duction into the airway. The accessory channels are for 
administration of oxygen, suction, and instrumentation. 
Ventilating bronchoscopes are available that allow us to 
administer positive pressure or jet ventilation during airway 
surgery.

It is most commonly used in patients who have obstruc-
tion of either their trachea or a proximal bronchus, since the 
rigid bronchoscope’s large lumen facilitates suctioning and 
the removal of debris, or for interventional procedures such 
as insertion of airway stents.

 Transillumination

Light Wands
The lighted stylet uses the principle of transillumination first 
described in 1959 by Yamamura et al. for nasotracheal intu-
bation [48]. The airway is never directly visualized but the 
characteristic of the illumination of the soft tissue of the neck 
(midline) is used to direct the end of the stylet to the trachea. 
The stylet-ETT complex is introduced as a unit and it pro-
duces an intense light from its tip that is used to identify its 
position. No illumination occurs when the stylet enters the 
esophagus. It is available in different sizes for use in children 
and adults. Success rate is variable [48–51] and varies depen-
dent on the operator’s experience and skill rather than on the 
intubation device itself.

Advantages:
 5 It is a simple and easy to learn technique
 5 Allows intubation under suboptimal illumination [48]

Technique:
 5 Load the ETT onto a well-lubricated stylet with the tip 

of the stylet just at the end of the ETT.
 5 Bend the stylet to an acute 90° angle proximal to the cuff 

of the ETT.
 5 Place the head in a neutral position with the neck 

slightly extended [48].
 5 Stand at the head end or the side of the patient as 

appropriate.
 5 Dim the room lights if required, particularly in obese 

patients.
 5 Administer the induction medications if you are 

planning to do under a general anesthesia (GA).
 5 Gently open the mouth and advance the sytlet-ETT 

complex in the midline.

 5 If you get any resistance, gently “rock” the stylet back-
ward and redirect it toward he thyroid prominence.

 5 Now direct the illumination anteriorly and gently 
advance the stylet until you see a more focused light 
through the glottis opening (coning) and glow below the 
thyroid prominence.

 5 When the tip of the ETT-TL enters the trachea, a 
well-defined circular glow can be seen in the supraster-
nal notch or just above it slightly below the thyroid 
prominence.

 5 Advance the ETT off the stylet and confirm placement of 
ETT.

Complications:
 5 Trauma to the larynx
 5 Subluxation of the cricoarytenoids
 5 Disconnection of the distal light source [48, 49]

Limitations:
 5 Operator dependent
 5 Difficult in patients with large tongue and long epiglottis
 5 Avoided in patients with anatomical variations of the 

upper airway, tumor, trauma, infection, or suspected 
foreign bodies that might increase the risk of complica-
tions or failed intubation

 5 Very obese paients with a short neck who do not lend 
themselves to transillumination

 5 Uncooperative unsedated patient [48, 49]

 Laryngoscope Blades
The choice of laryngoscope can influence the chance of suc-
cessful tracheal intubation. Regular practice is required to 
ensure that we can not only successfully visualize the airway 
but also perform a successful intubation. The 2 most com-
monly used blades for intubation are the Macintosh and the 
Miller blades. They are available in different sizes and there 
have been multiple modifications to enhance their usefulness 
in different clinical scenarios.

When using the Macintosh blade (left-handed), the 
tongue is usually swept and the blade is advanced into the 
vallecula and the tongue is displaced anteriorly to expose the 
epiglottis. The Miller blade is introduced into the oral cavity 
and the channel created by the blade allows for visualization 
of the glottis when the epiglottis is elevated using the tip. Its 
lower profile allows it to be used in patients with a limited jaw 
opening, temporomandibular joint (TMJ) disease, anterior 
larynx, micrognathia, and children and adults with a long 
floppy epiglottis. The drawbacks of the Miller blade is the 
inability to sweep the tongue, thus limiting the maneuvering 
space in the oral cavity and sometimes making identification 
of the landmarks difficult. The glottis is, in general, viewed 
better with the straight blades while tracheal intubation is 
easier with the curved blades [52]. However, the most impor-
tant factor in the choice of any airway device should be the 
operator’s past experience and familiarity with the equip-
ment [53].
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Modifications
There are more than 50 different modifications of both the 
Macintosh and Miller blades that have been introduced in 
clinical practice. Some of the commonly used are:

 5 Polio laryngoscope blade
 5 McCoy blade
 5 Wisconsin blade
 5 Wis-Hipple
 5 Henderson laryngoscope blade

In addition, laryngoscope blades have also been enhanced 
with accessory devices such as oxygen (Oxyscope) [54], suc-
tion channel (Khan and Tull) [54], ultraviolet light source 
(Intubrite) [54], and ultralight weight (Trulite) [54].

Disposable Versus Reusable Blades
One of the potential risks of reusing laryngoscope handles 
and blades is contamination with blood and oral secretions. 
Standard cleaning techniques may fail to sanitize some con-
taminations and the risk of cross-infection is real, but there is 
no consensus in current guidelines regarding cleaning and 
disinfection of this equipment [55]. Single-use disposable 
blades could offer protection from such a transmission of 
disease. Most disposable blades use the indirect fiber trans-
mitted lighting system and thus offer better illumination as 
compared to conventional tungsten incandescent light bulbs.

 Alternative Intubating Devices

Video Laryngoscopes
Since the introduction of the Bullard laryngoscope in the late 
1980s, there has been several new “videolaryngoscopes” that 
have been introduced into the market. All of these share the 
same common feature of capturing the image of the glottis 
using a camera that is mounted near the tip of the blade and 
transferring it to a video screen, [56] either mounted onto 
the handle or an external device. As these devices have a 
more acute angle of the tip, visualization of the glottis open-
ing is facilitated with minimal external laryngeal manipula-
tion [56]. A number of studies have shown that video 
laryngoscopes offer a better view of the glottis as compared 
with direct laryngoscopy [57–59]. The videolaryngoscopic 
blade may conform to the shape of the Macintosh blade, or 
carry a more acute angulated blade, or may be “anatomi-
cally” shaped with or without a tube channel guide to facili-
tate intubation.

Some of the commonly used videolaryngoscopes include 
[60]:

 5 Storz C-Mac (based on Macintosh and Miller)
 5 Storz C-Mac D blade (more angulated)
 5 McGrath (based on Macintosh)
 5 McGrath Series 5 (more angulated)
 5 Glidescope (based on Macintosh)
 5 Glidescope with angulated blades (Ranger, Cobalt)
 5 Pentax Airway Scope (anatomically shaped)
 5 AirTraq Optical Laryngoscope (with a tube channel)

 5 Res-Q-Scope
 5 King Vision

There have been number of studies comparing the different 
videolaryngoscopes. The design of the blade appears to play a 
significant role in visualization of the vocal cords [61, 62].

Indications
 5 Difficult visualization of the glottic opening
 5 As part of the difficult airway algorithm
 5 Limited mobility of the cervical spine
 5 Micrognathia and retrognathia
 5 Morbid obesity
 5 As an adjunct to placement of a gum elastic bougie or 

use of fiberoptic bronchoscope to enter the vocal cords
 5 Demonstration of anatomy and as an educational tool

Disadvantages
Some of the disadvantages following routine use of a video-
laryngoscope include:

 5 Increased intubation time
 5 Loss of skill sets with DL
 5 Lack of depth perception leading to trauma
 5 Inability to use in the face of lots of secretions or 

bleeding in the back of throat
 5 Fogging of camera lens
 5 Expense

Complications
 5 Perforation of the soft palate, posterior pharyngeal wall, 

and tonsillar pillars [63, 64]
 5 Failure to intubate in spite of good visualization

For uncomplicated airways, video laryngoscopes are not 
superior to direct laryngoscopy. It is a good teaching tool as 
it allows the instructor to simultaneously visualize what the 
trainee is seeing and thus can be used as a teaching tool. 
They can prove challenging to introduce into a small oral 
cavity and the distal camera can get fogged, thus resulting 
in poor visualization. In addition, we need to understand 
that though we might have a good view of the glottis, intu-
bation can still be challenging as it utilizes a virtual reality 
principle vs. direct visualization as is the case with direct 
laryngoscopy.

4.2.8  Alternatives and Adjuncts

 Supra Glottic Airway 
(Traditional and Modified)
The first one invented of this category is the laryngeal mask 
airways (LMAs) in the 1980s by a British anesthesiologist, 
Dr. Archie Brain. It was introduced as a safe alternative to 
endotracheal intubation and as a fallback mechanism when 
confronted with a cannot-ventilate-cannot-intubate situa-
tion. With increasing familiarity and use of the device, it has 
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come to play an important role in the available options of 
routine airway management.

Indications
 5 Airway management in both routine and emergency 

surgery when control of the airway is required with or 
without neuromuscular blockade

 5 Rescue following a failed attempt at endotracheal intuba-
tion as part of the difficult airway algorithm

 5 Situations when there are contraindications to an 
endotracheal intubation

 5 Patients in whom one wants to avoid manipulations of 
the cervical spine, or the disease process limits the 
movement of the cervical spine making endotracheal 
intubation difficult or fraught with danger

Contraindications
 5 No absolute contraindication
 5 Use with caution:

 5 Patient with increased aspiration risk
 Ȥ Full stomach
 Ȥ Gastric outlet obstruction
 Ȥ severe reflux disease
 Ȥ Gastroparesis and delayed gastric emptying
 Ȥ Intestinal obstruction
 Ȥ Morbid obesity
 Ȥ Increased intraabdominal pressure

 5 Patients in need of increased airway pressures for 
assuring adequate ventilation.

 Ȥ Reduced pulmonary compliance
 Ȥ Severe uncontrolled reactive bronchopulmonary 
disease

 5 Unusual surgical positioning
 5 Need for manipulation of the head and neck resulting 
in inadequate seal

 5 Need for pulmonary isolation

Difficulties with Supra Glottic Insertion
 5 Difficulty in supra glottic airway (SGA) insertion can be 

encountered when faced with small mouth opening and/
or obstruction at the level of the vocal cords as well as 
limited neck movement.

Complications
Complications are rare but the most common complaint is 
sore throat. Some of the more serious complications include:

 5 During the procedure:
 5 Malposition and inability to ventilate
 5 Laryngospasm
 5 Damage to the arytenoid cartilages
 5 Aspiration of the gastrointestinal contents

 5 Postoperative
 5 Sore throat
 5 Postoperative dysphagia, dysarthria, or dysphonia
 5 Temporomandibular joint dislocation
 5 Soft tissue injury to the lips, tongue, epiglottis, palate, 
tonsils, and oropharynx leading to bleeding

 5 Esophageal rupture
 5 Lingual nerve injury
 5 Recurrent laryngeal nerve injury

All SGAs share the same design of having a hollow shaft or 
tube connected to a cuff or sealing device that is designed to 
sit in the hypopharynx facing the glottis. The tip of the SGA 
is designed to sit at the esophageal inlet, and some of them 
have a channel through which an orogastric tube can be 
inserted to decompress the stomach. They may be reusable or 
for 1 time use only. Most routinely used SGAs have a fenes-
trated diaphragm at the laryngeal inlet to prevent entry of the 
epiglottis in the shaft. Those used as a conduit for intubation, 
however, do not have this diaphragm. Some of them are soft 
and floppy and take the shape of the oropharynx, while oth-
ers are preformed, stiff, and cannot be deformed. Some also 
have a stiff bite guard to prevent bite down into the lumen. 
They are available in different sizes and usually the patient’s 
weight and form of the oral cavity dictates the size selected. It 
is safer to use larger size with an underfilled cuff rather than 
a small size with an overinflated cuff, as they will be associ-
ated with increased incidence of mucosal ischemia.

There are many types of SGAs available and the com-
monly used ones include:

 5 Classic LMA
 5 LMA Supreme
 5 Intubating LMA
 5 Fast-track
 5 I-Gel
 5 King Tube

 Combitube
Combitube combines the lumen of an endotracheal tube 
with an esophageal obturator airway. It is designed to permit 
ventilation whether placed in the trachea or esophagus. It 
facilitates airway management for both the skilled or novice 
operator. It can be inserted into the trachea as a conventional 
tube, or blindly or using direct laryngoscopy. If the Combitube 
resides in the esophagus, the blue lumen should be used to 
ventilate the patient.

Indications
 5 Emergent prehospital settings
 5 In-hospital emergencies and airway rescue
 5 “Cannot intubate-cannot ventilate” situations.

Procedure
In most instances, the tube is placed blindly. One can use a 
laryngoscope if available to displace the tongue. The 
Combitube is then placed blindly by passing it over the 
tongue until the patient’s teeth rest between the 2 black lines. 
A jaw thrust can facilitate its placement. At this time, we have 
2 options:

If the Combitube enters the trachea, inflation of the distal 
cuff (white pilot balloon) will produce the seal and ventilation 
can be initiated. If the Combitube enters the esophagus, both 
balloons should be inflated and the device creates 2 seals: (1) 
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proximally in the pharynx with the pharyngeal cuff (blue pilot 
balloon) and (2) distally in the esophagus with the distal cuff 
(white pilot balloon). Ventilation occurs via the side ports of 
the blue-topped lumen. The distal lumen can be used to 
decompress the stomach.

The distal cuff has a capacity of 12 ml while the proximal 
lumen has a capacity of 85 ml.

Complications
 5 Inability to ventilate the patient
 5 Tongue engorgement
 5 9th and 12th cranial nerve dysfunction
 5 Esophageal perforation
 5 Pyriform sinus perforation
 5 Stomach insufflation, regurgitation

The next generation of the tube includes the King LT, LT-D, 
LTSD tubes and the Easytube.

4.2.9  Transcutaneous or Surgical Airway

 Cricothyroidotomy
This procedure involves gaining access to the trachea through 
the crocothyroid membrane that stretches between the infe-
rior border of the thyroid cartilage and the superior border of 
the cricoid cartilage. Access through this space can be 
achieved using:

 5 A needle or catheter placed directly though the mem-
brane

 5 A guidewire placed through this space through a needle 
and following dilatation, a larger cannula railroaded in

 5 Open cricothrotomy – wherein access is obtained 
surgically by cutting down to this membrane

This procedure may be elective, planned, or emergently per-
formed. The technique used would depend on the indication 
and the urgency. As the cricothyroid membrane is superficial 
and there are no major vascular structures crossing it (see 
earlier Anatomy section), it can be accomplished quickly, 
safely, and with low risk for bleeding.

Indications
Modified from Benumof and Hagberg’s Airway Management 
(“Percutaneous Dilational Cricothyrotomy and Tracheos-
tomy”) [65]:

 5 As part of the management for control of the airway 
when orotracheal or nasotracheal intubation and 
fiberoptic approaches have failed

 5 Airway management in trauma patients (injury to the 
head and neck, face, cervical spine) in whom endotra-
cheal intubation is impossible or likely to be associated 
with significant morbidity or mortality

 5 Emergently, when airway devices or intubation devices 
are not readily available

 5 As an alternate to emergent tracheostomy in patients 
with a recent sternotomy

Contraindications
Modified from Benumof and Hagberg’s Airway Management 
(“Percutaneous Dilational Cricothyrotomy and 
Tracheostomy”) [65]:

 5 Trauma to the thyroid or cricoid cartilage
 5 Inability to discern anatomy due to

 5 Obesity
 5 Edema
 5 Subcutaneous emphysema
 5 Trauma to the front of neck
 5 Bleeding

 5 Pediatric patients (less than 10 years of age) due to difficulty 
in identifying anatomy and loose connective tissue

 5 Pre-existing laryngeal diseases, such as cancer, acute or 
chronic inflammation, or epiglottitis

 5 Lack of experience or knowledge of technique

Procedure
 5 Immobilize the larynx between the thumb and the index 

finger of the non-dominant hand.
 5 Identify the cricothyroid membrane.
 5 Infiltrate the skin and subcutaneous tissue with a local 

anesthetic.
 5 Make a horizontal stab incision through both skin and 

cricothyroid membrane.
 5 Stabilize the larynx by placing a cricoid hook under the 

cricoid cartilage.
 5 Insert the tracheotomy or endotracheal tube into the 

trachea.

Complications
 5 Early [65]:

 5 Misplacement
 5 Loss of airway control
 5 Subcutaneous or mediastinal emphysema due to false 
passage

 5 Bleeding
 5 Infection
 5 Main stem intubation
 5 Pneumothorax/pneumomediastinum
 5 Dissection of the mucosa resulting in airway obstruction
 5 Damage to the larynx, thyroid cartilages, vocal cords. 
or the trachea.

 5 Esophageal perforation
 5 Delayed [65]:

 5 Accidental decannulation resulting in respiratory 
embarrassment and death

 5 Subglottic stenosis
 5 Voice change
 5 Infection
 5 Bleeding

 Tracheostomy
Tracheostomy involves access to the airway below the crico-
thyroid membrane either surgically or percutaneously. Open 
tracheostomy is considered the golden standard against 
which all the other access procedures are compared.

Anatomy of the Airway/Airway Management
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Indications
Indications are the same as those for a cricothyrotomy as 
alluded to earlier. In addition it is also indicated in the fol-
lowing situations:

 5 Prolonged intubation
 5 Prolonged mechanical ventilatory support
 5 Facilitate pulmonary toilet
 5 Cannot ventilate-cannot intubate situation

It provides a more stable platform for mechanical ventilator 
support as compared to a cricothyrotomy.

Contraindications
 5 Contraindications to surgical tracheostomy [65]:

 5 Short thick neck as evidenced by:
 Ȥ Inability to identify landmarks in spite of extension 
of the neck and proper positioning

 Ȥ Inability to palpate the cricoid cartilage above the 
sternal notch

 5 Inability to discern anatomy due to
 Ȥ Obesity
 Ȥ Edema
 Ȥ Subcutaneous emphysema
 Ȥ Trauma to the front of neck
 Ȥ Bleeding
 Ȥ Tumor or mass overlying the proposed site of stoma

 5 High levels of positive end-expiratory pressure 
(PEEP) (> 15 cm of H2O)

 5 Relative contraindication for percutaneous tracheos-
tomy [65]:

 5 Large thyroid gland
 5 High innominate artery
 5 Uncorrected coagulopathies
 5 Young children (less than 15 years)
 5 Unintubated patients in severe respiratory distress

Percutaneous Versus Surgical
See . Table 4.2 for overview of percutaneous versus surgical 
tracheostomy [66–69].

Procedure
Tracheostomies can be performed through an open or percu-
taneous technique. Open tracheostomy is one of the oldest 
procedures described in the literature and is still the proce-
dure of choice for some trauma centers. However, the use of 
percutaneous tracheostomy has been increasing since its 
introduction in the 1980s.

Studies have supported percutaneous over open trache-
ostomies. However, the final technique depends on the sur-
geon’s experience and abilities, in addition to guidelines of 
the facility where this procedure is to be performed. It is 
important to prepare for and anticipate any problems and be 
proactive in managing any complications.

Complications
 5 Early [65]:

 5 Bleeding
 5 Loss of airway control
 5 Trauma to the trachea, larynx, esophagus
 5 Tracheo-esophageal fistula
 5 Injury to the great vessels
 5 Airway fire
 5 Pneumomediastinum, subcutaneous emphysema, or 
pneumothorax

 5 Cardiac arrest
 5 Late [65]:

 5 Bleeding
 5 Stomal infection
 5 Mediastinal infection
 5 Fistula between the trachea and the esophagus, great 
vessels, innominate artery, innominate vein, skin

 5 Displacement and loss of airway control
 5 Obstruction of the tube
 5 Granuloma
 5 Subglottic stenosis

 Translaryngeal or Transtracheal 
Jet Ventilation
Translaryngeal or transtracheal jet ventilation is a method of 
providing ventilation in an open system, with high frequency, 
and low tidal volumes. In this technique, the oxygen is deliv-
ered as a pulsed breath through a jet nozzle (. Fig. 4.10). This 
pulse of air can be delivered manually or by automatic 
devices. Due to the “Venturi effect,” there is entrainment of 
air from the surrounding that allows for administration of an 
effective tidal volume. It can be used in the presence of a par-
tial laryngeal obstruction that permits exhalation.

The jet ventilation rate is usually high (12–20 breaths/
min). Faster rates can result in some air-trapping and “auto- 
PEEP.” These effects allow air exchange by generating higher 
airway pressures and splinting the airway and alveoli open, 
thus optimizing V/Q matching.

This is different from high frequency jet ventilation, 
which is a mechanical ventilation mode that can be delivered 
through an endotracheal tube by a mechanical ventilator and 

       . Table 4.2 Percutaneous vs surgical tracheostomy

Percutaneous Surgical

Time to accomplish Less time More

Expense Less More

Infection Less common More 
common

Bleeding Less common More 
common

Anterior tracheal injury More common Less common

Posterior tracheal 
perforation

More common Less common
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has proven beneficial in the pediatric population for example 
in premature babies suffering from acute respiratory distress 
syndrome (ARDS).

Indications
Jet ventilation is ideally suited for patients with normal, 
unobstructed airways and normal lung and chest wall com-
pliance. It is dependent on driving pressure and the entrain-
ment of air for providing an adequate tidal volume. It is 
crucial that the patient exhale completely between each 
administered breath to prevent barotrauma.

Indications:
 5 As part of management during a shared airway surgical 

procedure
 5 As part of difficult airway management in a “cannot 

intubate- cannot ventilate” scenario
 5 Inability to maintain a patient’s airway utilizing 
noninvasive means

 5 Upper airway partial obstruction with an obscured 
view due to uncontrolled bleeding or vomiting

 5 Severe facial trauma
 5 Mandibular fracture making jaw manipulation 
impossible

 5 Partial obstruction to the larynx and upper airway 
due to:

 Ȥ Infection, such as epiglottitis or Ludwig’s angina

 Ȥ Allergic or immunologic reaction
 Ȥ Chemical or thermal burns
 Ȥ Foreign body in the larynx that cannot be removed 
expeditiously

 Ȥ Post-extubation glottic edema

Contraindications
 5 When the airway can be maintained by other more 

secure means
 5 Complete obstruction to the normal egress of air due to 

the presence of glottic lesion, significant interarytenoid 
scarring, laryngospasm

 5 Decreased cheat wall compliance
 5 Advanced chronic obstructive pulmonary disease 

(COPD) with prolonged exhalation phase
 5 Presence of pulmonary bullae
 5 Subcutaneous emphysema in the neck
 5 Damage to the larynx, cricoid cartilage, or trachea 

preclude successful oxygenation and ventilation via a 
transtracheal catheter

 5 tracheal rupture
 5 tracheal dehiscence with distal displacement

 5 Inability to align the axis of the direct laryngoscope with 
the long axis of the trachea (when used from above the 
vocal cords)

 5 Local infection
 5 Local infiltration of tumor

Relative Contraindications
However, in most instances, the benefit of establishing an air-
way will outweigh the risk of performing needle cricothy-
roidotomy in these circumstances:

 5 Anatomic distortion increases the risk of airway 
complications

 5 Neck swelling that obscures the normal anatomical land-
marks

 5 Anatomic anomalies or distortion of the larynx and 
trachea

 5 Bleeding diathesis

Complications
 5 Inadequate oxygenation and ventilation
 5 Drying out the mucosa of the respiratory tract
 5 Gastric distention and rupture
 5 Regurgitation
 5 Pneumomediastinum
 5 Pneumothorax
 5 Subcutaneous emphysema
 5 Death

Precautions
One should always use a longer expiratory time (eg, I:E ratio 
of 1:3–1:5), the lowest oxygen pressure and flow rate that 
allows for chest rise, and as large a catheter as possible. If 
there is diminished chest fall with expiration, we should rule 
out the presence of pneumothorax or pulmonary barotrauma.

       . Fig. 4.10 Translaryngeal or transtracheal jet ventilation device
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 Apneic Oxygenation
Hypoxemia is not uncommonly encountered during endo-
tracheal intubation of critically ill patients. This may pre-
dispose to the development of cardiac arrest, neurological 
injuries, or even death. In order to prevent rapid desatura-
tion following induction of anesthesia, anesthesiologist 
have always resorted to a short period of preoxygenation. It 
has been shown that by providing preoxygenation, one 
may be able to delay the onset of hypoxemia. Normally 
during apnea, it has been shown that there is a net diffusion 
of about 250  ml/min of oxygen from the alveoli into the 
blood stream. Due to the buffering action of the red blood 
cells (RBCs) and the blood, only 10–20  ml of CO2 is 
replaced into the alveoli, thus producing a net deficit in the 
volume and a negative alveolar pressure. This results in 
entrainment of air from the air passages as the apneic time 
continues. By providing continuous oxygen at the level of 
the pharynx, one may be able to delay the onset of hypox-
emia [70–72]..

 High Flow Nasal Cannula
Conventionally, oxygen is delivered by nasal prongs, face and 
nasal masks with or without a reservoir. Their maximum 
flow is limited by the breathing pattern, maximum flow rates, 
and the difficulty in heating and humidification of the 
inspired air. Most of these devices are associated with entrain-
ment of the room air to meet the requirements of the peak 
inspiratory flow. The effective oxygen saturation provided by 
these conventional methods may not be able to meet the 
requirements of a patient in acute respiratory failure.

Administration of a high flow humidified and heated 
oxygen (often with flow rates as high as 50 L/min) has been 
shown to prevent entrainment of air from the surrounding, 
reduce the dead space, and generate some positive airway 
pressure by providing some resistance to expiration due to 
the high flow rates. Recent studies have suggested that it is 
not inferior to conventional noninvasive ventilator support 
and oxygen therapy in patients admitted to the intensive care 
unit (ICU) [73].

Active humidification has been shown to improve muco- 
ciliary function, [74] facilitate clearance of airway secretions, 
and prevent hyper-response symptoms. By maintaining a 
higher airway pressure, they can prevent atelectasis and thus 
improve V/Q mismatch and benefit oxygenation. As an 
added benefit they can potentially reduce the respiratory rate 
and increase patient comfort and overall satisfaction. Thus 
they may have a role in management of patients with respira-
tory failure due to infections, asthma, and COPD. It has also 
been used safely in the neonatal period for respiratory sup-
port. Commercially available systems ensure that the 
inspired gas is heated to 37  °C and humidified by adding 
44 mg H2O/L [75].

There are no significant complications associated with the 
use of high flow nasal cannula.

4.2.10  Endobronchial Intubation

 Double-Lumen Endobronchial Tubes

Indication
 5 Isolation of lungs to prevent contamination or drowning 

from blood emanating from the contralateral lung
 5 Facilitate ventilation and/or limit ventilation-perfusion 

mismatch
 5 Bronchopleural fistula
 5 Bronchopleural cutaneous fistula
 5 Unilateral disruption of the main bronchus or major 
bronchi

 5 Giant unilateral lung cyst or bulla
 5 Whole lung lavage
 5 Differences in compliance between the 2 lungs

 5 Facilitate surgical exposure
 5 Thoracic aortic aneurysm
 5 Pneumonectomy
 5 Thoracoscopy
 5 Upper lobectomy

Relative Indications
 5 To facilitate surgical exposure:

 5 Lung resections involving the middle and lower 
lobes

 5 Segmental lung resections
 5 Esophageal resection
 5 Procedures on the thoracic spine

 5 Lung trauma
 5 Pulmonary edema after cardiopulmonary bypass
 5 Preferential ventilation of 1 lung due to presence of 

unilateral lung disease

Advantages
 5 Allows independent ventilation of each lung
 5 Allows both sides to be ventilated if required with 

different modes or different ventilator setting
 5 Allows for better surgical exposure
 5 Better seal and less likelihood of displacement once 

properly positioned

Disadvantages
 5 Larger size:

 5 Difficulty in patients with complex anatomy or 
distorted anatomy

 5 Rigid, hence more possibility for iatrogenic trauma to 
the airway

 5 Uncomfortable for patient being weaned from the 
ventilator

 5 Not ideal for pulmonary toilet as lumen is not very wide
 5 Not ideal for weaning the patient from the ventilator
 5 Will need a smaller bronchoscope for visualization of 

the segments of the lung
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Contraindication
 5 Large tumor or external mass distorting the anatomy

 Procedure

Choosing the Correct Size
 5 It is challenging to precisely choose the correct double 
lumen tube (DLT) in a patient. If one chooses an 
inappropriate sized tube, there is a higher likelihood of 
tracheal trauma and failure to ventilate the lungs or 
failure to adequately separate the lungs [76].

 5 An intentional use of a smaller tube has not always 
proved to be helpful as it will require higher endobron-
chial cuff volumes and pressures that can damage the 
bronchus [77].

 5 Too large a size can cause iatrogenic trauma and can 
cause rupture of the bronchus.

 5 The ideal size should result in a near-complete seal of the 
bronchial lumen without inflation of the cuff.

 5 In general, women need a smaller size DLT as compared 
to men [76].

 5 In most instances, a 37, 39, or 41-F DLT is selected for 
men and a 28, 35-, or 37-F DLT is selected for women.

 5 Direct tracheal measurement can be used to predict the 
size of tube to be selected [76].

Choosing the Correct Side
 5 There are 2 types of DLT, right- and left-sided, depend-

ing on the orientation of the bronchial arm at the distal 
end of the tube.

 5 As the DLT has 2 lumens, either tube can be used to 
ventilate either lung and this is dictated by which lumen 
is clamped.

 5 As the placement of a right-sided tube is technically 
more challenging, it is more often that we select a 
left-sided tube.

 5 This is due to the take off of the right upper lobe 
bronchus that arises from a variable distance and in a 
variable direction from the carina in different people, 
mostly very close to the origin of the right main bron-
chus. A malpositioned right-sided tube would not allow 
ventilation or drainage of the right upper lobe bronchus 
resulting in collapse and or consolidation of the right 
upper lobe. The Rusch DLT addresses this issue by 
having a larger and more elongated Murphy eye com-
pared to the Mallinkrodt DLT. Thus the left-sided DLT is 
most commonly used, but in surgery for a left pneumo-
nectomy for a tumor involving or very near the carina, it 
may be preferable to use a right-sided tube. An alternate 
technique is to use a left-sided tube and just withdraw it 
when the surgeon is ready to close the bronchus.

The tubes are bulky, rigid, and can be awkward to place in 
some individuals. They are a challenge to place in a patient 

with a known difficult airway. As the surgery proceeds, they 
tend to become softer. They can thus get dislodged from 
their position on movement of the patient or on manipula-
tion around the mediastinum by the surgeon. Hence, there 
is a need to check the position of the tube and ensure that 
the tracheal lumen is above the carina, the bronchial lumen 
is in the correct bronchus, and that its cuff has not herniated 
into the trachea. With a right-sided tube, one needs to 
ensure that the take off of the right upper lobe is not 
occluded.

Placement
A double lumen tube can be placed with or without the help 
of a fiberoptic bronchoscope:

 5 Check the tube to ensure that both the lumen are patent 
and the cuffs are competent. Assemble the tube- 
breathing circuit connecting apparatus. Induce anesthe-
sia and administer the neuromuscular blocking agent.

 5 Expose the vocal cords using a laryngoscope.
 5 Insert the endotracheal tube with bronchial concave 

curve facing anteriorly.
 5 After you pass the vocal cords, rotate the tube 90° 

(toward the side corresponding to the type of the DLT 
used) and advance the tube in the direction of the 
bronchus till some resistance is felt.

 5 Do not force the tube should you meet any resistance.
 5 Inflate the tracheal cuff and check that you can hear 

breath sounds on both sides of the chest.
 5 It is always better to confirm proper placement with 

bronchoscopy (auscultation is unreliable).
 5 Pass the bronchoscope through the tracheal lumen:

 Ȥ Look for the radio-opaque line encircling the 
bronchial lumen and if present, ensure that it is 
above the level of the carina.

 Ȥ For a left-sided tube with the endobronchial 
portion in the left main bronchus:
 - The bronchial cuff should be just visible ~5 mm 

below the carina.
 - The cuff should not herniate above the carina.

 5 Now pass the bronchoscope through the endobron-
chial lumen:

 Ȥ For a left-sided tube:
 - Identify origins of the left upper and lower lobe 

bronchi.
 Ȥ For a right-sided tube

 - The right upper lobe should be identified by the 
presence of its 3 lobar branches.

 5 If you have not properly seated the DLT, guide the 
bronchoscopy into the side that you want and 
advance the DLT over it to sit correctly.

 5 Next confirm that you can ventilate and isolate the lungs.

You can also use a stylet or a bougie to help you guide the 
DLT into a proper position.
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Complications
 5 Tracheal laceration
 5 Bleeding
 5 Rupture
 5 Malposition, obstruction, and increased airway pressure
 5 Herniation of the bronchial cuff
 5 Failure of lung isolation
 5 Obstruction of the right upper lobar bronchus (more 

common with right-sided tubes or aberrant origin of the 
right upper lobe bronchus)

 5 Vocal cord injury and postoperative hoarseness of voice

 Bronchial Blockers (Integral to Endotracheal 
Tube or Separate)
Another technique for lung isolation is the use of bronchial 
blockers. These can be in the form of a single lumen tube 
with integrated bronchial blocker or use of a single lumen 
tube with an external blocker. Some of the commonly used 
tubes include:

 5 Arndt blocker
 5 Univent tube
 5 Coopdech blocker
 5 Wire-guided endobronchial blockers
 5 EZ Blocker

Indications
 5 Lung isolation in patients with a difficult airway
 5 Lung isolation in a patient with airway abnormalities 

that precludes the use of a double lumen tube
 5 Patients with a tracheostomy or stoma
 5 Patients with small airway anatomy
 5 Patients in whom during the course of surgery need a 

lung isolation due to airway or lung disruption (eg, 
fistula), edema, bleeding, etc.

 5 As a selective distal bronchial blocker when the patient’s 
medical condition does not permit complete lung isolation

 5 Patients who need a nasotracheal intubation

Disadvantages as Compared to a Double 
Lumen Tube

 5 Slow lung deflation following isolation
 5 Slow lung inflation
 5 Inability to maintain toilet or suctioning out secretions
 5 Displacement of the blocker during positioning
 5 Higher incidence of mucosal ischemia and damage due 

to low-volume high-pressure cuffs
 5 Difficulty in management of desaturation

 5 Inability to administer continuous positive airway 
pressure (CPAP)

 5 Cumbersome to deflate and reinflate in case it 
becomes necessary.

Complications
 5 Loss of lung isolation
 5 Obstruction to ventilation due to slipping of balloon into 

the trachea
 5 Mucosal ischemia and damage

Placement and Positioning Considerations
They need a fiberoptic scope to guide their placement and 
position check after any movement or repositioning.

4.2.11  Intubation and Tube Change 
Adjuncts

 Bougies
The bougie has proved to be a very useful device to facilitate 
intubation when confronted with suboptimal visualization of 
the larynx following a direct laryngoscopy. With the bougie 
placed in the lumen of the trachea, an endotracheal tube can 
be railroaded over the bougie by Seldinger technique thus 
securing the patient’s airway.

It is moderately flexible and can be bent into a form that 
would follow the shape of the oropharynx. It is available in 
different sizes and lengths and in an adult, a 15F, 60–70 cm is 
usually selected. The tip of the bougie is angled anteriorly to 
about 30°. This allows it to enter a very anteriorly placed lar-
ynx.

Uses
 1. Anterior larynx with difficulty in navigating the oro-

pharynx
 2. Tube exchanger to an endotracheal tube and a tracheos-

tomy tube

Technique
 5 The tip of the bougie is either passed into the trachea 

under direct visualization or blindly hugging the 
curvature of the epiglottis.

 5 As the tip of the bougie glides over the tracheal rings, we 
feel the “clicks” and this helps us confirm the correct 
placement.

 5 The bougie should be then passed distally and it might 
turn into the left or right bronchus.

 5 Do not force the bougie should you meet with resistance 
as it could potentially perforate through the back of the 
trachea.

 5 Now mount an endotracheal tube onto the bougie and 
railroad it down into the trachea.

 5 It may be prudent to visualize the placement of the 
endotracheal tube into the trachea before removing the 
laryngoscope. The advantages include:

 5 Preventing the bougie from getting dislodged into the 
esophagus

 5 Preventing the bougie from further advancement into 
the airway producing trauma

 5 Early identification of disruption of the ETT cuff by 
sharp tooth

 5 The disadvantage is the added bulk in the oral cavity that 
might preclude advancement of the tube.

 5 Always check proper placement prior to initiating 
ventilation.
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Risks and Complications
 5 Perforation of trachea or bronchus
 5 Perforation of esophagus
 5 Injury to larynx
 5 Pneumothorax/pneumomediastinum

 Jet Stylettes (Tube Exchange Catheter)
The jet stylette was first introduced in 1987 to help maintain 
control of the difficult airway [78, 79]. They usually measure 
about 65 cm in length and are made of radio-opaque material 
to facilitate placement. It is often used for jet ventilation but 
with a regular adapter it can be connected to a standard anes-
thesia circuitry as well. It is semirigid to allow for introduc-
tion even when visualization of the larynx may be difficult. 
There are usually multiple distal side ports to prevent a cath-
eter from whipping during jet ventilation. They are usually 
marked to facilitate accurate placement in the airway.

Uses
 5 Exchanging the endotracheal tube in the difficult airway
 5 For providing jet ventilation during a direct laryngos-

copy prior to intubating a patient [79]
 5 As a first intermediate step in extubation of the difficult 

airway
 5 As a tube exchanger tool for both an endotracheal tube or 

tracheotomy tube in a patient with a precarious airway
 5 As a means of providing ventilation following extubation
 5 To assess vocal cord mobility postoperatively while still 

maintaining the possibility of re-securing the airway

4.2.12  Endotracheal Tube Types

 Tube Material (Polyvinyl Chloride, Silicone, 
Laser-Resistant, Silver Impregnated, Other)
Most disposable endotracheal tubes available today are made 
of polyvinyl chloride (PVC). Under special circumstances, 
tubes made of silicone rubber, latex, or stainless steel are also 
used. Tubes vary from 2 to 10.5 mm in internal diameter.

Reusable red rubber tubes were used initially but as they are 
opaque and tend to crack with repeated use, they fell out of favor. 
They are more heat resistant as compared to the PVC tubes.

PVC tubes are relatively stiff and retain a memory and 
come preshaped. Usually phthalates are added to the PVC to 
soften it, but there are concerns that they may be released 
with prolonged use and cause cancer. Because they are rela-
tively stiff, the tubes can potentially navigate mild obstruc-
tion, but, if care is not taken during placement of the tube, 
they can damage the friable mucous lining of the trachea. 
When the PVC tubes are left in the body for a long time, they 
can soften due to the oropharyngeal temperature and thus 
may kink or obstruct the airflow.

Silicone tubes are nonporous, least allergenic, and do not 
deteriorate with prolonged use. They are softer than the PVC 
tubes and do not retain a memory. Due to their pliability, a 
stylet may have to be used to stiffen the catheter during 

 intubation. They are the safest material and conform to the 
tracheal lumen. Their cost limits their usefulness.

 Laser Resistant Tubes
 5 Red rubber tubes work well with CO2 lasers and KTP 

lasers—commercially available from Sheridian.
 5 Silicone-based tubes can be wrapped with aluminum 

and work well with CO2 and KTP lasers. The cuff is 
pre-dyed with methylene blue and is available commer-
cially from Xomed Laser shield II.

 5 Stainless steel spiral ETTs work well with CO2 and KTP 
lasers. A tube with a double-cuff design, which would 
allow for inflation of the second cuff should the laser 
damage the first, is available from Mallinkrodt Laser Flex.

 5 Soft white rubber tubes wrapped in copper foil works 
with Argon, Nd/YAG, and CO2 lasers. A double cuff 
design is also commercially available.

 Cuff Design (High vs. Low Volume/Pressure, 
Cuffed Vs Uncuffed, Cuff Shape)
Endotracheal tubes may be cuffed or uncuffed. Uncuffed 
endotracheal tubes are usually used in infants and small chil-
dren as the lumen size would not allow the placement of a 
cuffed ETT. They are available in different sizes and lengths.

Cuffed endotracheal tubes come with either a high-pres-
sure low-volume cuff or a low-pressure high-volume cuff.

 High-Pressure Low-Volume versus 
Low- Pressure High-Volume Cuffs
See . Table 4.3 for differences between a high-pressure low- 
volume and a low-pressure high-volume cuff.

       . Table 4.3 Differences between high-pressure low- volume 
and low-pressure high-volume cuffs

High-pressure low-volume Low-pressure high-volume

Mostly seen with silicone 
tubes

Mostly seen with PVC tubes

When deflated the balloon 
rests flush with the ETT

When deflated, the balloon 
appears crimpled around the 
end of the ETT

When deflated, it does not 
obstruct view of the glottis 
during intubation

As it is more bulky, it might 
obstruct view when the 
mouth is narrow

Area of contact with the 
trachea is small

Area of contact with trachea 
is large

More commonly associated 
with tracheitis, pressure necro-
sis, stricture, rupture of the 
trachea

Less common but can occur 
with overinflation of the cuff

May impinge into the lumen 
of the tube if high pressure is 
used to obtain a seal

Not common

PVC polyvinyl chloride, ETT endotracheal tube
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 Specific Tube Types (Wire-Reinforced, Nasal 
and Oral RAE, Microlaryngeal, Supraglottic 
Secretion Suctioning, Other)
ETT may also be reinforced and these are usually used in 
head and neck and neuroanesthesia as well in long cases. They 
are usually made of silicone and need a stylet for intubation.

The oral and nasal RAE tubes are PVC tubes and are used 
in ENT procedures; they have the added advantage that they 
are preformed to facilitate getting them out of the way of the 
surgical procedure. The oral RAE is usually directed down-
ward to tape to the chin while the nasal is directed to the 
forehead of the patient. They are marked to indicate the 
depth to which they have been placed in the trachea.

4.2.13  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. The muscles that serve as elevators of the larynx 

include all of the following except:
 A. Thyrohyoid
 B. Stylohyoid
 C. Sternothyroid.
 D. Digastric
 E. Stylopharyngeus

 2. All the intrinsic laryngeal muscles, except the 
cricothyroid muscle, are supplied by the recurrent 
laryngeal nerve. The latter is supplied by the by the 
external branch of the superior laryngeal nerve.
 A. Posterior cricoarytenoid
 B. Lateral cricoarytenoid
 C. Arytenoids (transverse and oblique)
 D. Thyroarytenoid
 E. Cricothyroid

 3. Comparing infant (<1 year) and adult (>8 year) 
airways:
 A. The angle between trachea and right bronchus is 

smaller in infants.
 B. The narrowest position of the airway is glottis in 

infants and cricoid cartilage in adults.
 C. Only adults have a prominent protrusion of the 

corniculate and cuneiform tubercles into the 
laryngeal aditus.

 D. The angle between trachea and left bronchus 
remains unchanged.

 4. Independent risk factors for difficult mask 
ventilation include all of the following, EXCEPT
 A. Sleep apnea
 B. Limited mandibular protrusion
 C. Body mass index <21 kg/m2
 D. Facial hair
 E. Age >55 years

 5. The test that is the best indicator of a difficult 
intubation in a patient is:
 A. Obesity
 B. Mallampati score

 C. Neck circumference
 D. History of OSA
 E. History of snoring

 6. A patient with bilateral superior laryngeal nerve 
palsy will present with
 A. Inspiratory stridor
 B. Expiratory stridor
 C. Complete airway obstruction
 D. Hoarseness of voice
 E. It will not affect the function of the vocal cords as 

it has no motor fibers
 7. You have decided to undertake a cricothrotomy in a 

40-year-old patient who cannot be intubated and 
cannot be ventilated. What is the largest size of 
tracheostomy tube that can be inserted through the 
cricothyroid membrane?
 A. Size 7.0
 B. Size 6.0.
 C. Size 5.0.
 D. Size 4.0.
 E. Size 3.0

 8. Contraindications for transtracheal jet ventilation 
include all of the following except:
 A. Complete obstruction to the normal egress of air
 B. Increased cheat wall compliance
 C. Presence of pulmonary bullae
 D. Subcutaneous emphysema in the neck
 E. Local infiltration of tumor

 9. Indications for the use of a double lumen 
endotracheal tube include all except
 A. Bronchopleural fistula
 B. Disruption of the main or major bronchi
 C. Prevent contamination of the lung from the 

contralateral side
 D. Esophageal surgery
 E. Lung lavage

 10. Advantages of a bronchial blocker as compared to a 
double lumen tube include:
 A. Minimal displacement of the blocker once 

positioned
 B. Useful in patients with a tracheostomy stoma
 C. Rapid lung deflation following isolation
 D. Ease in clearing secretions from the isolated lung
 E. Lower incidence of mucosal ischemia and 

damaged

 v Answers
 1. C. The sternothyroid is a part of the infrahyoid group 

of muscles and acts as a depressor of the larynx. All 
the other muscles are elevators.

 2. E. The larynx is supplied by the recurrent laryngeal 
nerves and the internal and external branches of the 
superior laryngeal nerves. All the intrinsic muscles of 
the larynx except the cricothyroid muscle is supplied 
by the recurrent laryngeal nerve. The external branch 
of the superior laryngeal nerve supplies motor 
innervation to the cricothyroid muscle.
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 3. D. The angle between the trachea and the left 
bronchus is the same in infants as compared to 
adults. It usually measures about 45°. The right main 
stem bronchus tends to become shallower as the 
child ages.

 4. C. Risk factors for difficult mask ventilation include 
older age greater than 55 years, body mass index 
greater than 30 kg/m2, facial hair, limited mandibular 
protrusion, abnormal neck anatomy, sleep apnea, 
and a history of snoring.

 5. C. The neck circumference was identified as a better 
predictor of difficult intubation in obese patients 
rather than the degree of obesity nor the presence of 
OSA.

 6. D. The superior laryngeal nerve innervates the 
tensor of the vocal cord and its damage can lead to 
change in voice. The hoarseness might improve 
with time due to compensation from the other side. 
The cords may appear wavy on endoscopy. With 
total bilateral paralysis of the superior laryngeal 
nerves the vocal cords are relaxed, abducted, and 
appear wavy (cadaveric position). On 
administration of muscle relaxants, a similar picture 
may be seen.

 7. B. Size 6.0. The cricothyroid membrane’s width 
varies between 22–33 mm in adults and the height 
between 9–10 mm. Hence it would be difficult to 
pass a tracheostomy tube that measures greater 
the 9 mm (outer diameter). The outer diameter of a 
size 6 tracheostomy tube measures 8.3 mm. 
Therefore, size 6.0 is the largest tracheostomy tube 
that can be used for a surgical cricothyroidotomy in 
adult.

 8. B. Decreased chest wall compliance is a contrain-
dication.

 9. D. Indications for a double lumen tube include:
5 Isolation of lungs to prevent contamination from 

the contralateral lung
5 Facilitate ventilation and/or limit ventilation-

perfusion mismatch
5 Facilitate surgical exposure

5 Thoracic aortic aneurysm
5 Pneumonectomy
5 Thoracoscopy
5 Upper lobectomy

Relative indications include:
5 To facilitate surgical exposure

5 Lung resections involving the middle and 
lower lobes

5 Segmental lung resections
5 Esophageal resection
5 Procedures on the thoracic spine

5 Lung trauma
5 Pulmonary edema after cardiopulmonary bypass
5 Preferential ventilation of 1 lung due to presence 

of unilateral lung disease

 10. B. Disadvantages as compared to a double lumen 
tube:
5 Slow lung deflation following isolation
5 Slow lung inflation
5 Inability to maintain toilet or suctioning out 

secretions
5 Displacement of the blocker during positioning
5 Higher incidence of mucosal ischemia and 

damage due to low-volume high-pressure cuffs
5 Difficulty in management of desaturation
5 Inability to administer CPAP
5 Cumbersome to deflate and reinflate in case it 

becomes necessary.

They are indicated in patients with a tracheostomy 
tube in whom a double lumen tube cannot be 
placed in position.
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5

Key Points
 5 The role of biological membrane includes encasing 

the aqueous compartment of the cell from its sur-
roundings, housing membrane-bound proteins, and 
an important role in signal transduction pathways. 
Transporter- membrane proteins control the influx 
of essential nutrients and ions and the efflux of cel-
lular waste, environmental toxins, drugs, and other 
xenobiotics.

 5 Nervous tissues are composed of specialized cells 
called neurons whose major function is to receive, 
integrate, and transmit information to other cells. 
Signals are propagated electrically along the axon 
of the neuron, which terminates on the next cell at 
synapse.

 5 The contractile apparatus of muscle tissues are 
made of thick filaments containing mainly myosin 
and thin filaments containing mainly actin arranged 
into an intercrossing array called sarcomeres. Con-
traction is due to the cyclic interaction between 
the 2 myofilaments coupled with the hydrolysis of 
adenosine triphosphate (ATP).

 5 Most drugs are weak acids or bases and exist in 
equilibrium between the ionized and non-ionized 
forms in the body, which in turn depends on the 
drug pKa. Non-ionized forms are usually more lipid 
soluble and diffuse readily across the cell membrane 
to their target site.

 5 Absorption of a drug depends on the route of 
administration, the physical characteristic of the 
drug, the dose, and the site of absorption. Bioavail-
ability is the fraction of the administered drug that 
is present in the systemic circulation.

 5 Well-perfused organs receiving a high fraction of 
the cardiac output receive comparatively higher 
amounts of the drug early after drug administration. 
These vessel rich tissue groups reach equilibrium 
quickly relative to blood concentration. Less well-
perfused groups such as muscle, fat, and skin may 
require hours before the drug reaches equilibrium 
with the blood concentration.

 5 Volume of distribution is the theoretical volume that 
the drug has distributed in the body. It can be cal-
culated by dividing the bolus dose by the measured 
blood concentration after a defined period of time.

 5 Important parameters of the dose response curve 
are the EC 50 (concentration of the drug that 
achieves 50% of the maximum response) and Emax 
(maximum value of the body’s response to the 
drug).

 5 Several metabolic enzymes were found to be due to 
monogenic phenotypic variations, and thereby can 
be referenced according to their phenotype traits 
such as fast vs. slow metabolizer.

5.1  Introduction

Medicine is intimately associated with a thorough under-
standing of clinical pharmacology. Many drugs have been 
discovered by observing natural materials—for example, 
plants—and their effects on animals. The physical effect of a 
drug, either positive or negative, can be observed without the 
knowledge of its mechanism of action. Modern drug discov-
ery takes a different approach. Starting with a hypothesis that 
a certain protein is implicated in a disease, small molecules 
are screened for targeting the protein for the therapeutic 
effect; these are ultimately tested for a desired effect in basic 
science and clinical trials. The study of the interaction of the 
drug with the physiology of the body is the basis of clinical 
pharmacology [1, 2].

5.2  General Concepts

We need to understand following basic anatomy and physiol-
ogy concepts at the cellular level where most drugs exert 
their effects [3–5].

5.2.1  Lipid Bilayer and Membrane

Biological cells are surrounded by a lipid bilayer usually com-
posed of an amiphilic phospholipid bilayer with hydrophilic 
phospholipid head and hydrophobic fatty acid tail [6, 7]. The 
role of the biological membrane includes encasing the aque-
ous compartment of the cell from its surroundings, housing 
membrane bound proteins, as well as playing an important 
role in signal transduction pathways. Movement of polar 
compounds (drugs) across the membrane requires transport 
proteins (. Fig. 5.1). Some transport proteins merely facilitate 
passive diffusion down a concentration gradient, while oth-
ers transport chemicals against an electrochemical gradient, 
requiring metabolic energy.

5.2.2  Nervous Tissue

There are 3 major nervous systems in the body: the central 
nervous system, the peripheral nervous system, and auto-
nomic nervous system. Nervous tissues are composed of spe-
cialized cells called neurons whose major function is to 
receive, integrate, and transmit information to other cells. 
Signals are propagated electrically along the axon of the neu-
ron, which terminates on the next cell at synapse. Like other 
cells in the body, the membrane potential of neurons is pri-
marily due to the function of Na+/K+ ATPase.

The resting membrane potential (normally −60 to 
−90 mV in unstimulated neurons) is determined by Na+/K+ 
ATPase and the membrane permeability. Na+/K+ ATPase 
actively pumps Na + out of the cell in exchange for K+. And 
the cell membrane is practically impermeable to Na + but K+ 
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leak channels allows the transport of K+ out of the cell until 
an equilibrium is reached between the balance of electro-
chemical gradient. In addition, neurons are highly special-
ized cells that are able to use rapid changes in membrane 
potential in order to generate electrical signals, mainly action 
potentials. This is accomplished by ligand-gated or voltage-
gated ion channels that allow the passage of Na+, K+, Ca2+, 
and Cl- in response to electrical or chemical stimuli.

5.2.3  Muscle Tissue

Muscle tissues are composed of cells that are able to contract 
and shorten with the supply of ATP. Classic teaching divides 
muscle tissues into skeletal, cardiac, and smooth muscles. 
The contractile apparatus of muscle tissues are made of thick 
filaments containing mainly myosin and thin filaments con-
taining mainly actin arranged into an intercrossing array 
called sacromeres. Contraction is due to the cyclic interac-
tion between the 2 myofilaments coupled with the hydrolysis 
of ATP. The shortening of sacromere is made possible by the 
relative movement of the myosin head along the actin fila-
ment.

Specialized synapses called neuromuscular junctions 
couple motor nerve impulses to muscle contractions by the 
action of Ca2+ ion on the troponin regulatory complex. 
Nerve impulses arriving at the junction cause the depolariza-
tion of myofilament resulting in the release of Ca2+ ion 
stored in sacroplasmic reticulum. Binding of Ca2+ to tropo-
nin allows the cross bridge formation between the myosin 

and actin filaments. Relaxation occurs when Ca2+ is pumped 
back into the sarcoplasmic reticulum.

5.2.4  Lipid Solubility

The lipid solubility can be defined as the relative partition of 
the substance between oil and water. The tissue distribution 
of the drug is determined by the partition of the drug between 
the blood and various tissues. The higher the lipid solubility 
of the substance, the easier it crosses the membrane bilayer 
and to reach the target tissue. Most drugs are weak acids or 
bases and exist in equilibrium between the ionized and non- 
ionized forms in the body, which in turn depends on the 
drug pKa. pKa is the pH at which the amount of the sub-
stance in non-ionized form equals that of the ionized form. 
Non-ionized forms are usually more lipid soluble and diffuse 
readily across the cell membrane to their target site.

 Ionization
Most drugs exist in both nonionized and ionized forms in the 
body. The nonionzied (uncharged) form crosses the mem-
brane easier compared to the ionized form. Flux across the 
membrane bilayer depends on the pKa of the drug and the 
pH gradient across the membrane.

 Ion Trapping
Ion trapping is the accumulation of a drug across the mem-
brane due to the pKa of the drug and the difference in pH 
across the membrane. For example, local anesthetics are 

       . Fig. 5.1 Roles of membrane transporters in pharmacokinetic 
pathways. Membrane transporters (T) play important roles in pharma-
cokinetic pathways (drug absorption, distribution, metabolism, and 

excretion), thereby setting systemic drug levels. Drug levels often drive 
therapeutic and adverse drug effects
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weak bases; they are able to cross the placental membrane in 
the non-ionized or basic forms. Once crossing the placenta, 
the increased acidity of the fetal circulation favors the ioniza-
tion of the local anesthetic into the acidic form. The ionized 
(acidic) form of the drug does not easily cross the placental 
membrane back to the maternal circulation, resulting in the 
“trapping” of local anesthetic in the fetus.

5.2.5  Water Solubility

The absorption, distribution, and elimination of the drug 
depend on its relative water solubility. The water soluble sub-
stances do not readily diffuse through the membrane bilayer 
and require the facilitation of specific membrane transporter 
proteins. Oral absorption favors the non-ionized and more 
lipid soluble form of the drug, while excretory organs favor 
the elimination of more polar compounds.

5.2.6  Transporter: Membrane Proteins

Transporter-membrane proteins control the influx of essen-
tial nutrients and ions and the efflux of cellular waste, envi-
ronmental toxins, drugs, and other xenobiotics. The functions 
of membrane transporters may be facilitated (equilibrative, 
not requiring energy) or active (requiring energy). The active 
transport is of 2 types. Primary active transport is driven by 
ATP hydrolysis or electron transfer reaction. Secondary 
active transport is driven by coupled flow of 2 distinct sol-
utes, in which one solute flows down its electrochemical gra-
dient while pulling the other up against its gradient.

5.3  Pharmacokinetics

Pharmacokinetics are essentially what the body does to the 
drug. All drugs, as foreign substances, go through the pro-
cesses of absorption, distribution, metabolism, and elimina-
tion in the body. The route of administration can influence 
this multi-step process.

5.3.1  Absorption

The absorption is the process by which the drug moves from 
the site of administration to the blood stream. Absorption 
depends on the route of administration, the physical charac-
teristic of the drug, the dose, and the site of absorption. 
Bioavailability is the fraction of the administered drug that is 
present in the systemic circulation.

 Route of Administration
Drugs can be administered via various routes: oral, sub-
lingual, inhalational, rectal, transdermal, transmucosal, 
subcutaneous, intramuscular, and intravenous. Oral admin-
istration is most common, and is cheap, easy, and relatively 

safe. The absorption from the gastrointestinal (GI) tract is 
determined by surface area, blood flow, and the concentra-
tion and the physical characteristic of the drug. Nonionized 
(uncharged) forms of the drug are more readily absorbed 
than ionized (charged) forms. Most absorption occurs in 
the smaller intestine compared to the stomach due to the 
extremely large surface area provided by the villi and the 
longer transit duration. Accordingly, factors that acceler-
ate gastric emptying will speed the rate of drug absorption 
while factors that delays gastric emptying will slow the rate 
of drug absorption.

Drugs follow the venous drainage of the stomach and 
small intestine and are delivered to the liver via the portal 
system. Therefore, bioavailability of orally administered 
drugs is limited to the first pass hepatic metabolism. On the 
other hand, sublingual and transmucosal drug administra-
tion bypass the first pass metabolism because veins of mouth 
and esophagus drain directly into the inferior vena cava. 
Around 50% of rectally administered drugs will bypass the 
liver, potentially increasing the bioavailability compared to 
orally administered drugs. However, administration of drug 
rectally could be erratic and incomplete. In addition, many 
drugs cause irritation to mucosal membrane.

Transdermal absorption depends on the surface area, 
blood flow to the skin, and the lipid solubility of the drug 
because the dermis layer is essentially a lipid barrier. 
Epidermis allows passage of most substances easily. Thus, 
increased absorption through damaged skin, such as from 
burns, could result in toxicity. Similarly, inflammation 
increases cutaneous blood flow and also increases transder-
mal absorption of drugs. Examples of transdermal absorp-
tion of drugs include fentanyl and scopolamine patches.

Parental route of administration includes subcutaneous, 
intramuscular, intravenous, and intra-arterial. Subcutaneous 
and intramuscular absorption depend on the passive diffu-
sion from the drug depot to the plasma. The rate is limited by 
the blood flow and the relative solubility of the drug in the 
interstitial fluid. Bioavailability of intravenous administra-
tion is rapid and complete by bypassing the process of 
absorption. The dose of the drug can be titrated to the 
response of the patient; for example, during the induction of 
anesthesia. The effect of the drug from intravenous adminis-
tration must be monitored as toxicity often occurs with high 
plasma concentration attained in a short duration of time. 
Other than rare intra-arterial administration, all parental 
administration of drugs is subject to first pass metabolism of 
the lung. The lung provides temporary storage for a number 
of substances, filters the particulate substance, and serves as a 
site of elimination for volatile agents.

 Dosage
The drug dosage is based on the patient characteristic and the 
route of administration. In pediatric patients, drugs are 
dosed by the total body weight. In adults, especially with the 
increasing prevalence of obesity, it is sometimes difficult to 
find the optimal dosage of a drug and drugs need to be 
titrated to effect.

 Y. Hu and K. Maheshwari



99 5

Lean body weight (LBW) is calculated according to 
height and weight, while ideal body weight (IBW) is calcu-
lated only according to height [7, 8]:

For men: LBW =  (0.32810 * Weight) + (0.33929 * 
Height) – 29.5336

IBW = 50 kg + 2.3 * (height over 60 in.) [7]
For women: LBW =  (0.29569 * Weight) + (0.41813 * 

Height) – 43.2933
IBW = 45.5 kg + 2.3 * (height over 60 in.) [7]
Obese individuals have increased total body weight and 

lean body weight. However, the ratio of lean body weight to 
total body weight decreases as total body weight increases. 
Dosing drugs according to total body weight risks over dosing, 
while dosing drugs according to lean body weight risks under 
dosing [9]. A highly lipophilic or hydrophilic compound 
needs adjustment in particular due to the change in volume of 
distribution. However, most anesthetic drugs can be dosed by 
lean body weight, except for highly water soluble drugs such 
as neuromuscular blockers, where dosing according to ideal 
body weight might be more appropriate. Drugs such as suc-
cinylcholine should be dosed according to total body weight.

 First Pass Metabolism
The venous drainage of the gastrointestinal system first 
passes the liver through the portal vein system before access-
ing the systemic venous system. Drugs administered by the 
oral route are all subjected to this first pass hepatic metabo-
lism thereby decreasing their bioavailability in the systemic 
circulation.

5.3.2  Distribution

Once a drug is absorbed into the systemic circulation, it is 
distributed throughout the different tissues of the body 
depending on the cardiac output, regional blood flow, capil-
lary permeability, and tissue volume. Well-perfused organs 
receiving a high fraction of the cardiac output (brain, heart, 
kidney, liver) receive a disproportionate amount of the drug 
early after drug administration. These vessel-rich tissue 
groups reach equilibrium quickly. Less well-perfused groups 
such as muscle, fat, and skin may require hours before equili-
bration with the blood concentration. Therefore, they have 
the potential of serving as a large reservoir for the drug after 
prolonged infusion. Tissue distribution of the drug depends 
on the partition between the blood and the specific tissue.

 First Order Kinetics
The clearance of the drug refers to the unit plasma that is 
completely clear of the drug per unit of time. Most drug 
clearance follow a first order kinetics in which a constant 
fraction of the drug is eliminated from the body per unit of 
time. There is an exponential increase in metabolism with 
increase in the dose to maintain constant fraction metabo-
lism (. Fig. 5.2a).

 Zero Order Kinetics
When the elimination mechanism of the drug becomes satu-
rated, clearance kinetics approaches zero order, whereby a 
constant amount of drug is cleared per unit time. Examples 
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       . Fig. 5.2 a First and b zero kinetics of drug clearance
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of drugs that undergo zero order kinetics include ethanol, 
salicylate, and phenytoin. The enzymes involved in the meta-
bolic process are quickly saturated, thus a constant amount of 
drug is eliminated regardless of the plasma concentration 
(. Fig. 5.2b).

 Compartment Model
Volume of distribution is the theoretical volume that the 
drug has distributed in the body. It can be calculated by 
dividing the bolus dose by the measured blood concentration 
after a defined period of time. Most drugs in anesthesia can 
be modeled by a 2-compartment model: a central compart-
ment containing the blood and ultra-rapid equilibrating tis-
sue such as the lung, and a peripheral compartment 
containing other tissues. Some drugs are better modeled by a 
3-compartment model: (1) central, (2) rapid equilibrating 
peripheral (vessel rich tissue groups), and (3) a slow equili-
brating peripheral (vessel poor tissue groups) (. Fig.  5.3). 
When modeled by 2 compartments, the course of the bolused 
drug first goes through a distribution phase in which the 
plasma concentration rapidly decreases due to the diffusion 
of the drug to the peripheral compartment, followed by the 
much slower elimination phase, which consists of metabo-
lism and excretion.

 Half-Life
The elimination half-life is the time required for the plasma 
drug concentration to fall by 50% [10]. Since many drugs 
used in anesthesia are best modeled using a multi- 
compartment model, there will be multiple elimination half- 
lives. Therefore, the half-life of the drug will be context 
dependent (discussed later). The clinical effect of the drug 
cannot be easily predicted using the terminal half-life.

 Protein Binding
Many drugs in the systemic circulation are bound by plasma 
proteins. Albumin is chiefly responsible for binding acid 
drugs while α(alpha)1-acid glycoprotein binds basic drugs. 
Bound and unbound drug molecules exist in almost instant 
equilibrium in the plasma and tissues. Distribution of drug 
molecules obey the law of mass action. If the free drug con-
centration gradient favors that of the tissue, drug moves from 
plasma to the tissue. If a drug is not bound in the plasma but 
highly bound in the tissue, the free drug will move from 
plasma to the tissue. On the other hand, if the drug is highly 
bound in the plasma but the binding site in the tissue is lim-
ited, drug will stay in the plasma. Conditions that decrease 
plasma binding protein such as kidney failure, liver disease, 
chronic congestive heart failure, infection, and malignancies 
will decrease the relative solubility of the drug in the blood, 
thereby increasing tissue uptake.

 Difference Between Bolus and Infusion 
Administration
Emergence is rapid after bolus injection of drug mainly due 
to the process of distribution to the peripheral compartment 
in a matter of minutes. After a prolonged infusion of a drug, 
tissue concentrations of the drug are in equilibrium with 
plasma; the redistribution process then delays the emergence 
after removal of drug infusion due to the drug returning to 
the plasma from the tissue reservoir.

 Context Sensitive Half-Life
This refers to the time required for a 50% decrease in plasma 
concentration after a pseudo-state infusion (. Fig. 5.4). For 
many drugs, half life depends on the length of the infusion; 
i.e., context.

Bolus

V1: Central
compartment: blood,

heart, lungs.

K12

V2: Rapid equilibrating
peripheral compartment:

liver, kidney, brain, etc.

V3: Slow equilibrating
peripheral compartment:
fat, muscle, tendon, etc.

K21 K23

K32

       . Fig. 5.3 Three-compartment 
model: central compartment, 
rapid equilibrating peripheral 
compartment (vessel rich), and 
slow equilibrating compartment 
(vessel poor). Two-compartment 
model: central compartment, 
peripheral compartment
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5.3.3  Metabolism

Metabolism is the process in which the drug is altered in the 
body. Enzymes responsible for the majority of the drug bio-
transformation are located in the liver. Other tissues that play 
a role in drug metabolism include the gastrointestinal tract, 
the kidney, and the lung.

 Phase 1
Usually functionalization reactions expose a functional 
group in the drug such as oxidation, reduction, or hydroly-
sis. This generally results in the loss of pharmacological 
activity of the drug. Oxidation refers to the loss of electrons, 
loss of hydrogen, or gain of an oxygen atom thereby increas-
ing the chemical’s oxidation state. Reduction refers to the 
gain of electrons, gain of hydrogen, or loss of oxygen atom 
thereby decreasing the chemical’s oxidation state. Hydrolysis 
refers to the breaking of a covalent bond using a molecule 
of water.

 Phase 2
Usually biosynthetic or conjugation reactions lead to the for-
mation of a covalent bond between the parent drug com-
pound or the phase 1 metabolite with endogenous polar 
groups such as glucuronic acid, sulfate, glutathione, amino 
acid or acetate and thereby increase the water solubility of the 
compound resulting in rapid elimination in the urine or 
feces.

5.3.4  Excretion

About 25–50% of drugs are eliminated unchanged in the 
body; the rest undergo some process of metabolism. Opposite 
from absorption that favors lipophilic substances, the process 
of elimination favors polar compounds.

 Renal Clearance
Renal clearance is the most important process by which 
drugs are eliminated from the body. Three important pro-
cesses involved are glomerular filtration, active tubular secre-
tion, and passive tubular reabsorption. Glomerular filtration 
of the drug to tubular fluid depends on the glomerular filtra-
tion rate (GFR) and amount of protein binding as only the 
free drug molecules are filtered. Apical cell membrane in the 
proximal tubule host transporters that actively secrete conju-
gated drug metabolites to the tubular fluid. The majority of 
tubular reabsorption is through diffusion of the non-ionized 
form of the drug metabolites and therefore depends on the 
pH gradient between the tubular urine and the plasma.

 Hepatic Clearance
Hepatic clearance and biliary excretion depend on the trans-
porter proteins on the canalicular membrane of hepatocytes. 
Drugs and metabolites are excreted into the gastrointestinal 
tract to be eliminated with feces. Enterohepatic recycling may 
occur as the drug metabolite is reabsorbed into the systemic 
circulation by the intestine. Such a process can increased the 
toxicity of the drug if it is not eliminated by other means.

5.4  Pharmacodynamics

Pharmacodynamics is defined as the action of the drug on 
the body. Major concepts include potency, efficacy, and ther-
apeutic window.

5.4.1  Dose Response Curves

As the body is exposed to increasing amounts of the drug, as 
more drugs are available to exert an effect on the specific 
receptors, the response of the body to the drug similarly 
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       . Fig. 5.4 Context sensitive 
half-life of common anesthetic 
agents (Reprinted with permis-
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increases, usually up to a maximum value. The typical rela-
tionship between the dose and response can be easily dem-
onstrated graphically by plotting dose or exposure as the 
independent variable and the response or effect as the 
dependent variable. This is the fundamental concept of the 
receptor pharmacology. Two important parameters of the 
dose response curve are the EC50 (concentration of the 
drug that achieves 50% of the maximum response) and 
Emax (maximum value of body’s response to the drug) 
(. Fig. 5.5).

5.4.2  Potency

Potency is the amount of drug required to achieve a certain 
response in the body. A less amount of highly potent drug 
will be required to achieve the maximum response compared 
to drugs of low potency. Highly potent drugs have low EC50 
on the dose response curve while non-potent drugs will have 
high EC50.

5.4.3  Efficacy

Efficacy refers to the capacity of the drug to generate the 
therapeutic effect regardless of the amount required. 
Drugs with high efficacy have a high Emax and generate 
greater response in the body while drugs with low efficacy 
have low Emax. For non-efficacious drugs, Emax will 
equal E0.

5.4.4  Therapeutic Window

The response to a particular drug has great inter-individual 
variability. Clinical trial data of efficacy and toxicity of all 
drugs must be taken into account for the variability of the 
pharmacodynamic response in the population. The median 
effective dose (ED50) is the dose of the drug required to pro-
duce a specified effect in 50% of the population based on 
clinical trial data. The median lethal dose (LD50) is the dose 
required to cause death in 50% of animals based on pre- 
clinical data. The therapeutic index is defined as the ratio of 
LD50 and ED50 (. Fig. 5.6). The therapeutic window is the 
theoretical steady state concentration that provides thera-
peutic efficacy with minimal toxicity.
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5.4.5  Drug Interactions

Patients are often treated with more than 1 drug, herbal sub-
stance, or over-the-counter medications. As a result, the 
absorption and excretion of the drug are frequently affected 
by the presence of other drugs. Pharmacodynamics interac-
tion occurs when drugs are competing for the same target 
receptor, or when 2 drugs with similar therapeutic effect act 
through different cellular mechanisms. Drugs may increase 
or decrease the absorption of another drug from the intesti-
nal lumen by changing the gastrointestinal pH or altering 
other aspects of the environment. Different drugs are often 
competing for the same plasma protein for binding, thereby, 
one drug can alter the free concentration of the other drug 
increasing its potency. A drug can frequently influence the 
metabolism of another drug by competing for the same liver 
metabolic enzyme or inducing the expression of the meta-
bolic enzyme.

When 2 drugs are taken together, the result could be 
additive in which the net effect is the sum of individual drug 
effects (1 + 1 = 2). Thiazide and beta blockers have additive 
anti- hypertensive effects. On the other hand, the result of the 
2 drugs could be synergistic in which the net effect is greater 
than expected from the sum of the individual drug effects 
(1 + 1 > 2). An example is the synergistic antimicrobial effect 
when combining β(beta) lactam and aminoglycosides. 
Potentiation refers to one drug with little effect on its own but 
able to increase the effect of other drugs (1 + 0 > 2). An exam-
ple is the levodopa and carbidopa combination in treatment 
of Parkinson’s disease. Lastly, 2 drugs could show an antago-
nism effect in which one drug inhibits the effect of another 
(1 + 1 < 1), such as concomitant administration of warfarin 
and high vitamin K food.

5.5  Special Populations

Response of the body to the drug has great individual vari-
ability and it varies with the age, sex, race, and different dis-
ease states.

5.5.1  Elderly

Aging produces both pharmacokinetic and pharmacody-
namic changes. Muscle mass progressively decreases with 
aging along with an increase in body fat content resulting in 
decreased total body water. This reduces the volume of distri-
bution of water-soluble drugs while increasing the volume of 
distribution of lipid-soluble drugs. Renal function decreases 
with age resulting in the decline of the kidney’s ability to 
excrete drugs. Liver mass and blood flow decreases with age, 
thus, the rate of biotransformation of drugs also decline. 
Distribution and elimination are also affected by protein 
binding. Albumin typically decreases with age while 
α(alpha)1-acidic glycoprotein increases.

5.5.2  Pregnant

Pregnancy induces major physiological changes in females 
including increased cardiac output, increased oxygen con-
sumption, increased tidal volume, respiratory rate, increased 
blood volume, vasodilatation, and increased GFR. The mini-
mal alveolar concentration is significantly decreased as much 
as 40% during pregnancy for all general inhalational anes-
thetic agents and returns to normal on the third day after 
delivery. This change is likely to be partially due to the 
increase in progesterone level and level of endogenous opi-
oids. Pregnancy also increases the sensitivity to local anes-
thetics such that the doses requirement during epidural 
anesthesia decreases by as much as 30%. This is mediated by 
hormonal change, decrease in alpha 1-acidic glycoprotein 
that binds basic local anesthetics resulting in an increase in 
unbound fraction, as well as the engorgement of epidural 
venous plexus as a result of the increase in blood volume and 
the obstruction of the inferior vena cava (IVC) for the enlarg-
ing uterus during pregnancy.

5.5.3  Pediatrics

Neonates and infants have different physiological character-
istics compared to adults. The cardiac output of an infant is 
heart-rate dependent due to a relatively non-compliant left 
ventricle. Infants have increased heart rate, respiratory rate, 
metabolic rate, and increased total body water content. Thus 
the volume of distribution of water-soluble drugs increase. 
Pediatric patients have decreased plasma protein available 
for drug binding. An increased amount of free drug increases 
the potency and reduces the dose required. Neonates and 
infants have decreased GFR, immature hepatic enzyme sys-
tem, low hepatic blood flow and renal tubular function. 
These factors impair the ability of the body to metabolize and 
excrete many drugs.

5.6  Pharmacogenomics

Pharmacogenomics is the study of the genetic variation in 
humans that results in different responses to drugs. It is now 
understood that the individual’s response to a drug is a complex 
interplay between the genetic makeup and the environment.

Genetic polymorphism is the variation in the DNA 
sequence that occurs at a locus. The most common genetic 
polymorphism in humans is single nucleotide polymorphism 
(SNP), which are single nucleotide substitutions occurring at 
frequencies >1% in the population. Substitution in the cod-
ing region could result in a change in amino acid and change 
the structure, stability, and substrate affinity of the protein. 
SNPs in a non-coding region could result in changes in pro-
moter, intron, or regulatory region that results in differences 
in transcription factor binding, expression, or splicing of 
the gene. All those mechanisms are implicated in common 
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pharmacogenetic polymorphisms. A genetic variability that 
encodes the determinants of the pharmacokinetics of the 
drug, especially the metabolic enzymes and transporters, 
greatly affects its therapeutic effect and toxicity. Several meta-
bolic enzymes were found to be due to monogenic phenotypic 
variations, and thereby can be referenced according to their 
phenotype traits, such as fast vs. slow metabolizer. Codeine is 
a pro-drug and metabolized to morphine in the liver by cyto-
chrome P450 enzyme CYP2D6. Multiple alleles exist for the 
gene coding CYP2D6 enzyme. Ultra-rapid metabolizers are 
at risk from adverse effects from morphine such as respira-
tory depression, while slow metabolizers experience limited 
analgesic effects. Genes that encode the target receptor of the 
drug have important roles. While some genetic variabilities 
are implicated in a disease process, others’ more subtle vari-
abilities may confer a difference in drug response.

5.7  Conclusion

As technology in biomedical research advances, an increas-
ing number of drugs targeting new and old cellular processes 
are introduced in clinical practice. A thorough understand-
ing of the pharmacokinetic (absorption, distribution, metab-
olism, and elimination) and pharmacodynamic (site of 
target, affinity, and selectivity) properties of a drug is a must 
for its appropriate use in research and clinical practice.

5.8  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. In normal cellular physiology, there is:

 A. high intracellular sodium concentration
 B. high intracellular potassium concentration
 C. high intracellular sodium and potassium concen-

tration
 D. high extracellular sodium and potassium concen-

tration
 E. high cytoplasmic calcium concentration

 2. Relaxation of muscle is achieved by:
 A. hydrolysis of ATP by myosin head
 B. cross bridge formation of myosin head with actin 

filament
 C. entry of calcium ion into the cytoplasm
 D. binding of calcium ion to troponin
 E. pumping of calcium into the sacroplasmic 

reticulum
 3. A drug that is a weak acid with a pKa of 6.5 in an 

environment with pH of 5.5 will exist mainly in (1) 
acid form, (2) base form, (3) ionized form, (4) nonion-
ized form:
 A. 1
 B. 2
 C. 1 and 3
 D. 1 and 4
 E. 2 and 3

 4. After oral administration of the drug, absorption is 
the greatest in
 A. the esophagus because it bypasses the portal 

venous system
 B. the stomach because the acidic environment 

favors absorption of nonionized form
 C. the stomach because of the slower transit time
 D. the small intestine because of the basic environ-

ment favors absorption of nonionized form
 E. the small intestine because of the abundance of 

surface area and blood vessels
 5. After one intravenous bolus, which of the following 

organs would receive the drug slowest?
 A. muscle
 B. fat
 C. liver
 D. kidney
 E. heart

 6. Emergence from a single bolus of medication mainly 
depends on:
 A. hepatic metabolism
 B. renal metabolism
 C. renal clearance
 D. redistribution from vessel rich to vessel poor tis-

sue groups
 E. redistribution from vessel poor to vessel rich 

tissue groups
 7. Which of the following routes of administration has 

the highest hepatic first pass effect:
 A. oral
 B. sublingal
 C. rectal
 D. transdermal
 E. buccal

 8. Which of the following routes of administration 
bypasses the first pass metabolism of the lung:
 A. transdermal
 B. rectal
 C. oral
 D. intravenous
 E. intra-arterial

 9. In patients with hepatic failure, which of the follow-
ing is incorrect?
 A. increased volume of distribution of water soluble 

drugs
 B. decreased possibility of tissue toxicity
 C. decreased plasma protein binding
 D. decreased hepatic metabolism
 E. decreased hepatic first pass effect

 10. The main rationale for using sodium bicarbonate to 
treat aspirin overdose is:
 A. to neutralize the salicylic acid in blood and 

thereby keeping a normal plasma pH
 B. to facilitate the binding of salicylic acid to plasma 

proteins
 C. to alkalinize the urine thereby favoring the ion-

ized form of salicylic acid in the urine
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 D. to alkalinize the urine thereby preventing the 
acidic form of salicylic acid from entering back 
into the plasma

 E. to promote the reduction of salicylic acid by 
creating a favorable basic chemical environment

 11. EC50 mainly reflects a drug’s:
 A. efficacy
 B. potency
 C. tolerance
 D. safety
 E. rate of elimination

 12. A competitive antagonist would shift the dose 
response curve:
 A. to the left
 B. to the right
 C. upward
 D. downward
 E. down and to the right

 13. Partial agonist, compared to full agonist, would shift 
the dose response curve:
 A. to the left
 B. to the right
 C. upward
 D. downward
 E. downward and to the right

 14. Compared to healthy adults, pregnant women have:
 A. increased cardiac output
 B. increased glomerular filtration rate (GFR)
 C. increased minimal alveolar concentration
 D. A and B
 E. A, B and C

 15. Compared to healthy adults, pediatric population 
has:
 A. increased volume of distribution for water solu-

ble drugs per weight
 B. increased renal clearance of water soluble drugs 

per weight
 C. increased plasma protein binding of water solu-

ble drugs
 D. A and B
 E. A, B, and C

 v Answers
 1. B. In normal cellular physiology, there is high 

intracellular potassium concentration. The rest-
ing membrane potential (normally −60 to −90 mV 
in unstimulated neurons) is determined by Na+/
K+ ATPase and the membrane permeability. Na+/
K+ ATPase actively pumps Na + out of the cell in 
exchange for K+. And the cell membrane is practi-
cally impermeable to Na+, but K+ leak channels 
allows the transport of K+ out of the cell until an 
equilibrium is reached between the balance of elec-
trochemical gradient.

 2. E. Specialized synapses called neuromuscular junc-
tions couple motor nerve impulses to muscle con-
tractions by the action of Ca2+ ion on the troponin 

regulatory complex. Nerve impulses arriving at 
the junction cause the depolarization of myofila-
ment resulting in the release of Ca2+ ion stored in 
sacroplasmic reticulum. Binding of Ca2+ to troponin 
allows the cross bridge formation between the myo-
sin and actin filaments. Relaxation occurs when Ca2+ 
is pumped back into the sarcoplasmic reticulum.

 3. D. A drug that is a weak acid with a pKa of 6.5 in an 
environment with pH of 5.5 will exist mainly in acid 
and nonionized forms.

 4. E. After oral administration of a drug, absorption is 
the greatest in the small intestine because of the 
abundance of surface area and blood vessels.

 5. B. Well-perfused organs receiving a high fraction 
of the cardiac output receive comparatively higher 
amounts of the drug early after drug administration. 
These vessel rich tissue groups reach equilibrium 
quickly relative to blood concentration. Less well-
perfused groups such as muscle, fat, and skin may 
require hours before the drug reaches equilibrium 
with the blood concentration.

 6. D. Emergence from a single bolus of medication 
mainly depends on redistribution from vessel rich to 
vessel poor tissue groups. Emergence is rapid after 
bolus injection of drug mainly due to the process 
of distribution to the peripheral compartment in a 
matter of minutes. In comparison, after a prolonged 
infusion of a drug, tissue concentrations of the drug 
are in equilibrium with plasma; the redistribution 
process then delays the emergence after removal 
of drug infusion due to the drug returning to the 
plasma from the tissue reservoir.

 7. A. Drugs follow the venous drainage of the stomach 
and small intestine and are delivered to the liver 
via the portal system. Therefore, bioavailability of 
orally administered drugs is limited to the first pass 
hepatic metabolism.

  On the other hand, sublingual and transmucosal 
drug administration bypass the first pass metabo-
lism because veins of mouth and esophagus drain 
directly into the inferior vena cava. Around 50% of 
rectally administered drugs will bypass the liver, 
potentially increasing the bioavailability compared 
to orally administered drugs.

 8. E. Other than rare intra-arterial administration, all 
parental administration of drugs is subject to first 
pass metabolism of the lung. The lung provides tem-
porary storage for a number of substances, filters 
the particulate substance, and serves as a site of 
elimination for volatile agents.

 9. B. In patients with hepatic failure, there is no 
decreased possibility of tissue toxicity. Conditions 
that decrease plasma binding protein such as kid-
ney failure, liver disease, chronic congestive heart 
failure, infection, and malignancies will decrease the 
relative solubility of the drug in the blood, thereby 
increasing tissue uptake.
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 10. C. The main rationale for using sodium bicarbonate 
to treat aspirin overdose is to alkalinize the urine 
thereby favoring the ionized form of salicylic acid in 
the urine.

 11. B. EC50 is the concentration of the drug that 
achieves 50% of the maximum response and mainly 
reflects a drug’s potency. Potency is the amount of 
drug required to achieve a certain response in the 
body. A less amount of highly potent drug will be 
required to achieve the maximum response com-
pared to drugs of low potency.

 12. B. A competitive antagonist would shift the dose 
response curve to the right. Highly potent drugs 
have low EC50 on the dose response curve while 
non-potent drugs will have high EC50.

 13. D. A partial agonist, compared to a full agonist, 
would shift the dose response curve downward.

 14. D. Pregnancy induces major physiological changes 
in females including increased cardiac output and 
increased GFR, as well as increased oxygen con-
sumption, increased tidal volume, respiratory rate, 
increased blood volume, and vasodilatation.

 15. A. Neonates and infants have different physiologi-
cal characteristics compared to adults. The cardiac 
output of an infant is heart-rate dependent due 
to a relatively non-compliant left ventricle. Infants 
have increased heart rate, respiratory rate, meta-
bolic rate, and increased total body water content. 
Thus the volume of distribution of water-soluble 
drugs increase. Pediatric patients have decreased 
plasma protein available for drug binding. An 

increased amount of free drug increases the 
potency and reduces the dose required. Neonates 
and infants have decreased GFR, immature 
hepatic enzyme system, low hepatic blood flow 
and renal tubular function. These factors impair 
the ability of the body to metabolize and excrete 
many drugs.
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Key Points
 1. The action of most intravenous (IV) anesthesia 

induction agents is through their interaction with 
GABAA receptors with the exception of ketamine.

 2. Barbiturates, once the most commonly used IV 
general anesthesia induction agents (especially 
thiopental), are replaced now by propofol. Metho-
hexital still has its place in anesthesia for elec-
troconvulsive therapy (ECT). In 2010, thiopental 
ceased to be offered in the USA.

 3. Etomidate is the drug of choice for induction of 
hemodynamically unstable patients due to its 
lacking of any cardiovascular depressant effect. 
Concerns about its adrenocortical suppression, 
especially in critically ill ventilated patients, stimu-
lated the research for future analogs.

 4. Ketamine has a dual effect: a direct depressant 
effect and an indirect effect that usually takes 
the upper hand resulting in sympathetic outflow, 
except in patients with exhausted sympathetic 
nervous system where the depressant effect is 
unmasked. Still ketamine is a valuable induction 
agent in asthmatic patients.

 5. The most commonly used benzodiazepines in the 
anesthetic practice nowadays are: midazolam, diaz-
epam, and lorazepam. Midazolam is unique in its 
pharmacology due to changes in its imidazole ring 
rendering it more lipid soluble in physiological pH.

 6. Propofol, the most commonly used drug to induce 
general anesthesia, is widely used for sedation 
during surgery/procedures and in the intensive 
care unit (ICU). Propofol infusion syndrome (PRIS) 
is a serious fatal side effect of its prolonged used. 
Unexplained acidosis and elevated triglycerides 
during its usage may be a clue for PRIS.

 7. Fospropofol is metabolized to propofol. It lacks the 
concerns of the parent drug regarding water solu-
bility and its emulsion side effects.

 8. Dexmedetomidine (an α[alpha]2 receptor agonist), 
although not an IV general anesthesia induction 
agent, is a valuable sedative with anesthetic/analge-
sic sparing effect and minimal effect on respiration.

6.1  Introduction

The introduction of intravenous sedative-hypnotics was a 
revolution in the practice of anesthesia and a cornerstone 
was set in the armamentarium of the anesthetic pharmacol-
ogy. Sodium thiopental was introduced by John Lundy and 
Ralph Waters in 1934, followed by the clinical use of benzo-
diazepines in 1960. Ketamine became available in 1969, 
etomidate in 1972, and propofol in 1983. In 1999, dexme-
detomidine was approved by the US Food and Drug 
Administration (FDA) as a valuable addition.

Although sedative-hypnotics belong to different pharma-
cological drug groups and they might work on different 
receptors, they share a common pharmacological effect: 
sedation and hypnosis. The wide use of sedative-hypnotics 
for intravenous induction and maintenance of anesthesia as 
well as sedation highlights the importance of their pharma-
cology.

The ideal intravenous anesthetic:
 5 Water soluble and stable with long shelf-life
 5 Not painful when injected intravenously
 5 Safe if injected intra-arterially and not an irritant if 

injected subcutaneously
 5 Rapid onset of action
 5 Rapid recovery
 5 Analgesic effect
 5 No excitatory phenomena (involuntary movement, 

coughing) on induction
 5 Does not show emergence phenomena
 5 Does not cause nausea and vomiting
 5 Lacks histamine release and allergic reactions
 5 No or minimal cardio-respiratory side effects
 5 Safe in porphyria
 5 Does not cause adrenocortical suppression

Up until our present time, we do not have such an ideal intra-
venous sedative-hypnotic.

6.2  Barbiturates

Before the introduction of propofol, barbiturates were the 
most commonly used anesthetic induction agents.

6.2.1  Chemical Properties

Barbituric acid is the parent compound for barbiturates 
(. Fig. 6.1). Modification of the barbituric acid ring produces 
drugs of different pharmacological action. Only 2 drugs of 
the barbiturates family are used in the current anesthetic 
practice: the first is a thiobarbiturate-thiopental sodium 
(substitution of a sulfur atom at C2 position) and the second 

1
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N

N
H
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H

O

O

       . Fig. 6.1 Barbituric acid ring (Reprinted with permission, Cleve-
land Clinic Center for Medical Art & Photography © 2016. All Rights 
Reserved)
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is an oxybarbiturate-methohexital (substitution of oxygen at 
C2 position) (. Table 6.1).

Both sodium thiopental (. Fig.  6.2) and methohexital 
(. Fig. 6.3) are supplied for clinical use as a racemic mixture, 
prepared as sodium salts.

They are supplied as powder that is reconstituted with 
sterile water or normal saline. The powder is mixed with 6% 
anhydrous sodium carbonate to increase the water solubility.

The recommended solution is 2.5% for sodium thiopen-
tal and 1% for methohexital. These solutions are alkaline; 

pH  10.5 for sodium thiopental and 11 for methohexital. 
They can precipitate if mixed with acidic drugs such as 
rocuronium, atracurium, and vecuronium. It is recom-
mended to flush the intravenous line before the addition of 
an acidic drug.

Sodium thiopental prepared under a sterile hood remains 
sterile and chemically stable for 6 days at room temperature 
and longer if refrigerated. A reliable potency of prepared 
methohexital exists 6 weeks after preparation at room tem-
perature and its pH (10–11) inhibits any bacterial contami-
nation.

6.2.2  Mechanism of Action

Gamma amino butyric acid (GABA) is the most abundant 
inhibitory neurotransmitter in the central nervous system 
(CNS).

GABAA receptors (. Fig. 6.4) are believed to mediate the 
hypnotic effect of most intravenous anesthetics as well as 
depression of the spinal cord reflexes and amnesia.

GABAA is a pentameric transmembrane glycoprotein 
receptor. It is a ligand-gated ion channel; when activated, trans-
membrane chloride conductance increases, hyperpolarizing 

       . Table 6.1 Structure activity relationship

Substitution Effect

Position 5 Aryl or alkyl group Hypnotic and sedative effect

Position 5 Phenyl group Anti-convulsant effect

Position 2 Sulfur Rapid onset of action 
(thiopental)

Position 1 Methyl or ethyl 
group

Rapid onset of action 
(methohexital)

H

N

N
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CH3CH2

CH3CH2CH2CH
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       . Fig. 6.2 Thiopental (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2016. All Rights Reserved)
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       . Fig. 6.3 Methohexital (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2016. All Rights Reserved)
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       . Fig. 6.4 GABAA receptor 
(Reprinted with permission, 
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the postsynaptic cell membrane and inhibits the function of 
the postsynaptic neurone.

Barbiturates act through modulating the action of GABAA 
receptors increasing the sensitivity to GABA.  In high con-
centrations, barbiturates act as a direct agonist on GABAA 
receptors. On the GABAA receptor, barbiturates bind to a 
specific site on the B subunit.

It is believed that barbiturates inhibit neuronal nicotinic 
cholinergic receptors where thiopental acts as a competitive 
inhibitor. The clinical value of this action is unclear.

6.2.3  Pharmacokinetics of Barbiturates

Thiopental is alkaline, pH 10.5, but once it enters the circula-
tion, it is buffered to the physiologic pH.  It is highly lipid- 
soluble and this is the reason for its rapid onset of action that 
is within one circulation time. It is highly bound to albumin 
75–90%. Protein binging is affected by the concentration of 
plasma proteins, displacement by other drugs, and changes 
in the blood pH where alkalemia decreases the protein bind-
ing. Hypoalbuminemia necessitates decreasing the induction 
dose and consequently the pharmacologically active free 
drug.

Redistribution out of the CNS is the main mechanism for 
termination of the anesthetic effect after injection of a single 
bolus dose. It takes 3–4 redistribution half-lives for termina-
tion of effect. The redistribution half-life (t1/2α[alpha]) is 
2–4  min. Termination of the pharmacological effect is pro-
longed when the drug is given in repeated doses or as an infu-
sion.

Subsequent metabolism and elimination is much slower 
with a half-life (t1/2β[beta]) of >10 h. Thiopental is metabo-
lized mainly in the liver. Thiopental undergoes ring desulfu-
ration to pentobarbital that is an active metabolite with a 
longer duration of action and represents around 3.5% of the 
given dose, but this percent can increase with high doses.

Both pentobarbital and thiopental undergo oxidation to 
pharmacologically inactive metabolites. Oxidation is the 
most important pathway for thiopental metabolism. 
Hydroxylation also takes place to inactive metabolites. 
Thiopental inactive metabolites are excreted in urine.

Elderly patients show a slower rate of distribution, which 
warrants adjusting the dose of thiopental. Conversely, recov-
ery time after large or repeated doses is faster in infants than 
adults due to accelerated elimination. Patients with poor car-
diovascular reserve show an exaggerated response to the 
hypotensive effect of thiopental.

Zero order kinetics (a constant fraction of the drug 
regardless of the total dose of the drug) describes the metab-
olism of thiopental after repeated doses or continuous infu-
sion. Chronic administration of barbiturates or other drugs 
that induce the oxidative microsomal enzymes enhances the 
metabolism of barbiturates.

Methohexital is metabolized by the liver to inactive 
hydroxylated metabolites. It has a faster clearance than thio-
pental and accumulates less after prolonged infusions and 

this can be explained by the hepatic extraction ratio of 
methohexital (0.5), which means that the liver extracts 50% 
of the drug reaching it while the hepatic extraction ratio for 
thiopental is 0.15.

6.2.4  Pharmacodynamics of Barbiturates

 Cardiovascular System
Barbiturates cause direct myocardial depression and periph-
eral vasodilatation that is more pronounced on the capaci-
tance vessels. They inhibit the medullary vasomotor center, 
which results in a decrease in the arterial blood pressure that 
is exaggerated with rapid injection, in hypovolemic patients, 
and the elderly. The depressive effect on the sympathetic ner-
vous system is more than that on the parasympathetic, and 
this can result in bradycardia. In fact, tachycardia is more 
observed and attributed to the effect of hypotension on the 
baroreceptors.

The decrease in blood pressure with induction is more 
related to venodilatation than direct myocardial depression.

 Central Nervous System
Barbiturates exert a dose-dependent, progressive depression 
of the central nervous system that involves the spinal reflexes. 
Thiopental suppresses the electroencephalogram (EEG) in a 
progressive fashion to burst suppression and electrical 
silence. Methohexital can increase the seizure activity in epi-
leptic patients, which makes it suitable for induction of anes-
thesia in patients coming for electroconvulsive therapy 
(ECT). Thiopental is an excellent anticonvulsant, it termi-
nates seizure activities fast, but status epilepticus might 
require repeated doses or continuous infusion.

Barbiturates decrease the cerebral metabolic oxygen con-
sumption rate (CMRO2), the cerebral blood flow (CBF), 
cerebral blood volume (CBV), and intracranial pressure 
(ICP). They are potent cerebral vasoconstrictors and might 
have a protective effect against focal ischemia (inverse-steal 
phenomenon).

Thiopental lacks analgesic effect and even has an antanal-
gesic effect in sub-anesthetic doses.

 Respiratory System
Barbiturates are respiratory depressants; they depress the 
medullary respiratory center and decrease the sensitivity to 
hypoxia and hypercapnia. The decrease in minute ventilation 
is mainly due to decrease in tidal volume.

Laryngeal spasm is noticed with barbiturates more than 
other sedative-hypnotics. Histamine release is described with 
thiopental and the increase in bronchial smooth muscle tone 
might be attributed to it.

 Hepato-Renal
There is no significant effect on the hepato-renal function 
with a single induction dose of barbiturates. Barbiturates are 
liver microsomal enzymes inducers and can increase the 
metabolism of other drugs.
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 Effect on Other Organs
Barbiturates have no direct neuromuscular junction effect 
but can decrease the skeletal muscle tone in high doses. 
During methohexital induction, muscle tremors, myoclonus, 
and hiccups are noticed.

Thiopental crosses the placenta and can depress the new-
born and its activity, but it lacks a significant effect on the 
uterus.

Intraocular pressure decreases 25–40% with thiopental.

6.2.5  Uses of Barbiturates

 5 Induction of Anesthesia: A dose of 4–6 mg/kg of thio-
pental induces general anesthesia in 30 s, the dose is 
reduced in the elderly, patients with poor myocardial 
function and hypovolemia, and the rate of injection is 
slowed to avoid an exaggerated hypotensive response. In 
an obese patient, the dose should be calculated on the 
lean body weight. A dose of 1–1.5 mg/kg induces gen-
eral anesthesia with methohexital, accompanied by mild 
pain. Barbiturates are not used in maintenance of anes-
thesia due to prolonged recovery. Barbiturates are used 
to induce barbiturate coma after neurological insults.

 5 Treatment of status epilepticus
 5 Neuroprotection in elevated intracranial pressure and 

with focal ischemia.

6.2.6  Side Effects of Barbiturates

 5 Hypotension
 5 Allergic reactions, true allergic reactions are rare but 

direct histamine release is noticed.
 5 Bronchospasm in asthmatic patients.
 5 Laryngeal spasm.
 5 Local irritation and tissue damage if injected in the sub-

cutaneous tissues.
 5 Intra-arterial injection can precipitate acute ischemia 

because of the severe arterial spasm due to release of 
endogenous vasoconstrictors, precipitation of thiopental 
crystals, intimal damage, and thrombosis.

 5 On the occasion of intra-arterial injection, the catheter 
is left in place, a vasodilator (papaverene) is injected 
through the catheter, and a stellate ganglion block is 
used to promote vasodilatation and start heparin infu-
sion.

 5 Barbiturates can precipitate acute porphyria in patients 
with intermittent or variegate porphyria due to ami-
nolevulinic acid synthetase (ALA-synthetase) induc-
tion with the accumulation of porphobilinogen during 
hemoglobin production. Acute attacks can be fatal. 
Patients present with severe abdominal pain, nausea, 
vomiting, and neurological abnormalities. For this 
reason barbiturates are contraindicated in patients with 
porphyria.

Sodium thiopental production was interrupted in the United 
States in 2010, and due to controversy over its usage in lethal 
injections, the European import was halted.

6.3  Etomidate

Etomidate is a carboxylated imidazole intravenous sedative- 
hypnotic that is available as a single enantiomer, the R(+) 
isomer that is 10–20 times more potent as a hypnotic than 
the S(−) isomer. It is poorly soluble in water with moderate 
lipid solubility. It is prepared as a clear solution in 35% pro-
pylene glycol at a concentration of 2  mg/ml or as a lipid 
emulsion. It has a pH of 6.9 so the concern of precipitation 
with acidic drugs as rocuronium is nonexistant.

6.3.1  Mechanism of Action

Etomidate carries out its action through modulation of the 
GABAA receptors and acting as a GABA agonist.

It shows high selectivity to the receptor with stereo- 
selectivity. It binds to receptors containing β(beta)2 and /or 
β(beta)3 subunits and less to receptors containing β(beta)1 
subunits.

Αlpha2 adrenergic receptor activation is described and it 
may contribute to its hemodynamic effects where activation 
of the vascular smooth muscle α(alpha)-2b receptors causes 
vasoconstriction and hypertension.

6.3.2  Pharmacokinetics

Etomidate is 75–77% bound to albumin. It is metabolized by 
ester hydrolysis to inactive metabolites mainly in the liver. 
Excretion is mainly in urine and to a lesser extent in bile. Its 
elimination half-life is 1–5 h and if given as a continuous infu-
sion its context-sensitive half time is shorter than propofol.

6.3.3  Pharmacodynamics

 Cardiovascular System
The superiority of etomidate among intravenous induction 
anesthetics arises from its stable hemodynamic profile that 
results in minimal or no change in preload, heart rate, and 
myocardial contractility.

 Central Nervous System
Etomidate has a rapid onset of unconsciousness and a short 
duration of action (2–4  min after an induction dose). It 
decreases the CMRO2, decreasing CBF and the ICP. Etomidate 
maintains or even increases the cerebral perfusion pressure 
(CPP) and it is a potent cerebral vasoconstrictor.

When used for induction of general anesthesia in electro-
convulsive therapy (ECT), the seizure activity is longer than 
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that achieved with methohexital. It may increase the EEG 
activity in epileptogenic foci but it still has an anti-convulsive 
effect.

Compared to propofol and barbiturates, it has less effect 
on the motor-evoked potentials.

 Respiratory System
Etomidate has a minimal depressant effect on respiration but 
this can be pronounced if combined with other respiratory 
depressants as opioids. The ventilatory depressant effect of 
etomidate is not exaggerated in chronic obstructive pulmo-
nary disease (COPD).

 Endocrine System
Etomidate is a potent inhibitor of cortisol and aldoste-
rone synthesis, even more potent than its hypnotic effect. 
Adrenocortical suppression is dose dependent and it is 
due to the inhibition of 11B-hydroxylase that catalyzes 
11B- hydroxylation in cortisol synthesis and aldolase in aldo-
sterone synthesis. It is believed that the imidazole structure 
is responsible for this adrenocortical suppression. A single 
induction dose of etomidate can inhibit the cortisol synthesis 
and the normal adrenocortical response up to 12 h. This can 
be prolonged more than 24 h after infusions. Prolonged infu-
sion of etomidate in the critically ill ventilated patient has 
been shown to increase the mortality by two-fold.

There is still controversy on the impact of the effect of 
etomidate single dose and using it in critically ill patients, 
especially those with hemodynamic instability where etomi-
date usage is attractive.

6.3.4  Uses of Etomidate

 5 The main usage for etomidate is for intravenous induc-
tion of anesthesia particularly in patients with compro-
mised hemodynamics.

 5 0.2–0.4 mg/kg for intravenous induction that needs to be 
modified in elderly patients with reduced protein binding.

 5 6.5 mg/kg used for rectal induction of anesthesia.
 5 When used as an infusion; 5 mcg/kg/min for sedation 

and 10 mcg/kg/min for maintenance of anesthesia where 
its context sensitive half-time is shorter than propofol.

6.3.5  Side Effects of Etomidate

 5 Adrenocortical suppression (see earlier).
 5 Nausea and vomiting. It is reported to be 30–40% in 

propylene glycol preparation but the same incidence of 
nausea as propofol in the lipid emulsion preparation.

 5 Myoclonic activity and not convulsions is commonly 
seen with etomidate induction that can be minimized by 
premedication with opioid or benzodiazepine.

 5 Pain on injection is more described if etomidate is 
injected in a small vein, especially with the propylene 

glycol preparation. This incidence of pain is less when 
preceded by lidocaine, injection in a big vein, or the 
lipid emulsion preparation is used. It is believed that 
this pain is due to activation of a member of the Tran-
sient Receptor Potential (TRP) ion channel family, 
TRPA1. TRPA1 is a principle receptor in nociception 
and together with TRPV1 contributes to neurogenic 
inflammation and pain signaling. Etomidate and pro-
pofol evoke pain through activation and sensitization 
of TRPA1.

 5 Controversy exists about using etomidate in patients 
with porphyria and its safety. Some, reports its safe usage 
but it is an inducer for ALA-synthetase.

6.3.6  The Future of Etomidate Analogs

The attractive pharmacological profile of etomidate with its 
cardiorespiratory stability effects stimulated the research for 
modifying its structure to avoid its side effects. The preclini-
cal trial of methoxycarbonyl-etomidate (moc-etomidate) 
describes an analog that is rapidly metabolized by non- 
specific esterases. With a half-life of a few minutes, even 
when it suppresses the adrenocortical function, it would be 
for a much shorter duration than the parent drug.

Carboetomidate is the other member of the future etomi-
date analogs. The imidazole ring of the parent drug that is 
responsible for the adrenocortical suppression is replaced by 
a pyrrole ring. This produces a drug that has the same hyp-
notic potency and cardiorespiratory effects of the parent 
drug but with less adrenal suppression.

6.4  Ketamine

Ketamine is an arylcyclohexylamine related to phencyclidine 
(PCP) in its structure. It is prepared as ketamine hydrochlo-
ride that is water soluble and ten times more lipid soluble 
than thiopentone. The preparation available in the United 
States is a racemic mixture of its S(+) and R(−) isomers. 
Some countries in Europe and Latin America have the prepa-
ration that only contains the S(+) enantiomer that is 3–4 
times more potent, has a shorter duration of action, and less 
emergence reactions.

6.4.1  Mechanism of Action

The pharmacological effect of ketamine compared to barbi-
turates, propofol, and benzodiazepines is through the inter-
action with different receptors in the CNS. It is widely known 
to be a non-competitive antagonist of the N-methyl-D- 
aspartate (NMDA) receptor, it has antagonist effect on the 
cholinergic muscarinic receptors, agonistic effect on the 
α(alpha) and β(beta) adrenergic receptors, agonist for the 
opioid receptor, and it enhances the dopaminergic activity.
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The NMDA receptor complex is a cation gated ion chan-
nel (mainly calcium and to a lesser extent potassium and 
sodium). When the receptor is activated by endogenous 
excitatory amino acid agonists (aspartic acid, glutamic acid, 
and glycine), the channel is opened, and the calcium influx 
increases causing depolarization of the membrane that plays 
an important role in the development of the sensory impulse 
at the cortical and subcortical levels.

Ketamine binds the phencyclidine (PCP) binding site 
within the ion channel in the open state preventing the influx 
of calcium and consequently preventing the membrane 
depolarization.

6.4.2  Pharmacokinetics of Ketamine

Ketamine is unique among intravenous induction agents in 
that it can be administered via different routes; it can be 
administered via intravenous, intramuscular, oral, nasal, and 
rectal route. It is water soluble, highly lipid soluble, 12% 
bound to plasma proteins with a pKa of 7.5.

Ketamine is rapidly absorbed; maximum plasma concen-
tration is achieved in 5–15  min after intra-muscular (IM) 
injection, 20 min after nasal, and 30 min after oral adminis-
tration.

It undergoes extensive first pass effect in the liver and 
intestines that is responsible for the low bioavailability of ket-
amine after oral and rectal administration (<30%).

It is the high lipid solubility and the low protein binding 
that allows ketamine to cross the blood brain barrier rapidly.

Termination of its pharmacological effect is through 
redistribution away from its CNS site of action. Redistribution 
half-life is 2.7 min.

Ketamine metabolism is mainly through N- demethylation 
to norketamine by hepatic cytochrome 450 enzymes. 
Norketamine is three-fourths the potency of the parent 
drug that undergoes hydroxylation, conjugation, and excre-
tion mainly through the kidneys and to a lesser extent in 
feces. Ketamine elimination half-life is approximately 2  h. 
Oxidative metabolism of ketamine cyclohexanone ring is 
also described.

6.4.3  Pharmacodynamics of Ketamine

 Cardiovascular System
Ketamine has a dual action, a direct cardiac depressing action 
that is seen in patients with exhausted catecholamines (criti-
cally ill and shocked patients), preventing the indirect effect 
of ketamine to take the upper hand. The indirect (predomi-
nant) effect is due to inhibiting the re-uptake of circulating 
catecholamines causing tachycardia, hypertension, increase 
in contractility, increase in cardiac output, increase in sys-
temic vascular resistance, and increase in the pulmonary 
artery pressure. These hemodynamic changes can cause an 
imbalance between myocardial oxygen supply and demand, 
precipitating myocardial ischemia.

 Central Nervous System
Ketamine induces a state of dissociative anesthesia (dissocia-
tion between the thalamo-neocortical and limbic system), 
where patients seem awake, with opened eyes, a nystagmus 
gaze and phonating, but dissociated from the environment 
with variable degrees of hypertonus and muscle movements. 
The anesthetic state is accompanied by intense analgesia. On 
emergence, patients have alterations in their mood, dyspho-
ria, floatation sensations, vivid dreams, and hallucinations.

Ketamine has unfavorable neurosurgical effects; it increases 
the CBF, CMRO2, and ICP and its usage in head trauma or 
patients with space occupying lesions is not recommended.

On EEG, the wave patterns change from increase in fre-
quency during light anesthesia to high amplitude waves with 
increasing the depth of anesthesia. Electrical silence cannot 
be achieved with ketamine.

 Respiratory System
Ketamine has minimal effect on the ventilatory drive but 
transient apnea can be observed with bolus induction doses. 
It is a potent bronchial smooth muscle relaxant, a valuable 
induction agent in asthmatic patients.

Upper airway reflexes are preserved more than other induc-
tion drugs when this is combined with its effect on increasing 
salivation, it can precipitate laryngospam. An anti-sialagogue 
is recommended before the administration of ketamine.

 Effect on Other Organs
Ketamine increases the skeletal muscle tone. Its effect on 
intraocular pressure and its usage for open eye injuries is 
controversial.

6.4.4  Uses of Ketamine

 5 Induction and maintenance of general anesthesia espe-
cially in asthmatic patients. Induction in hypovolemic/
hypotensive patients, although this is replaced by 
etomidate. Ketamine’s direct depressant effect can be 
unmasked in these patient who are at their maximum 
sympathetic discharge and this can cause further hemo-
dynamic compromise.

 5 For induction: 0.5–1.5 mg/kg IV, 4–6 mg/kg IM or 
8–10 mg/kg rectally.

 5 For maintenance: 25–100 mcg/kg/min can be used alone 
or with propofol for total intravenous anesthesia (TIVA).

 5 Analgesia for augmentation of incomplete peripheral 
nerve block or neuraxial blocks, for positioning orthope-
dics patients for peripheral nerve/neuraxial blocks, and 
for dressing change at a dose of 0.25–0.5 mg/kg.

 5 Ketamine analgesia can be used as an adjunct to general 
anesthesia, to decrease opioid tolerance and opioid- 
induced hyperalgesia at a dose of 3–5 mcg/kg/min.

 5 For preoperative sedation combined with oral mid-
azolam for pediatrics or IM for uncooperative patients.

 5 Bronchodilator in patients with status asthmaticus as an 
adjunct to other bronchodilators.
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6.4.5  Side Effects of Ketamine

 5 Emergence delirium with hallucinations and nightmares 
that can be minimized by the co-administration of 
benzodiazepines and minimizing the stimulation on 
emergence.

 5 Slow emergence with dysphoria and high incidence of 
nausea and vomiting.

 5 Increase salivation and airway secretions, necessitating 
premedication with an anticholinergic agent.

 5 Tachycardia and hypertension that might not be well 
tolerated in patients with ischemic heart disease.

 5 Increase in the ICP is of concern in patients with space 
occupying lesions.

 5 Involuntary movements
 5 There is a concern that NMDA-antagonists and GABA 

mimetic drugs can induce neuronal injury and death in 
the brain of juvenile rodents, but lack of solid informa-
tion to date limits the ability to issue particular recom-
mendations.

6.5  Benzodiazepines

The three mainly used IV benzodiazepines in the present 
anesthetic practice are diazepam, lorazepam, and midazolam.

Diazepam is lipid soluble and together with lorazepam 
prepared in propylene glycol to render them water soluble, 
but this comes with pain on injection and the potential of 
glycol toxicity on prolonged infusions.

Diazepam is supplied as 0.5% solution in 40% propylene 
glycol, 10% alcohol, 5% sodium benzoate and benzoic acid 

added as buffers, and 1.5% benzyl alcohol added as a preser-
vative. Its pH is 6.6 (6.2 to 6.9). Lorazepam is supplied as 
0.4% solution in propylene glycol, 18% polyethylene glycol, 
and 2% benzyl alcohol.

Midazolam is unique in its structure (. Fig. 6.5); at the 
acidic pH, which is how it is supplied, it is water soluble with 
no pain or irritation on injection. At physiological pH it 
assumes a more lipid soluble form due to conformational 
changes in its imidazole ring.

6.6  Midazolam

Under physiological pH midazolam acquires its physiologi-
cally active lipophilic closed ring form.

6.6.1  Mechanism of Action

Benzodiazepines bind a specific site at the interface of 
α(alpha) and γ(gamma) subunits of those GABAA receptors 
that contain α(alpha)1,2,3, and 5 subunits. Benzodiazepines 
by potentiating the inhibitory effect of GABA increases the 
chloride conductance and consequently the neuronal mem-
brane hyperpolarization. The nature of this modulatory effect 
of benzodiazepines on GABAA may explain their CNS ceiling 
effect.

In high doses, such as general anesthesia induction doses, 
benzodiazepines might inhibit adenosine reuptake as well.

The muscle relaxant effect of benzodiazepines might 
be related to their agonist effect on the spinal cord glycine 
receptors.
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       . Fig. 6.5 Midazolam structural 
changes in acidic pH and physi-
ological pH (Reprinted with per-
mission, Cleveland Clinic Center 
for Medical Art & Photography © 
2016. All Rights Reserved)
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6.6.2  Pharmacokinetics of Benzodiazepines

Midazolam is not just unique in its structure that provides a 
benzodiazepine that is both water and lipid soluble, but also 
in the routes of administration. It can be administered by IV, 
IM, oral, intranasal, rectal, and sublingual routes. It is highly 
bound to plasma proteins mainly to albumin.

Lipid solubility accounts for the rapid onset of midazolam 
action but it takes longer than other sedative hypnotics to 
reach peak effect, around 10 min after IV dose. Consequently, 
repeated doses should be spaced to avoid over-sedation.

Redistribution out of the CNS results in the termination 
of the drug effect, then metabolism takes place. It is mainly 
metabolized in the liver by hepatic microsomal p450-3A4 
enzyme system via hydroxylation to hydroxymidazolam. 
Hyroxymidazolam has half the potency of the parent drug 
but it is rapidly conjugated to the inactive glucuronide 
metabolite that is excreted in urine.

Midazolam bioavailabilty is 83% after intranasal adminis-
tration, which is higher than when given orally (15%) due to 
the extensive first pass metabolism. Bioavailability after 
intramuscular administration is 90%. When given orally, 
midazolam shows onset of action in 10  min, peak in 
20–30 min, and a duration of 45 min.

It is the shortest context sensitive half-time compared to 
the other 2 benzodiazepines, which makes IV midazolam 
infusion attractive for sedation of mechanically ventilated 
patients in the intensive care unit (ICU).

Drugs known to inhibit p450-3A4 hepatic microsomal 
enzyme system—such as cimetidine, erythromycin, diltia-
zem, verapamil, ketoconazole, and itraconazol—can decrease 
the plasma clearance of midazolam and prolong its sedative 
effect.

Lorazepam differs from both midazolam and diazepam 
in its poor lipid and water solubility. It is highly bound to 
plasma proteins—approximately 90%. It can be administered 
via oral, IV, and IM routes. Its peak effect coincides with its 
peak serum level; 10  min after IV, 60  min after IM, and 
90–120 min after oral administration with a bioavailability of 
85% after an oral dose. Lorazepam is high protein binding 
and has poor lipid solubility, which may explain its relatively 
prolonged peak effect.

Lorazepam hepatic metabolism is not carried out by the 
microsomal p450 enzyme system but is conjugated to its 
inactive glucuronide metabolite and is excreted mainly in 
urine. For this reason, lorazepam metabolism is not affected 
in hepatic dysfunction like the other 2 benzodiazepines. 
Lorazepam’s elimination half-life is 10–20 h.

Diazepam can be administered via oral, IV, and IM 
routes; the latter is not recommended due to its irritation 
(propylene glycol), pain, and erratic absorption. It is highly 
lipid soluble and highly protein bound, 96–99%. After IV 
administration, diazepam onset of action is twice as fast as 
midazolam but with a much longer duration of action. After 
IV dose, the onset of action is 1–5 min and peaks in effect in 
15–60  min; after IM dose, it has an onset of action of 
15–30 min and peak in effect in 30–60 min. When given via 

the oral route, diazepam has 100% bioavailability with a peak 
plasma level within 30–90 min.

In the liver, diazepam undergoes oxidative metabolism by 
demethylation, hydroxylation, as well as glucuronidation. It 
has several active metabolites (desmethyldiazepam, oxaze-
pam, and temazepam), but the main active metabolite is des-
methyldiazepam, which has an elimination half-life of 
48–96 h, which is longer than the parent drug.

Oral contraceptive drugs can decrease the elimination of 
desmethyldiazepam while rifampin, phenytoin, and carbam-
azepine can enhance its metabolism.

6.6.3  Pharmacodynamics 
of Benzodiazepines

 Cardiovascular System
Benzodiazepines cause venodilatation with decrease in 
venous return, causing a slight decrease in cardiac output and 
arterial blood pressure with slight increase in heart rate. A 
decrease in the arterial blood pressure is noticed in anxious 
hypertensive patients when given benzodiazepines.

 Central Nervous System
Benzodiazepines cause a decrease in CMRO2 and CBF, but 
less than barbiturates, propofol, and etomidate. They have no 
significant effect on the ICP.

Benzodiazepines are potent anticonvulsants, but they 
have no neuroprotective effect and even in high doses cannot 
achieve burst suppression or isoelectric EEG.

They can induce anxiolysis and anterograde amnesia but 
not retrograde amnesia. Their muscle relaxant effect is 
believed to be through a central nervous system effect on the 
spinal cord. Tolerance has been described for their anticon-
vulsant and muscle relaxant effects.

 Respiratory System
They decrease the ventilatory response to carbon dioxide and 
in dose-dependent fashion they decrease the hypoxic drive. 
This effect is pronounced in the elderly, COPD patients, and 
when combined with opioids. In induction doses they can 
cause apnea.

6.6.4  Uses of Benzodiazepines

 5 For premedication, benzodiazepines are mainly used to 
relieve anxiety and tension before surgical procedures 
and to provide anterograde amnesia.

 5 For sedation during surgical procedures and for ven-
tilated patients in the ICU where midazolam infusion 
plays an important role.

 5 For induction of general anesthesia, midazolam, and 
less commonly diazepam, can be used but this has been 
replaced by other induction agents such as propofol and 
etomidate due to the delayed recovery with benzodiaz-
epines.
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 5 Diazepam is useful in relieving skeletal muscle spasms 
caused by local pathology or upper motor neurone dis-
orders.

 5 Benzodiazepines are potent anticonvulsants, used for 
treating status epilepticus, especially diazepam and 
lorazepam. Midazolam is used for raising the threshold 
for convulsion in local anesthetic toxicity.

6.6.5  Side Effects

 5 Pain, local irritation, thrombophlebitis with diazepam 
injection that can be reduced by slow injection in a 
running IV fluid tubing. Erratic absorption on its IM 
administration.

 5 Can precipitate apnea in elderly patient with COPD and 
to be avoided in patients with hemodynamic instability.

 5 Benzodiazepines can cross the placenta and are avoided 
in pregnant ladies.

 5 Risk of precipitating porphyria in patients with acute 
intermittent porphyria, variegate porphyria, hereditary 
coproporphyria for the possibility of inducing ALA 
synthetase.

 5 They have the potential for drug abuse and dependence.
 5 Allergic reactions are rare with benzodiazepines.

6.7  Propofol

Propofol (2,6 diisopropylphenol) is an alkylated phenol that 
replaced thiopental sodium as the most commonly used drug 
for induction of general anesthesia. It made the concept of total 
intravenous anesthesia (TIVA) possible and widely applicable.

Propofol is highly lipid soluble but water-insoluble, and 
for this reason it is prepared as a 1% aqueous solution in an 
oil- in- water emulsion of soybean oil, glycerol, and purified 
egg phosphatide (from egg yolk lecithin). Since this medium 
is an inviting medium to microbial contamination, ethylene-
diaminetetraacetic acid (EDTA), metabisulfite, or benzyl 
alcohol is added as a bacteriostatic.

6.7.1  Mechanism of Action

Propofol enhances the effect of GABA on GABAA receptors 
and directly activates the receptor. It is believed that propofol 
carries out its effect through interaction with α(alpha), 
β(beta) and γ(gamma) subunits of the receptor.

6.7.2  Pharmacokinetics of Propofol

Propofol is highly protein bound (98%) and the pharmaco-
logically active free portion of the drug will be more available 
when the plasma protein concentration decreases.

Its extreme lipid solubility enables the drug to gain fast 
access to the CNS. The pharmacological effect of propofol is 

terminated by redistribution from the central compartment 
to the periphery with a redistribution half-life (t1/2α[alpha]) 
of 1–2  min and the effect of an intravenous bolus fades in 
8 min (approximately 4 half-lives).

Propofol has a context-sensitive half-time of <40  min 
after 8 h infusion.

Metabolism is mainly through hepatic conjugation to the 
inactive glucuronide and sulfate metabolites that are excreted 
in urine. Clearance of propofol is believed to have an extra 
hepatic component, mostly in the kidneys as its clearance 
exceeds the hepatic blood flow and it continues during anhe-
patic phase. Neonates and elderly patients have a reduced 
clearance, but patients with cirrhosis and end stage renal dis-
ease do not show reduced clearance.

6.7.3  Pharmacodynamics

 Cardiovascular System
Propofol causes systemic hypotension through venous and 
arteriolar vasodilatation, decreasing the preload, systemic 
vascular resistance, and afterload. It causes a slight myocar-
dial depression as well. This hypotension is commonly not 
accompanied with increase in the heart rate due to attenua-
tion of the baroreceptor reflex tachycardia with hypotension. 
Cases of severe bradycardia and sinus arrest have been 
reported.

 Central Nervous System
Propofol decreases CMRO2, causes cerebral vasoconstric-
tion, decreases CBF, CBV, and ICP. The hypotension that may 
accompany propofol administration can compromise the 
cerebral perfusion pressure (CPP).

It is believed that propofol has a neuroprotective effect 
and it can induce burst suppression. The anticonvulsant 
effect of propofol is appreciated and it can terminate resistant 
attacks of status epilepticus.

 Respiratory System
Propofol is effective in suppressing the airway reflexes atten-
uating its responsiveness during manipulation, facilitating 
supraglottic airway devices placement and even endotracheal 
intubation without the need for neuromuscular blocking 
agents. Airway manipulation after propofol shows lower 
incidence of coughing and laryngospasm than other induc-
tion agents.

A dose-dependent decrease in the ventilatory drive is 
noticed with decrease in tidal volumes with propofol admin-
istration. Apnea is not uncommon with propofol induction. 
The bronchodilator effect of propofol may be due to attenua-
tion of the vagally mediated bronchoconstriction.

 Effects on Other Organs
The antiemetic effect of propofol in subanesthetic doses is 
proven but the exact mechanism is unclear. The antipruritic 
effect that it shows in cholestasis and after epidural morphine 
is another obscure mechanism.
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It has no effect on the uterine tone but it crosses the pla-
centa and its usage is not recommended by the manufacturer 
for pregnant and nursing women.

6.7.4  Uses of Propofol

 5 Induction and maintenance of general anesthesia.
 5 Induction dose: 2–2.5 mg/kg in adults.

 5 1–1.5 mg/kg in elderly patients.
 5 2.5–3.5 mg/kg for pediatrics.

 5 Following loss of verbal contact than checking the eye 
lash reflex with slow titrated administration might 
decrease the chance of hypotension.

 5 Maintenance dose: 100–200 mcg/kg/min for adults 
(lower doses with concomitant opioids administration).

 5 125–300 mcg/kg/min for pediatrics
 5 Sedation for procedures and surgeries done under moni-

tored anesthesia care with or without regional blocks.
 5 Sedation of mechanically ventilated patients in the ICU 

where the level of sedation is assessed on a daily basis 
and reduction of the infusion rate as needed to avoid 
high plasma levels after prolonged infusions.

 5 Anticonvulsant that can terminate resistant attacks of 
status epilepticus.

 5 Anti-emetic in sub-anesthetic doses
 5 10 mg followed by an infusion of 1 mg/kg/h.
 5 Antipruritic.

6.7.5  Side Effects of Propofol

 5 Pain on injection, which is common on injecting propo-
fol. Several techniques are described to minimize it: injec-
tion in a large vein with a fast running carrier fluid, and 
using lidocaine either prior to or mixed with propofol. It 
is found that keeping the lidocaine locally in the vein for 
2 min by using a tourniquet is more efficient than mix-
ing it. If lidocaine is to be pre-mixed, limiting the dose 
to 20 mg is prudent due to reports on causing instability 
of the emulsion if more than 20 mg are used. Compared 
to thiopental, intra-arterial injection or subcutaneous 
extravasation is well tolerated with no sequelae.

 5 Myoclonic movements are noticed with propofol induc-
tion that might be mistaken for seizures.

 5 Bradycardia and possible asystole.
 5 Propofol infusion syndrome (PRIS): In genetically 

predisposed patients, propofol can interfere with the 
mitochondrial fatty acid oxidation and respiratory chain 
electron transfer, leading to accumulation of free fatty 
acids and failure to produce adenosine-tri-phosphate 
(ATP). This is characterized by severe metabolic aci-
dosis, hyperkalemia, hyperlipidemia, rhabdomyolysis, 
hepatomegaly, refractory bradycardia, and renal failure. 
It is noticed more in pediatrics and in patients receiving 
more than 4 mg/kg/h. Developing unexplained acido-
sis during propofol infusion should raise the concern 

about PRIS. Once diagnosed, propofol infusion should 
be stopped, and cardiorespiratory support even with 
ECMO (extracorporeal membrane oxygenation) support 
and hemodialysis provided to clear the acid load.

 5 On rare occasions pancreatitis.
 5 Allergic reactions to propofol are reported but people 

who have egg allergy or soy bean allergy can receive 
propofol safely as the allergic reaction is usually to the 
protein component that is not in the drug emulsion.

6.7.6  Target Controlled Infusions (TCI)

Target controlled infusion (TCI) systems are widely used for 
propofol and opioids in Europe, Asia, South America, South 
Pacific, and Africa. The system relies on using patients’ data 
and pharmacokinetic models for the specific drugs to target 
the drug concentration in plasma.

For propofol, in un-premedicated patients, the plasma 
concentration to achieve loss of consciousness is 5–6 mcg/
ml. In premedicated patients, it is 4–5 mcg/ml.

The expected changes in pharmacokinetics in extremes of 
age should be taken in consideration when choosing the tar-
get concentration.

As of this chapter’s writing, TCI systems are not used in 
the USA.

6.8  Fospropofol

The concerns about water solubility and propofol emulsion 
side effects has led to the production of the water soluble pro-
pofol prodrug: fospropofol. It is prepared as a 3.5% isotonic 
aqueous solution that is metabolized by the endothelial and 
liver alkaline phosphatase to propofol, formate, and phos-
phate. Formate is metabolized in the liver and phosphate is 
excreted in the kidneys.

It is recommended for sedation during short procedures 
and surgeries. Administered as a bolus of 6.5 mg/kg to be fol-
lowed by intermittent doses of 1.5  mg/kg, it has a delayed 
onset of action compared to the parent drug.

6.9  Dexmedetomidine

Dexmedetomidine is a highly selective α(alpha)2 adrenergic 
receptor agonist chemically related to clonidine. It has unique 
effects of sedation that mimics normal sleep, anxiolysis, decrease 
sympathetic tone, analgesia, and anesthetic-sparing effects with 
minimal respiratory depression. This provides the value of dex-
medetomidine for sedation in the operating room and ICU.

6.9.1  Mechanism of Action

Dexmedetomidine is eight times more specific for α(alpha)2 
adrenergic receptors than clonidine. The sedative hypnotic 
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effect of dexmedetomidine is at the level of the brain stem 
locus ceruleus that modulates the state of wakefulness. The 
α(alpha)2 adrenergic receptors stimulation hyperpolarizes 
the noradrenergic neurones, suppressing the normal firing of 
the locus cerules, and inhibits the norepinephrine release 
and activity in the medullospinal pathway. This triggers a 
decrease in the histamine release resulting in hypnosis 
resembling normal sleep.

The interruption of the descending norepinephrine path-
ways that modulates nociception causes analgesia by inter-
rupting the pain signaling.

At the spinal cord level, activation of the α(alpha)2 adren-
ergic receptors in the dorsal horn lamina II reduces the 
release of substance–p and glutamate, interrupting the noci-
ceptive transmission.

Central post-synaptic α(alpha)2 receptors activation 
results in a sympatholytic effect that causes hypotension and 
bradycardia.

6.9.2  Pharmacokinetics

Dexmedetomidine follows zero-order kinetics (a constant 
amount of the drug is eliminated per hour). After IV 
administration, its onset of action is after 15 min and peak 
plasma concentration is reached 1  h after continuous IV 
infusion.

Dexmedetomidine can be administered via IV, IM, intra- 
nasal, and buccal routes. It has a bioavailability of 65% and 
81% after nasal and buccal administration respectively. It 
shows a poor bioavailability (16%) after oral administration. 
Only the IV route is approved by the FDA.

It is 94% bound to albumin and α(alpha)-1 glycoprotein 
with a distribution half-life (t1/2α[alpha]) of 6 min and elim-
ination half-life (t1/2β[beta]) of 2–2.5 h.

Dexmedetomidine is extensively metabolized in the liver 
through glucuronide conjugations and biotransformation by 
cytochrome p450 enzyme system to inactive metabolites that 
are excreted 95% in urine and 4% in feces.

6.9.3  Pharmacodynamics 
of Dexmedetomidine

 Cardiovascular System
Dexmedetomidine has a biphasic effect when given by IV 
infusion. Initially it causes hypertension and bradycardia that 
last for 10 min. Hypertension is caused by the stimulation of 
the peripheral vascular smooth muscles α(alpha)-2b adren-
ergic receptors and can be attenuated by slow IV infusion. 
This is followed by 10–20% decrease in the blood pressure 
due to the central sympatholytic effect that overrides the 
peripheral effect.

The baroreceptor reflex is well preserved during dexme-
detomidine administration. There are reports on the cardio- 
protective effect of dexmedetomidine that warrants further 
studying.

 Central Nervous System
Dexmedetomidine provides a unique sedative effect that 
resembles normal sleep. The analgesic effect is believed to be 
due to central as well as peripheral effect with a proven anal-
gesics/anesthetic- sparing effect. Dexmedetomidine reduces 
CBF and decreases CMR, although there is still a debate on 
the reduction of CMR.

Animal studies showed that dexmedetomidine can 
decrease CBF despite raising the mean arterial pressure with-
out reducing CMRO2. This might be due to stimulation of the 
post- synaptic α(alpha)2 receptors on the cerebral blood ves-
sels causing vasoconstriction. There was no evidence that this 
effect in cerebral blood vessels could cause global ischemia. 
Despite the reported neuroprotective effects of dexmedeto-
midine in ischemic brain injury models, concerns were raised 
regarding its effect on CBF without altering CMRO2. It should 
be noted that α(alpha)2 agonists are more potent vasocon-
strictors to cerebral venous more than arterial blood vessels.

At a low dose, dexmedetomidine decreased the ICP while 
at a higher dose had no effect on the ICP in rabbits.

Whether dexmedetomidine has a neuroprotective effect 
needs further studying.

 Respiratory
Dexmedetomidine has a minimal effect on respiration, but in 
high doses it can decrease the tidal volume. This effect makes 
dexmedetomidine attractive in patients who require sedation 
with minimal effect on their respiration, such as in awake 
craniotomies and for difficult airway awake intubation.

 Effect on Other Organs
Dexmedetomidine decreases the intraocular pressure. It 
decreases the release of renin through its α(alpha)2 adreno-
receptor effect. It induces diuresis by inhibiting the release of 
anti-diuretic hormone.

Dexmedetomidine has no muscle relaxing effect but it 
reduces the requirement of rocuronium during sevoflurane 
anesthesia.

6.9.4  Uses

 5 Premedication for anxiolysis but lacks amnestic effect.
 5 Although the IV route is the only FDA-approved route, it is 

reported to be given via IM, buccal, and intranasal routes.
 5 Sedation for mechanically ventilated patients in the ICU, 

where in the U.S. it is approved for IV infusion for 24 h.
 5 Sedation during regional blocks and surgical procedures 

where the benefit of cooperative sedation with minimal 
effect on ventilation is valued, such as in awake crani-
otomies and awake fiber-optic intubation with its added 
antisialagogue effect.

 5 A loading dose of 1 mcg/kg over 10 min to be followed 
by 0.2–0.7 mcg/kg/h.

 5 Adjuvant to general anesthesia, blunting the sympathetic 
tone together with its opioid- and anesthetic-sparing 
effect.
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 5 The use of dexmedetomidine as an adjunct to neuroaxial 
and peripheral nerve blocks is off label, but epidural 
dexmedetomidine showed synergism to local anesthet-
ics, improving the quality and prolonging the motor 
and sensory block. It has a favorable effect on peripheral 
nerve blocks, reported to shorten the onset and prolong 
the duration of nerve blocks.

 5 Treatment of postoperative shivering and in the pediat-
rics population decreases the emergence agitation.

6.9.5  Side Effects

The main side effects of dexmedetomidine are due to its 
biphasic hemodynamic effect, with initial hypertension and 
bradycardia then hypotension. There are reports of severe 
bradycardia and even asystole with dexmedetomidine, but in 
the great majority of cases this bradycardia does not need 
intervention. This can be avoided by administering the bolus 
doses as an infusion over 10 min or sometimes omitting the 
bolus dose. If it happens, usually IV fluids, ephedrine, or 
atropine can reverse the side effects.

6.10  Conclusion

The action of most IV anesthesia induction agents is through 
their interaction with GABAA receptors with the exception of 
ketamine.

Barbiturates, once the most commonly used IV general 
anesthesia induction agents (especially thiopental), are 
replaced now by propofol. Methohexital still has its place in 
anesthesia for ECT. In 2010, thiopental ceased to be offered 
in the USA.

Etomidate is the drug of choice for induction of hemody-
namically unstable patients due to its lacking of any cardio-
vascular depressant effect. Concerns about its adrenocortical 
suppression, especially in critically ill ventilated patients, 
stimulated the research for future analogs.

Ketamine has a dual effect: a direct depressant effect and 
an indirect effect that usually takes the upper hand resulting 
in sympathetic outflow, except in patients with exhausted 
sympathetic nervous system where the depressant effect is 
unmasked. Still ketamine is a valuable induction agent in 
asthmatic patients.

The most commonly used benzodiazepines in the anes-
thetic practice nowadays are: midazolam, diazepam, and 
lorazepam. Midazolam is unique in its pharmacology due to 
changes in its imidazole ring rendering it more lipid soluble 
in physiological pH.

Propofol, the most commonly used drug to induce gen-
eral anesthesia, is widely used for sedation during surgery/
procedures and in the ICU.  Propofol infusion syndrome 
(PRIS) is a serious fatal side effect of its prolonged used. 

Unexplained acidosis and elevated triglycerides during its 
usage may be a clue for PRIS.

Fospropofol is metabolized to propofol. It lacks the con-
cerns of the parent drug regarding water solubility and its 
emulsion side effects.

Dexmedetomidine (an α[alpha]2 receptor agonist), 
although not an IV general anesthesia induction agent, is a 
valuable sedative with anesthetic/analgesic sparing effect 
with minimal effect on respiration.

6.11  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Termination of thiopental anesthetic induction 

effect is attributed to:
 A. Hepatic metabolism
 B. Renal excretion
 C. Destruction of the barbituric acid ring
 D. Redistribution

 2. Drugs working on the GABAA receptor are:
 A. Ketamine
 B. Etomidate
 C. Dexmedetomidine
 D. All of the above

 3. Precipitation in the IV tubing is noticed after 
atracurium is administered immediately and without 
flushing after:
 A. Etomidate
 B. Propofol
 C. Methohexital
 D. None of the above

 4. Etomidate is metabolized in the liver by:
 A. Ester hydrolysis
 B. Demethylation
 C. Desulfuration
 D. Etomidate is negligibly metabolized in the liver

 5. Among the IV induction agents used for ECT, the 
maximum prolongation of the seizure activity is 
noticed with:
 A. Methohexital
 B. Ketamine
 C. Etomidate
 D. Propofol

 6. Compared to propofol, etomidate has:
 A. Longer context-sensitive half-time
 B. Shorter context-sensitive half-time
 C. The same context-sensitive half-time
 D. Etomidate is context insensitive

 7. Compared to thiopental, the lipid solubility of 
ketamine is:
 A. More than thiopental
 B. Less than thiopental
 C. The same as thiopental

 M. Abdalla



121 6

 8. When midazolam is given to a hypertensive patient 
on diltiazem, the sedative effect is expected to be:
 A. Shortened
 B. Prolonged
 C. No change in the sedative effect
 D. Weakens its sedative effect

 9. Propofol extrahepatic metabolism is carried out 
mainly in:
 A. Kidney
 B. Spleen
 C. Lungs
 D. RBCs

 10. Dexmedetomidine can cause:
 A. Hypotension
 B. Hypertension
 C. Diuresis
 D. All of the above
 E. a and b.

 v Answers
 1. D. After an induction dose of thiopental, the ter-

mination of its pharmacological effect is due to 
redistribution from the CNS. Neither metabolism 
nor renal excretion play an important role unless the 
drug is given in repeated doses or by infusion for 
prolonged duration.

 2. B. GABA is the most abundant inhibitory transmit-
ter in the CNS. Etomidate, barbiturates, benzodiaz-
epines, and propofol act on GABAA receptors either 
by modulation of its function or directly to induce 
general anesthesia or sedation. Ketamine works 
mainly as an antagonist to NMDA receptor, while 
dexmedetomidine acts on α(alpha)2 adrenoreceptor.

 3. C. Methohexital is an alkaline drug, when mixed 
with acidic drugs such as vecuronium, atracurium, 
rocuronium, it precipitates and this can occlude the 
IV tubing interrupting the anesthetic induction. It is 
recommended to flush the IV tubing with running IV 
fluids before adding an acidic drug after methohexi-
tal or thiopental.

 4. A. Etomidate is extensively metabolized in the liver 
by ester hydrolysis to inactive metabolites that are 
excreted in the kidneys and to a lesser extent in bile.

 5. C. It is found that when used for induction of gen-
eral anesthesia for ECT, etomidate induces longer 
seizure activity than methohexital. Ketamine and 
propofol are less commonly used for ECT.

 6. B. When etomidate is administered as an infusion (a 
practice that faded due to the adrenocortical sup-
pression) it has a context sensitive half-time that is 
shorter than propofol.

 7. A. Ketamine is highly lipid soluble; eight times more 
than thiopental. It is its high lipid solubility and low 
protein binding that facilitates a rapid access to the 
CNS.

 8. B. Midazolam is metabolized mainly by the hepatic 
microsomal p450-3A4 enzyme system. Drugs that 
inhibit P450-3A4 enzyme system as cimetidine, 
erythromycin, diltiazem, verapamil, ketoconazole, 
and itraconazole can decrease the plasma clearance 
of midazolam and prolong its sedative effect.

 9. A. Propofol clearance exceeds the hepatic blood 
flow and its clearance continues in anhepatic phase. 
It is found that the kidneys are responsible for up to 
30% of propofol clearance.

 10. E. Dexmedetomidine as IV infusion has a biphasic 
effect, initially hypertension and bradycardia that last 
for 10 min due to stimulation of the peripheral vascu-
lar smooth muscles α(alpha)-2b adrenergic receptors 
causing hypertension and reflex bradycardia. This 
is followed by the central sympatholytic effect that 
takes the upper hand over the peripheral effect with 
decrease in the blood pressure by 10–20%.
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Key Points
1. Clinically used opioids induce analgesia by acting on 

mu opioid receptors (MOR). Genetic variations in the 
OPRM1 gene can explain differences in the analgesic 
response to opioids between individuals.

2. Opioids needs to bind MORs located supraspinally 
and spinally to exert their analgesic effects, therefore, 
passive diffusion across the blood-brain barrier is a 
necessary step.

3. Opioids can be metabolized in the liver to active 
and inactive metabolites. Active metabolites can be 
responsible for the analgesic effects of opioids but 
also for some of their adverse events, including excit-
atory effects in the central nervous system.

4. Respiratory depression is an adverse event associ-
ated with the use of opioids. The apneic threshold 
and resting end-tidal PCO2 are increased by opioids. 
Hydrophilic opioids, such as morphine and hydro-
morphone, can induce early and late (biphasic) respi-
ratory depression after neuraxial administration.

5. Nausea, vomiting, and ileus are common adverse 
effects observed after the administration of moderate-
to-large doses of opioids or during their prolonged 
administration. Hypotension and tachycardia can be 
caused by the release of histamine after the adminis-
tration of opioids such as morphine or meperidine.

6. Meperidine and tramadol are contraindicated in 
patients who have received monoamine oxidase 
inhibitors (MAOIs) within the previous 14 days due to 
risk of depressive (respiratory depression and hypo-
tension) or excitatory (hypertension, hyperpyrexia, 
tachycardia, and seizures) reactions.

7.1  Introduction

Opioids are the most potent and prevalently used analgesic 
perioperatively and in patients with chronic pain syndromes. 
Although opioids have been used for thousands of years, it was 
not until 4 decades ago that researchers started to discover the 
mechanism of opioid-induced analgesia. The analgesic effects 
of opioids are influenced by their route of administration, 
pharmacokinetics/pharmacodynamics, receptor downstream 
signaling, and non-opioid signal modifying mechanisms.

7.2  Mechanism of Action

The mechanism of action of opioids is complex. Analgesia is 
achieved by opioid binding to 3 main receptors: mu (μ), delta 
(δ), and kappa (κ) receptors (. Table 7.1 [1, 2]). The sigma 
(σ) receptor was considered as an opioid receptor in the past 
but recent literature indicates this receptor is the target site 
of phencyclidine and its analogs and does not participate in 
opioid-induced analgesia [3].

7.2.1  Mu Opioid Receptors (MOR)

MOR is the site of action of the endogenous peptides enkeph-
alins, β(beta)-endorphin, dynorphin A, nociceptins, and 
agonists such as morphine, fentanyl congeners, methadone, 
and meperidine. The human MOR gene (OPRM1) spans 
over 200 kb and consists of 11 exons that combine to yield 17 
splice variants [4, 5]. More than 700 single nucleotide poly-
morphisms have been described in the gene with variations 
that differ between races and ethnicities [5]. More clinically 
relevant is the fact that genetic variations in the OPRM1 gene 
can explain differences in the analgesic response to opioids 
between individuals [5, 6]. Thus, heterozygous patients with 
MOR A118G and G1947 mutations show less opioid con-
sumption after surgery and homozygous carriers of both 
A118G and 158Met COMT allelic variants also require less 
morphine than their heterozygous counterparts [7–9].

MORs are located in the central nervous system (CNS) and 
in peripheral tissues of the body. Centrally, MORs are found 
in the periaqueductal gray (PAG) region of the brainstem 
and medial thalamus. MORs located at spinal level (superfi-
cial dorsal horn) also play a role in opioid-induced analgesia 
[10, 11]. Peripheral MORs have been found in leukocytes, 
myenteric cells, pulmonary neuroendoncrine and pancreatic 
cells, skeletal muscle, and nerve terminals located in the lung, 
joints, and blood vessels such as the portal vein [12].

The MOR belongs to the seven-transmembrane receptor 
superfamily. It is coupled with Gi/o proteins and as expected 
its activation is responsible for short- and long-term effects 
on neuronal and non-neuronal cells [13]. After binding of 
MOR agonists to the receptor, the release of the inhibitory Gi 
protein causes inhibition of adenylate cyclase, reduces cyclic 
3 ′, 5 ′ adenosine monophosphate (cAMP), and reduces lev-
els of protein kinase A activation [14]. MORs also modulate 
the activity of the G0 protein, which inhibits Ca2+ and acti-
vates K+ channels [13]. The net result of activation of MORs 
is a decrease in the release of neurotransmitters (presynaptic) 
and hyperpolarization of membrane potentials (pre- and 
post-synaptic). MORs also have the ability to form dimers 
(homo or heterodimerization), which can also explain the 
differences in the analgesic response between subjects. 
In fact, the formation of heterodimers can alter agonist or 
antagonist selectivity, or switch intracellular signaling at the 
level of G proteins [15].

There are at least 2 well-described MOR subtypes recep-
tors: mu1 (MOR1) and mu2 (MOR2). The analgesic effect of 
MOR agonists is caused by the binding to the MOR1 subtype 
receptor while their action on the MOR2 is responsible for 
most of the adverse effects related to opioids (respiratory 
depression, sedation, pruritus, prolactin release, depen-
dence, anorexia, and sedation) [16, 17]. Interaction between 
the serotonergic and opioidergic systems also helps to 
explain the analgesic effects of opioids [18]. Acute morphine 
administration appears to enhance the synthesis, release, 
and metabolism of serotonin—especially in projection areas 
of the dorsal raphe nucleus and median raphe nucleus; in 
contrast, chronic exposure to morphine decreases release of 
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5-HT from the nerve terminals [18–20]. Furthermore, inter-
action with other receptors such as the dopaminergic (D1) 
receptors has been demonstrated in neurons of the cortex 
and caudate nucleus [21].

The orphan G protein-coupled receptor (GPCR) Opioid 
Receptor (NOP) is the most recently discovered opioid 
receptor [22]. Activation of the NOP receptor in supraspinal 
pain pathways (PAG) has hyperalgesic effects while its activa-
tion at the level of spinal structures appears to induce anal-
gesia [23]. NOP receptors are insensitive to opioid agonists 
and antagonists such as morphine and naloxone. Noceptin/
Orphanin FQ (N/OFQ) is the natural ligand peptide for 
the NOP receptor and does not show cross-reactivity with 
MORs. It is worth mentioning that the intrathecal admin-
istration of morphine and nociception has demonstrated 
supra-additive effects.

7.2.2  Classes of Opioids

There are 4 chemical classes of opioids: phenanthrenes, 
benzomorphans, phenylpiperidines, and diphenylheptanes. 
Morphine, codeine, hydromorphone, levorphanol, oxyco-
done, hydrocodone, oxymorphone, buprenorphine, nalbu-
phine, and butorphanol belong to the phenanthrenes class. 
Pentazocine is a member of the benzomorphans class, and 
propoxyphene and methadone are classified in the diphenyl-

heptanes class. Lastly, the phenylpiperidines include fentanyl, 
alfentanil, remifentanil, sufentanil, and meperidine. On the 
basis of their pharmacodynamics profiles, opioid analgesics 
can be classified as full agonists (i.e., morphine, fentanyl 
or remifentanil) or agonists-antagonists (i.e., buprenor-
phine, pentazocine and nalbuphine) [24]. Opioid agonists- 
antagonists can show high affinity for MOR but exhibit little 
efficacy [24].

7.3  Pharmacokinetics 
and Pharmacodynamics

Regardless of the route of administration, opioids need to 
cross the blood-brain barrier (BBB) in order to cause anal-
gesia. The 2 main mechanisms of transport are passive dif-
fusion and active transport, with the former being the most 
predominant method (. Table  7.2 [25–44]). Passive trans-
port depends on the concentration of the drug, hydrophi-
licity, lipophilicity, and the degree of hydrogen bonding of 
the drug. It is generally accepted that hydrophilic opioids, 
such as morphine, will tend to accumulate in tissues with 
high contents of water and the opposite will occur with lipo-
philic drugs, such as fentanyl. Although passive diffusion 
of opioids across the BBB is accepted as the main kinetic 
mechanism of action, it cannot fully explain the kinetics of 
opioids in the CNS. For instance, the transport of morphine 

       . Table 7.1 Opioid receptors: clinical effects and agonists, antagonists and agonist antagonists [1, 2]

Mu receptor Kappa receptor Delta receptor

Molecular details and 
endogenous agonists

7- transmembrane domain 
G-protein
  Enkephalins (high affinity)
  Beta endorphin (high affinity)
  Dynorphins (low affinity)
Subtypes: μ(mu) 1, 2 and 3

7- transmembrane domain 
G-protein
  Dynorphins
Subtypes: κ(kappa) 1, 2 and 3

7- transmembrane domain G-protein
  Enkephalins
  Beta endorphin
Subtypes: δ(delta) 1 and 2

Clinical effects μ(mu) 1: Analgesia
μ(mu) 2:
  Respiratory depression
  Ileus/constipation
  Pruritus
μ(mu) 3:????

Analgesia
Dysphoria
Halluciantions
Reward/aversion
Decrease in locomotor
Activity and arousal

Analgesia
Seizures
Increase in locomotor
Activity
Respiratory depression
Ileus

Agonists Morphine, codeine, hydromor-
phone
Fentanyl, alfentanil, sufentanil, 
remifentanil
Tramadol
Meperidiine, methadone

Ketamine
Ketazocine
Terpenoid
Pentazocine
Butopharnol
Nalorphine
Nalguphine

Norbuprenorphine
Cannabidiol
Tetrahydrocannabinol

Antagonist Naloxone, naltrexone, methylnal-
trexone,
Nalbuphine

Naloxone, naltrexone Buprenorphine
Trazodone
Naltrindole

Agonist
/antagonist

Buprenorphine Buprenorphine
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can be modulated by ATP-binding cassette (ABC) transport-
ers such as P-glycoprotein (P-gp), whose expression appears 
to be decreased after long-term exposure to that opioid. 
Furthermore, the poor penetration of morphine has been 
linked to its active efflux from the brain to the blood by the 
P-gp at the BBB [45]. Therefore, passive and active mecha-
nisms of transport govern the rate of diffusion of opioids 
across the BBB.

Morphine, one of the most commonly used opioids, is a 
full MOR agonist with poor liposolubility, low plasma protein 
binding (35%), and limited blood-brain barrier penetration 
[46, 47]. Hydromorphone, also a full agonist of MOR, is a 
semi-synthetic hydrogenated ketone derivative of morphine 
with a potency that is 7–10 times higher than its precursor 
[48]. Protein binding of hydromorphone is low (. Table 7.3) 
[49–55]. Fentanyl, a synthetic phenylpiperidine with high 
affinity for the MOR, is 80–100 times more potent than mor-
phine; therefore, it is considered a strong opioid. Fentanyl 
has a high liposolubility, good penetration of the BBB, and is 
highly bound to proteins (84%) [56]. Alfentanil is an agonist 
of the MOR that has one-third to one-fourth of the potency of 
fentanyl. Alfentanil has a higher protein binding (79%) than 
fentanyl [56, 57]. Sufentanil is a thienyl analog of fentanyl 
with high liposolubility and a potency that is 3–5 and 5–10 
times higher than fentanyl when given epidurally or intra-
venously, respectively [56]. Sufentanil is very highly protein 

bound (92.5%) [56]. Remifentanil is a 4- anilidopiperidine 
derivative of fentanyl and is an ultra- short- acting μ(mu)-
opioid receptor agonist [58]. Meperidine is the least potent 
of the phenypiperidine class. In fact, it has approximately 
10% of the effectiveness of morphine; however, some of its 
analgesic effects are related to its local anesthetic proper-
ties. Meperidine is not highly protein bound (58–75%) [59]. 
Methadone is a synthetic MOR agonist and an antagonist of 
the NMDA receptor. Methadone is formulated as a racemic 
mixture of 2 enantiomers; the R form binds to MOR, while 
S configuration acts as the NMDA antagonist. The S isomer 
also inhibits reuptake of serotonin and norepinephrine. 
Methadone is 60–90% bound to plasma proteins, mostly the 
acid α(alpha)1-globulins [60]. Tramadol is considered a weak 
MOR agonist. Tramadol has 1/10 of the potency of intrave-
nous morphine [61]. It is formulated as a racemate, where 
the (+)-enantiomer stimulates MOR and inhibits reuptake 
of 5-HT, whereas the (−)-enantiomer inhibits noradrena-
line reuptake [62]. Tramadol is 20% plasma protein bound 
[63]. Propoxyphene is a weak synthetic analgesic with a 
similar structure to methadone and an equipotency similar 
to codeine. Some of the analgesic effects of propoxyphene 
can be explained by its antagonistic actions on the NMDA 
receptor; however, its use has been discouraged because of 
significant adverse effects [64]. Tapentadol is a novel MOR 
agonist and inhibitor of norepinephrine uptake. Tapentadol 

       . Table 7.2 Recommended doses of opioid for intraoperative analgesia. Intravenous equianalgesic dose ratios [25–44]

Recommended
dose

Alfentanil Remifentanil Fentanyl Sufentanil Hydromorphone Morphine Methadone

Intravenous
  Bolus
  Maintenance

20–75 μ(mu)
g/kg
0.2–1.5 μ(mu)
g/kg/min

0.5–1 μ(mu)g/
kg
0.05–0.5 μ(mu)
g/kg/min

1–3 μ(mu)g/
kg
0.5–2 μ(mu)
g/kg/h

0.1–1 μ(mu)g/
kg
0.1–1 μ(mu)g/
kg/h

5–10 μ(mu)g/kg 0.05–1 mg/kg 5–10 mg

Epidural
  Bolus
  Infusion

250–
400 μ(mu)g
400 μ(mu)
g/h

_____
_____

0.5–1 μ(mu)
g/kg
5–20 μ(mu)
g/h

0.1–0.3 μ(mu)
g/kg
1–6 μ(mu)g/h

5–10 μ(mu)g/kg
5–40 μ(mu)g/h

30–100 μ(mu)
g/kg
200–
400 μ(mu)g/h

5–6 mg
0.5 mg/h

Spinal
  Bolus
  Infusion

_____
_____

_____
_____

10–50 μ(mu)
g

5–7.5 μ(mu)g 5–40 μ(mu)g 30–200 μ(mu)g

Alfentanil _____ _____ A:F 10:1 _____ _____ _____ _____

Remifentanil A:R 16–70:1 _____ R:F 1:1 _____ _____ _____ _____

Fentanyl _____ _____ _____ S:F 5–10:1 M:F 50–100:1 2–5:1

Sufentanil _____ _____ _____ _____ _____ M:S 1000:1 _____

Hydromor-
phone

_____ _____ H:F 5–10:1 _____ M:F 4–7:1 _____

Morphine _____ _____ _____ _____ _____ _____ _____

Methadone _____ _____ _____ _____ _____ _____ _____

Some of these ratios have been suggested in the literature but not based on bioavailabity or conversion studies [25–36]
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is 2–3 times less potent than morphine and has shown low 
protein binding. Cebranopadol is a newly developed noci-
ceptin receptor (NOP) agonist that has also cross-reactivity 
with MORs, δ(delata), and κ(kappa) receptors. In rodents, 
cebranopadol is 180–4800 times more potent than morphine 
and has shown analgesic actions in inflammatory, neuro-
pathic, and bone cancer pain [65, 66]. Cebranopadol is not 
available for clinical use in humans.

7.3.1  Intravenous Opioids

The intravenous injection of morphine, hydromorphone, 
fentanyl, sufentanil, alfentanil and remifentanil follow a 
3-compartment pharmacokinetic model [67–76]. For most 
opioids, the 3 compartments are:
 1. The systemic blood after immediate injection
 2. Tissues with good blood flow such as liver and brain
 3. Tissues with slow and/or low blood flow such as fat and 

muscles

Equilibration between tissues and blood occurs faster in 
compartment 2 than in 3. Extensive tissue uptake and high 
liposolubility in the third compartment (reservoir) are fac-
tors that affect the elimination time of lipophilic drugs such 
as fentanyl and sufentanil. Subsequently, the return of these 
drugs from fat tissues to the blood is a rate-limiting step for 
their ultimate clearance from the body [71]. For example, 
there is less tissue accumulation of alfentanil, in comparison 
to fentanyl, because it has a lower protein-binding capacity 
and a lower lipid solubility [73]. Methadone and tramadol 
have a 2-compartment model such that after a bolus injection 
they are followed by an exponential decay [77, 78].

The onset of action of opioids is highly dependent on 
lipid solubility and equilibrium between the blood and brain. 

Thus, sufentanil and fentanyl (both are very lipophilic) have 
a short onset of action while drugs such as hydromorphone 
(hydromorphone) have an onset of approximately 5  min 
with a peak effect 20 min later. This is due to delayed pen-
etration of the blood-brain barrier [79]. The fastest onsets 
of action are for alfentanil and remifentanil (approximately 
1–2 min).

The offset of action of opioids is also variable. The 
context- sensitive half-time (defined as the time necessary 
to achieve a 50% decrease in blood or plasma concentration 
after termination of a variable-length, continuous infusion 
targeted to maintain a steady-state concentration, where the 
“context” is the duration of the infusion) of remifentanil is 
2–3 min and independent of the duration of infusion [80]. 
For procedures lasting longer than 10  min, alfentanil has 
a longer duration of action than remifentanil but it is one-
third of that of fentanyl [81]. Furthermore, in comparison 
to sufentanil and fentanyl, alfentanil has a shorter elimina-
tion rate that makes accumulation after repeated or sustained 
administration considerably lower [57, 71]. Therefore, the 
recovery from remifentanil bolus is faster than the recovery 
from alfentanil, which in turn is quicker than from a bolus of 
sufentanil and fentanyl [55, 82]. For long infusions of these 
opioids, it is expected that remifentanil would have the fast-
est recovery and alfentanil and sufentanil should produce a 
faster recovery than fentanyl [55, 81, 82].

Morphine has a longer time to maximum analgesia in 
comparison to hydromorphone. This is due to the slow 
increase in the active metabolite morphine-6-glucuronide 
that contributes significantly to the analgesic effects of mor-
phine. The duration of action of hydromorphone is at least 
120 min while that for morphine has been estimated between 
180 and 240  min [79]. Methadone’s duration of action is 
4–21  h with a half-life of 12–150  h [77, 83]. The analgesic 
effect of tramadol is 3–4 h [84].

       . Table 7.3 Pharmacokinetics of most commonly used intravenous opioids [49–55]

Morphine Hydromorphone Alfentanil Fentanyl Sufentanil Remifentanil

Vd (l/kg) 0.95–2.9 1.22–2.9 0.4–1 3–8 3–5 0.1–0.4

Clearence 
(mL/min)

482 ± 502 1660 139 ± 88 498 ± 190 552.8 ± 314.7 4117–4950

Terminal elimi-
nation
t 1/2 (min)

78 ± 21 112–204 108 ± 81 68 ± 33 59.2 ± 22 11.8 ± 5.1

Context- 
sensitive 
half-life

50–55 > 100 20–30 3–5.4

Protein 
binding

35% 14% 79% 84% 92.5% 92%

Analgesic 
onset (min)

7.5 10 0.75 1.5 1 1

There is a great variability in the PK parameters
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The volume of distribution (Vd) is another important 
pharmacokinetic parameter. It is affected by factors such as 
age or comorbidities and fluid status of the patients (Vd may 
be increased by renal failure and liver failure and decreased in 
dehydration). Furthermore, the Vd is usually larger in obese 
than non-obese patients. The Vd of morphine and hydro-
morphone are similar (0.95–2.9  l/kg versus 1.22–2.9  l/kg, 
respectively) but relatively smaller than that of methadone 
(3.3–6  l/kg) [85–89]. Sufentanil and fentanyl have a total 
volume of distribution (Vd) of 3–5  l/kg and approximately 
4  l/kg, respectively; in contrast, remifentanil and alfentanil 
have smaller Vd approximately 0.190 l/kg and 0.86–1.03 l/kg, 
respectively [57, 68, 71, 90]. Of note, the Vd of remifentanil 
is closely related to lean body weight rather than total body 
weight [70, 91]. Meperidine and tramadol have similar vol-
ume of distribution that ranges from 3.5 to 6 l/kg [76, 92, 93].

7.3.2  Epidural and Intrathecal Opioids

When opioids are injected into the epidural space, passive 
diffusion and active transport mechanisms deliver the drug 
across the BBB and into the brain. These were the same 
mechanisms as opioids injected via the intravenous route 
[94]. However, concentrations in the lumbar cerebrospinal 
fluid (CSF) of a liposoluble opioid such as fentanyl and sufen-
tanil after their intravenous administration are significantly 
lower or undetectable compared to those measured in the 
CSF after epidural injection [94].

The epidural space deserves special consideration because 
it can act as a reservoir of liposoluble drugs. Liposoluble 
opioids such as fentanyl and sufentanil have longer epidural 
residence times and terminal elimination half times com-
pared to less liposoluble drugs such as morphine [94, 95]. 
This explains why morphine achieves higher concentra-
tions in the cerebrospinal fluid than sufentanil and fentanyl; 
hydrophilic drugs move preferentially to the CSF after single 
epidural injections and lipophilic drugs tend to remain in 
the epidural space. During prolonged infusion of lipophilic 
opioids in the epidural, the plasma concentrations of these 
drugs are similar to that of an intravenous infusion [96]. The 
use of vasoconstrictors such as epinephrine (2 μ[mu]g/ml) 
can reduce the rate of systemic absorption of opioids and 
improve the quality and duration of analgesia [97, 98].

Epidurally injected drugs cross through the meninges via 
simple diffusion. This passive mechanism involves 2 steps: first 
the movement of the drug across the cell membrane (lipid 
bilayer) of arachnoid cells, and then across intra- and extracel-
lular fluids [94]. Lipophilic opioids, such as fentanyl or sufent-
anil, will accomplish the first step with ease but the second step 
with some difficulty; the opposite can be expected for hydro-
soluble drugs such as morphine or hydromorphone [99].

When opioids are injected intrathecally, they also reach 
receptors located in the spinal cord by diffusion. The factors 
that govern the kinetics of intrathecal opioids are baricity, 
temperature, volume, speed of administration, and lipid 
solubility [99, 100]. Lipid solubility has a significant impact 

on the speed of onset, duration of action, clearance, and the 
volume of distribution (Vd) of the drug in the CSF; thus, 
lipophilic opioids show quicker onset and a Vd larger than 
drugs such as morphine. The clearance of sufentanil in cere-
brospinal fluid is orders of magnitude greater than intrathe-
cal morphine [101, 102]. Moreover, the terminal half-life of 
sufentanil is reported as 0.6–1.4 h, and that one for morphine 
is 3.1  h [101, 102]. Spread of intrathecal opioids appears 
to be inversely related to lipid solubility. This explains why 
morphine shows significant rostral spread after intrathecal 
administration compared to sufentanil or fentanyl, which 
provide a more segmental distribution (analgesia). Lastly, 
opioids move out of the intrathecal space by diffusion into 
blood vessels; however, the different clearance rates between 
opioids contribute to the overall duration of analgesia [100]. 
For instance, an opioid with a low clearance rate such as mor-
phine produces significantly longer analgesia than sufentanil 
or alfentanil. In contrast, fentanyl rapidly distributes out of 
the CSF by diffusing into the epidural space and epidural 
fat [94]. The concentrations of opioids in plasma after single 
intrathecal administration are negligible. This fact guides the 
use of opioids in spinal analgesia during labor as fetuses are 
exposed to minimal amounts of plasma narcotics.

7.3.3  Metabolism and Excretion

The major metabolic pathway for most opioids is oxidation. 
The exceptions are morphine and hydromorphone, which 
primarily undergo glucuronidation, and remifentanil, which 
is cleared by ester hydrolysis. Factors affecting liver metabo-
lism—such as cigarette smoking, age, sex, obesity, and use 
of medications—can modify the activity of metabolizing 
enzymes [103]. Morphine undergoes metabolism in the liver 
by uridine diphospho glucuronosyltransferases (UGT) 2B7 
(primarily), UGT1A3, CYP3A4, and CYP2C8 into several 
metabolites. The most important of them are morphine- 
3- glucuronide (M3G) and morphine-6-glucoronide 
(M6G), which are excreted by the kidneys [87, 104, 105]. 
Approximately 10% of morphine is excreted as unchanged 
morphine [106]. M3G has no analgesic activity but it is a 
neuroexcitatory metabolite. In contrast, M6G and normor-
phine do have analgesic activity. Although the affinity of 
M6G for the MOR2 subtype is lower than that for morphine, 
M6G can accumulate in the presence of renal failure and may 
cause respiratory depression [87, 106–108]. Liver disease can 
also alter the pharmacokinetics of morphine. Higher plasma 
concentrations (Cmax) of the glucuronide metabolites have 
been reported in patients with non-alcoholic steatohepatitis 
[109]. Thus, the duration of action or side effects associated 
with morphine might be increased in patients with moderate 
to severe liver impairment [110]..

Hydromorphone also undergoes liver metabolism but in 
contrast to morphine, it does not appear to have a 6- glucuronide 
metabolite. Instead, it is extensively metabolized to a 
hydromorphone-3-glucuronide, dihydroisomorphine gluc-
uronide, dihydromorphine, hydromorphone-3-sulfate, nor-
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hydromorphone, and nordihydroisomorphine [111]. Of all 
these metabolites, hydromorphone- 3-glucuronide deserves 
attention because it has neuroexcitatory effects more potent 
than those observed with M3G [112, 113].

Fentanyl is metabolized by the liver by cytochrome P450 
(CYP) 3A4 to active and inactive metabolites [67, 114]. 
Hepatic impairment may lead to accumulation and pro-
longed action of fentanyl. Around 10% of the drug under-
goes renal excretion [67, 114]. Sufentanil is metabolized in 
the liver by N-dealkylation or O-demethylation [115, 116]. 
The desmethyl metabolite has 10% of the activity of sufen-
tanil while the other metabolites are inactive [116]. Since 
the metabolites are excreted in urine and feces, desmethyl 
sufentanil can accumulate in patients with renal failure after 
repeated or continuous administration. The kinetics of suf-
entanil are not significantly altered in cirrhotic patients [90]. 
Alfentanil is metabolized and eliminated by the liver through 
O-dealkylation and N-dealkylation as the main metabolic 
pathways [56, 116]. The metabolites of alfentanil have no 
pharmacologic activity. However, in patients with reduced 
liver function, prolonged effects can be expected after a large 
single or cumulative dose of alfentanil because of its hepatic- 
dependent elimination and increased unbound fraction [56, 
116]. Remifentanil is rapidly metabolized via extrahepatic, 
nonspecific blood and tissue esterases to remifentanil acid 
(inactive). Because it is not a substrate for plasma cholin-
esterase, its metabolism is not subject to genetic variance. 
Remifentanil acid is primarily excreted by the kidneys [69]. 
The pharmacokinetics of remifentanil are not significantly 
affected after short periods of administration in patients with 
renal or liver impairment; however, the time to offset and 
metabolic ratio might be prolonged or increased after pro-
longed infusions (>72 h) or large doses [68, 117, 118].

Meperidine is metabolized by the liver into meperidinic 
acid (hydrolysis) and normeperidine (N-demethylation), 
which is then hydrolyzed to normeperidinic acid [119]. 
Excretion of normeperidine and normeperidinic acid is pri-
marily renal [76]. Normeperidine has significant excitatory 
effects in the CNS. Prolonged administration of meperidine 
and in patients with renal impairment can lead to neurologi-
cal derangements [120, 121].

Methadone is metabolized in the liver and intestines 
and excreted by the kidney (15–60%) and in feces (20–40%), 
an advantage in patients with renal insufficiency or fail-
ure. CYP3A4 (N-methylation) is the main mechanism in 
methadone metabolism (inducible) [116, 122]. Tramadol 
undergoes hepatic metabolism via the cytochromes P450 
(CYP2D6). There are 5 known active and inactive metabo-
lites [123]. O-demethyltramadol (M1) is an active metabolite 
with 200 times the μ(mu)-affinity of tramadol. The other 4 
metabolites are mono-N-de-methyltramadol (M2), N,N- 
didemethyltramadol (M3), N,N,O-tridemethyl-tramadol 
(M4), and N,O-deme thyltramadol (M5). All metabolites 
undergo conjugation with glucuronic acid and sulfate before 
excretion by the kidney [63, 124]. Tapentadol is highly 
metabolized in the liver to largely inactive metabolites that 
are excreted by the kidneys [125].

7.3.4  Effect on Circulation

Most opioids reduce sympathetic tone and enhance vagal 
and parasympathetic tone in a dose-dependent manner 
[126–128]. Fentanyl analogs can produce arterial hypoten-
sion by a centrally mediated reduction in systemic vascular 
resistance and direct vasodilatory effects [129]. For instance, 
the administration of sufentanil and alfentanil for surgical 
analgesia is associated with minimal cardiovascular depres-
sion or alteration of the activity of the autonomic nervous 
system; however, in large doses, they can cause severe hypo-
tension even in healthy subjects and especially in patients 
with poor cardiovascular reserve [130, 131]. Although rare, 
profound bradycardia or even asystole can also be observed 
after the administration of fentanyl analogs, especially in 
conjunction with vagal stimulating effects of laryngoscopy 
or during pediatric strabismus surgery (oculocardiac reflex) 
[132–134]. Electrophysiological studies in humans show 
that fentanyl and remifentanil provoke a dose-dependent 
depressor effect on sinus and AV node function [135, 136]. 
The administration of methadone has been associated with 
 prolongation of the QT interval and torsades de point on the 
electrocardiogram. However, this phenomenon appears to be 
dose-dependent and in the presence of other drugs that affect 
the QTc [137, 138]. This adverse event has led health authori-
ties to issue a black box warning on the use of methadone.

Meperidine, morphine, and to a lesser extent hydromor-
phone can cause histamine release and subsequently hypo-
tension and myocardial depression [129, 139]. Meperidine 
has atropine-like effects on heart rate; hence, tachycardia can 
be observed. Because fentanyl and its derivates cause mini-
mal or no release of histamine, they provide better hemody-
namic stability than morphine [80].

7.3.5  Effect on Respiration

The effects of opioids on respiration include: (1) reduction in 
minute ventilation by decreased respiratory rate, tidal volume 
or both; (2) decreased response to hypoxia; and (3) depression 
of the CO2 response (chemosensitivity) [140]. As a result, the 
apneic threshold and resting end-tidal PCO2 are increased by 
opioids. The depressant effects of opioids are centrally medi-
ated by: (1) acting on the brain stem and medulla, and (2) 
peripherally on the carotid bodies [140, 141]. The respiratory 
pattern also changes after opioid administration—in particu-
lar in opioid naïve patients. Irregular or periodic breathing, 
apneic periods (respiratory pausing), and expiratory delays 
are often seen after the administration, of even low doses, of 
opioids.

The ventilation response to hypoxia is also reduced some-
times to a greater extent than the depression to hypercapnia 
[142]. Activation of the MOR mediates most of the effects of 
opioids on the respiratory system; however, delta receptors 
may also exert some inhibitory effects on respiration [143, 
144]. Kappa receptors appear to be devoid of respiratory 
depressant activity [145].
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The depression of the respiratory drive is dose-dependent 
and also proportional to the analgesic potency [140]. Thus, 
after fentanyl administration, CO2 response curves usually 
showed combined decreases in slope and displacements to 
the right that do not return to baseline levels for more than 
1 h. An earlier return to normal levels is seen with alfentanil, 
which is a less potent narcotic compared to fentanyl.

Opioids have also dose-dependent suppressant effects on 
coughing [146]. The antitussive effects of opioids are medi-
ated by the direct suppression of the medullary cough cen-
ter or the inhibition of afferent inputs to the thoracic spinal 
cord [147].

7.3.6  Effect on Other Organs

As expected, opioids can modulate the activity of the CNS, 
which can be measured by electroencephalography (EEG) 
and evoked potentials (EP). The predominant effect is a 
generalized slowing of the spontaneous EEG.  Morphine 
increases the activity of alpha and beta bands and tends to 
raise the delta band activity over time [81, 148, 149]. The 
effect of intravenous or intrathecal opioids is minimal on 
evoked potentials [150–153].

Opioids have significant effects on the endocrine system. 
They cause inhibition of each level of the hypothalamic- 
pituitary- gonadal axis (HPG). In the hypothalamus, opioids 
decrease the secretion of GnRH.  The production of LH is 
reduced when opioids bind to MOR in the pituitary gland 
[154]. Opioids also interfere with the function of the ova-
ries and testes, which have been linked to a reduction in the 
production of sex hormones [155]. Opioids also interfere 
with the release and function of several hormones of the 
hypothalamus- pituitary-adrenal (HPA) axis [156]. The over-
all effect is suppression of the axis—a termed also known 
as “opioid-induced adrenal insufficiency.” The magnitude 
of HPG and HPA axis suppression is not the same among 
different opioids; therefore, opioid rotation has been recom-
mended in patients with opioid-induced hypogonadism or 
adrenal insufficiency.

7.3.7  Side Effects and Toxicity

 Respiratory Depression
Opioids can induce respiratory depression when adminis-
tered systemically or neuraxial [157, 158]. The incidence of 
respiratory depression is 0.01–7% [159, 160]. Respiratory 
depression is dose-dependent and commonly observed after 
the co-administration of other CNS depressant (i.e., gen-
eral anesthesia, magnesium sulfate, or diphenhydramine) 
[161, 162]. Advanced age, obstructive sleep apnea, obesity 
and intrathecal use of opioids are risk factors for respira-
tory depression [162–165]. When given neuraxial, early and 
late respiratory depression can be observed with highly and 
poorly lipid soluble drugs, respectively. Fentanyl or sufentanil 
can depress the respiratory system within 20–25  min after 

the spinal administration. Intrathecal morphine- induced 
respiratory depression has been described as biphasic with 
an early phase (10–90 min) secondary to vascular absorption 
and a late phase due to rostral spread (6–18 h) [158, 166].

 Pruritus
Pruritus is a common side effect after the administration of 
opioids. Itching is often located on the face; however, it also 
can be described as a “whole body itch.” The mechanism 
involves interactions between MOR and estrogen receptors 
or MOR1 and serotoninergic (5-HT3) receptors located in 
the medulla and the dorsal horn of the spinal cord [167]. 
Pruritus can occur after the systemic or neuraxial adminis-
tration of opioids, although the incidence is the highest after 
intrathecal injections. The incidence and duration of pruritus 
appear greater and longer with the use of epidural morphine 
than with hydromorphone and fentanyl [168].

 Nausea and Vomiting
Nausea and vomiting are also side effects observed after the 
administration of opioids. In the general surgical population 
the incidence ranges from 20% to 80% [169]. Opioids can 
induce nausea and vomiting through several mechanisms 
including: (1) direct effects on the chemoreceptor trigger zone 
(CTZ), specifically in the area postrema or in the vomiting 
center in the brainstem; (2) enhanced vestibular sensitivity; 
and (3) delayed gastric emptying. Direct activation of CTZ 
MOR appears to be the main mechanism of opioid- induced 
nausea and vomiting. The delta receptor as well as interaction 
with other “emetogenic” receptors such dopamine- 2 (D2), 
histamine-1 (H1), 5-HT3 receptor, acetylcholine (ACh), 
tachykinin NK1 (NK-1), and cannabinoid receptor-1 (CB1) 
might also be involved in the pathophysiology. It has been 
proposed that once CTZ MOR and delta- opioid receptors are 
activated, they initiate signaling to the vomiting center via 
dopamine D2 receptors and 5-HT3 receptors, which explain 
the efficacy of anti-sertoninergic and anti-dopaminergic 
drugs [170].

Inter-individual variations in nausea and vomiting after 
opioid administration are attributed to gene polymorphisms 
affecting opioid transport across the BBB, opioid receptor 
binding, downstream signaling, and opioid metabolism (e.g., 
catechol-O-methytransferase gene) [171, 172].

 Urinary Retention
The incidence of urinary retention after opioid adminis-
tration ranges from 0% to 80% depending on the type 
of opioid and the patient population (the elderly are at 
greater risk). The effects of intrathecal or epidural opioids 
on bladder function are potency- and dose- dependent. 
Long-acting opioids are associated with the highest rate 
of urinary retention [173]. Opioids induce urinary reten-
tion by primarily acting on supraspinal and spinal MOR, 
even when administered systemically. Activation of MOR 
located in the PAG area of the midbrain and Barrington’s 
nucleus inhibits reflex bladder contractions [174, 175]. 
MORs present in the spinal cord participate in urinary 
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retention via inhibition of the micturition [176]. The intra-
thecal administration of delta and kappa opioid receptor 
agonists produces little or no effect on volume-evoked 
bladder contractions [174].

 Opioid-Induced Bowel Dysfunction
Constipation is the most common side effect associated with 
the chronic administration of opioids. It can be observed 
after a short period of administration as well. All 3 main 
opioid receptors are present in the gastrointestinal (GI) tract; 
however, the MOR mediates most of the central effects [177]. 
MOR activation induces hyperpolarization of enteric neu-
rons that results in a decrease in rhythmic gut contractions 
and mucosal secretions [178, 179]. Recent studies indicate 
that opioid-induced activation of toll-like receptor 4 (TLR-
4) may also play a role in opioid-induced bowel dysfunction 
since antagonism of the TLR-4 receptor appears to stimulate 
peristalsis after morphine administration [180].

The effects of opioids agonists in the GI tract are not 
homogeneous. Rectal muscle fibers appear to be more sen-
sitive to exogenous opioids than proximal colonic fibers, 
which can explain why administration of these drugs results 
in intestinal ileus and predominantly dry stools [181].

 Cognitive Dysfunction and Neuromuscular 
Effects
Somnolence, memory impairment, and cognitive disorders 
can be observed even after a single dose of opioids [182]. 
These side effects are dose-dependent and reversed by the 
administration of MOR antagonists [183]. Drugs such as 
morphine and hydromorphone can also trigger delirium 
via the excitatory effects of their 3-glucoronide metabolites. 
Similarly, normeperidine (an active metabolite of meperi-
dine) can cause cognitive impairment by its known anticho-
linergic effect.

Chest rigidity (wooden chest syndrome) can occur dur-
ing induction of anesthesia with lipophilic synthetic opioids 
such as fentanyl, sufentanil, and remifentanil [184]. This 
side effect is dose-dependent, and also observed after rapid 
intravenous injections in particular in newborns or elderly 
patients. The mechanism remains poorly understood; how-
ever, activation of central MOR and decreased dopaminergic 
activity in the nucleus raphe pontis and the caudate nucleus 
has been implicated mechanistically [185–187].

 Opioid-Induced Hyperalgesia (OIH)
OIH is defined as a condition in which patients requiring 
chronic opioid therapy develop enhanced pain sensitization. 
The clinical diagnosis of OIH can be a challenge [188]. OIH 
is suspected when there is a change in the characteristics 
of the preexisting pain syndrome from well localized to a 
more generalized and ill-defined pain along with increased 
requirements in the consumption of opioids [188, 189]. 
Patients with OIH can also present as an exaggeration of 
preexisting painful disorder. OIH also has been described 
after short- term exposure to opioids as it occurs during 

the perioperative surgical period [188, 189]. In the surgical 
setting, high doses of fentanyl and remifentanil have been 
implicated in the development of OIH [190, 191].

The pathophysiological mechanisms responsible for OIH 
are still poorly understood; however, it appears to be mul-
tifactorial and involves the peripheral and central nervous 
system. Activation of NMDA receptors, spinal dynorphin 
release, and activation of descending pathways along with 
genetic factors are some of the hypothesized mechanisms. In 
support of the role of NMDA receptors on OIH; the use of 
ketamine has shown some promising results in the context 
of surgery and OIH [192, 193]. Few reports have suggested 
that gabapentin can also be effective in the treatment of OIH 
[193, 194].

7.3.8  Indications and Contraindications

Opioids are indicated for the treatment of acute and chronic 
pain. The choice of opioids used in the context of surgery 
should be based on patients’ comorbidities, pharmacoki-
netic and pharmacodynamic properties of each opioid, type 
of surgery, and duration. Fentanyl congeners are commonly 
used during surgery as single intravenous or epidural boluses 
or continuous infusion. Morphine and hydromorphone are 
commonly given as single intravenous or epidural boluses. 
Fentanyl congeners, morphine, and hydromorphone also 
provide good quality analgesia when they are injected intra-
thecally. Intravenous infusions of morphine or fentanyl con-
geners have also been used to provide analgesia and sedation 
in intensive care unit settings.

Although meperidine use for the treatment of acute and 
chronic pain is not recommended, this opioid still plays a 
significant role in the treatment of postoperative shivering. 
Meperidine is contraindicated in patients who have received 
monoamine oxidase inhibitors (MAOIs) within the previ-
ous 14 days due to risk of depressive (respiratory depression 
and hypotension) or excitatory (hypertension, hyperpyrexia, 
tachycardia, and seizures) reactions [195]. Similarly, tra-
madol has been involved in serotonin reactions with MAOIs 
[195]. Despite the theoretical concern that systemic admin-
istration of opioids can be associated with a higher incidence 
of cognitive dysfunction compared to the neuraxial route, 
this hypothesis has not been confirmed yet.

7.4  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. Opioid induced-analgesia is mediated by activation 

of MORs located at (select the most appropriate 
answer):
 A. At supraspinal (central) level only
 B. At spinal (central) level only
 C. At peripheral level only
 D. At central and peripheral levels
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 2. Select the most appropriate answer regarding MOR1 
and MOR2:
 A. The MOR1 that mediates most of the adverse 

events related to opioid agonists
 B. The MOR2 that is responsible of the analgesic 

effect of opioid agonists
 C. The MOR1 primarily mediates the analgesic 

effect of opioid agonists while the MOR2 the 
adverse effects attributed to opioids

 D. None of the above
 3. The following opioids belong to the phenylpiperi-

dines class except:
 A. Fentanyl
 B. Alfentanil
 C. Sufentanil
 D. Morphine

 4. Passive diffusion of opioids into the blood-brain bar-
rier depends on the following properties of the drug 
except:
 A. Concentration of the drug
 B. Lipophilicity
 C. Degree of hydrogen of bonding of the drug
 D. The presence of ATP-binding cassette 

transporters
 5. After intravenous administration, all the following 

opioids have a fast onset of action except:
 A. Fentanyl
 B. Remifentanil
 C. Alfentanil
 D. Hydromorphone

 6. After the continuous intravenous administration of 
remifentanil for 3 h in a healthy subject, the follow-
ing can be expected, except:
 A. Accumulation of active metabolites
 B. Prolonged analgesia
 C. A prolonged period of apnea
 D. A short period of analgesia

 7. Delayed postoperative respiratory depression can 
be expected after a single epidural bolus of:
 A. Sufentanil
 B. Fentanyl
 C. Alfentnial
 D. Morphine

 8. Segmental analgesia can be expected after the 
intrathecal administration of the following opioids 
except:
 A. Sufentanil
 B. Fentanyl
 C. Alfentnial
 D. Morphine

 9. Accumulation of which of the following metabo-
lites of morphine can be associated with excitatory 
effects in the central nervous system:
 A. Norfentanyl
 B. Morphine-3-glucuronide (M3G)
 C. Morphine-6-glucuronide (M3G)
 D. Normorphine

 10. Opioid-induced respiratory depression can be 
explained by the following mechanisms except:
 A. Reduction in minute ventilation
 B. Decreased response to hypoxia
 C. Depression of the CO2 response (chemosensitiv-

ity)
 D. Diaphragmatic weakness

 v Answers
 1. D. Although it well known that opioid-induced 

analgesia is primarily mediated by the biding of opi-
oids to MOR located in the central nervous system 
(supraspinal and spinal cord), there is also contribu-
tion of peripherally located MOR (ie, synovial tissue).

 2. C. The analgesic effect of MOR agonists is caused 
by the binding to the MOR1 subtype receptor while 
their action on the MOR2 is responsible for most of 
the adverse related to opioids (respiratory depres-
sion, sedation, pruritus, prolactin release, depen-
dence, anorexia, and sedation).

 3. D. There are 4 classes of opioids. Morphine and 
hydromorphone belong to the phenanathrenes 
class. Fentanyl, sufentanil, alfentanil, remifentanil 
and meperidine are considered phenylpiperidines. 
The other 2 classes include benzomorphans (pen-
tazocine) and difphenylhelptanes (methadone and 
propoxyphene).

 4. D. ATP-binding cassette transporters like 
P-glycoprotein (P-gp) are involved in the active 
efflux of drugs like morphine. Diffusion of opioids 
across the blood brain barrier is higher for those 
with high lipophilicity, reduced hydrogen bond and 
at the moment of highest gradient.

 5. D. Alfentanil, fentanyl and remifentanil have an 
onset of approximately 1–3 min. In contrast, hydro-
morphone and morphine have a slower onset that 
can range from 5 to 10 min that can be explained by 
a delayed penetration of the blood–brain barrier.

 6. D. The context-sensitive half-time of remifentanil 
is 2–3 min and independent of the duration of 
infusion therefore, a short period of analgesia is 
expected immediately after its use. Remifentanil is 
rapidly metabolized remifentanil acid (inactive) that 
is primarily excreted by kidneys. Prolonged duration 
of apnea is not a major concern related to the use of 
remifentanil.

 7. D. Single boluses injections of neuraxial morphine 
or hydromorphone can cause respiratory depression 
that has been described as biphasic with an early 
phase (10–90 min) secondary to vascular absorp-
tion and a late phase due to rostral spread (6–18 h). 
In contrast, fentanyl or sufentanil can depress the 
respiratory system within 20–25 min after the spinal 
administration.

 8. D. Spread of intrathecal opioids appears to be 
inversely related to lipid solubility. Thus, hydro-
philic opioids such as morphine or hydromorphone 
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show a slow diffusion into the epidural space and 
a sustained high concentration within the CSF. This 
explains why morphine shows significant rostral 
spread after intrathecal administration compared 
to sufentanil or fentanyl, which provide a more seg-
mental distribution (analgesia).

 9. B. Morphine is metabolized. The most impor-
tant metabolites of morphine are morphine-3- 
glucuronide (M3G) and morphine-6-glucoronide 
(M6G). M6G has analgesic activity. On the contrary, 
M3G has no analgesic activity but it is a neuroex-
citatory metabolite (myoclonus, allodynia, and sei-
zures).

 10. D. Reduced in minute ventilation, decreased 
response to hypoxia, and depression of the CO2 
response (chemosensitivity) are mechanisms 
involved in opioid-induced respiratory depression. 
The apneic threshold and resting end-tidal PCO2 
are increased by opioids. The respiratory pattern 
observed after opioids administrations includes 
apneic periods, periodic breathing and expiratory 
delays.
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Key Points
1. The vertebrate neuromuscular junction is the most stud-

ied synapse. Acetylcholine is released from the motor 
axon terminal, crosses the synaptic cleft, and binds 
to the recognition sites on the 2 α (alpha) subunits of 
postsynaptic nicotinic receptors. The generated action 
potential will result in excitation-contraction coupling.

2. Succinylcholine is an ultra-short acting depolarizing 
neuromuscular blocking drug (NMBD). It produces 
the fastest, shortest, and most reliable neuromus-
cular blockade. Succinylcholine may result in post-
operative myalgia, increases in plasma potassium 
levels that can reach pathologic levels under certain 
conditions, small increases in intracranial and intra-
ocular pressure, and is one of the known triggers of 
malignant hyperthermia.

3. Atracurium is a benzylisoquinolinium compound of 
an intermediate duration composed of 10 isomers 
and its metabolism occurs independent of renal and 
hepatic function by Hofmann degradation and plasma 
esterases hydrolysis. Doses used to facilitate tracheal 
intubation may be associated with histamine release.

4. Cisatracurium, the cis-cis isomer of atracurium (a 
benzylisoquinolinium compound), is also metabolized 
by Hofmann degradation. The parent molecule does 
not undergo ester hydrolysis. Cisatracurium has an 
intermediate duration. There is virtually no histamine 
release when compared to its predecessor, atracurium.

5. Mivacurium, another benzylisoquinolinium com-
pound, is a short-acting nondepolarizing NMBD. It 
is metabolized by butyrylcholinesterase, similar to 
succinylcholine.

6. Pancuronium is a steroidal, long-acting NMBD 
that possesses vagolytic and sympathomimetic 
properties and yields active metabolites (3-OH pan-
curonium) that increase the incidence of residual 
neuromuscular blockade. In the modern era of rapid 
recovery protocols, its use has diminished signifi-
cantly. The authors do not recommend its use.

7. Vecuronium is a steroidal nondepolarizing NMBD 
with an intermediate duration of action. It is virtually 
devoid of hemodynamic effects. However, its degra-
dation into active metabolites precludes its use for 
prolonged periods in the intensive care unit.

8. Rocuronium is a steroidal nondepolarizing NMBD 
with an intermediate duration of action. At high 
doses (1.2 mg/kg or 4 × ED95), it has an onset of 
action approaching that of succinylcholine.

9. The use of clinical signs such as handgrip strength 
or sustained head lift, and subjective (visual and 
tactile) assessment obtained with a peripheral nerve 
stimulator, are not reliable methods for determining 
recovery from neuromuscular blockade. Quantitative 
monitors—using acceleromyography, mechano-
myography, or electromyography—are most reliable 
for excluding residual neuromuscular blockade.

10. Sugammadex is a novel encapsulating reversal 
agent, capable of rapidly antagonizing any level of 
rocuronium- induced neuromuscular blockade. Its 
use, however, does not preclude the need for moni-
toring the level of neuromuscular blockade, as the 
appropriate dose is dependent on the level of recov-
ery at the time of its administration.

8.1  Background

Since the first administration of d-tubocurarine in 1942 
by Harold Griffith to facilitate muscle relaxation during an 
appendectomy, neuromuscular blocking drugs (NMBDs) 
have been a class of medications utilized by anesthesiologists 
and intensivists to facilitate the performance of invasive and 
painful procedures. NMBDs are administered to improve 
the quality of intubating conditions and decrease the inci-
dence of vocal cord injury during airway instrumentation. 
Furthermore, the use of NMBDs to relax major skeletal 
muscle groups during intra-cavitary operations significantly 
improves surgical conditions. The utility of NMBDs is not 
limited to the perioperative arena; they can be used to facili-
tate mechanical ventilation in patients with poor pulmonary 
compliance in the intensive care unit.

Two major classes of NMBDs exist and are distinguished by 
the manner in which these medications interact with the neu-
romuscular junction (NMJ) to produce skeletal muscle relax-
ation. Depolarizing drugs act as acetylcholine receptor agonists 
at the postsynaptic nicotinic receptor. Nondepolarizing drugs 
act as competitive antagonists, as they compete with acetylcho-
line for the binding sites on the nicotinic acetylcholine recep-
tors at the neuromuscular junction. Nondepolarizing NMBDs 
can be further subdivided into 2 categories, based on their 
molecular structures. Aminosteroidal and benzylisoquino-
linium (tetrahydroisoquinolines) compounds have distinct 
structural characteristics that result in substantial differences 
in the pharmacological profiles of these compounds.

Despite nearly 75  years of experience, studies continue 
to demonstrate the potential deleterious side effects associ-
ated with the use of these medications. In 1954, Beecher and 
Todd demonstrated a six-fold increase in mortality in patients 
receiving curare compared with those who had not received 
curare. Such hazards persist today as the incidence of residual 
neuromuscular blockade may be as high as 40% of patients in 
the post-anesthesia care unit (PACU), a complication that leads 
to increases in pulmonary aspiration events, airway obstruc-
tion, attenuation of the hypoxic ventilatory response, and 
subjective reports of unpleasant weakness- related symptoms. 
Furthermore, the use of NMBDs has been repeatedly impli-
cated in awareness during surgery when paralyzed patients 
have inadequate level of anesthesia. Such findings suggest that 
many clinicians may have an incomplete understanding of the 
pharmacology of NMBDs, their interactions at the neuromus-
cular junction, and of the existing techniques to monitor the 
level of neuromuscular blockade after NMBD administration.
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8.2  The Neuromuscular Junction

The corticospinal tracts course in the ventral horns of the spi-
nal cord and contain axons and cell bodies of motor neurons. 
The axons from this tract exit the spinal cord anteriorly via 
the ventral root as they course to their destination skeletal 
muscle groups. The motor unit is the functional contractile 
unit and is composed of a single myelinated alpha motor 
neuron and all muscle fibers that receive innervation from 
this single neuron. A large motor nerve innervates more 
muscle fibers than a smaller motor nerve does. In general, 
small motor nerve units innervate the fatigue-resistant “slow” 
muscle fibers, whereas large motor units innervate the “fast” 
muscle fibers. Muscles contain a varying mixture of motor 

units depending on their function. The neuromuscular junc-
tion (NMJ) is composed of the presynaptic motor neuron 
terminal, the postsynaptic muscle surface, and a synaptic 
cleft (gap) that contains the enzyme acetylcholinesterase. The 
entire NMJ is capped by terminal Schwann cells.

When an electrical signal courses along the motor nerve 
to the presynaptic end, depolarization of the neuron occurs 
at the nerve terminal that opens voltage-gated calcium chan-
nels, allowing intracellular calcium concentration to increase, 
and the subsequent release of acetylcholine (ACh) via exocy-
tosis into the synaptic cleft (. Fig. 8.1). ACh then traverses 
this cleft to reach the postsynaptic junction, where it binds 
with nicotinic ACh receptors (nAChRs). Approximately 
50% of the released acetylcholine is hydrolyzed during the 
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       . Fig. 8.1 The synaptic vesicle exocytosis–endocytosis cycle. After 
an action potential and Ca2+ influx, phosphorylation of synapsin is 
activated by calcium-calmodulin activated protein kinases I and II. This 
results in the mobilization of synaptic vesicles (SVs) from the cytomatrix 
toward the plasma membrane. The formation of the SNARE complex is 
an essential step for the docking process. After fusion of SVs with the 
presynaptic plasma membrane, acetylcholine (ACh) is released into the 
synaptic cleft. Some of the released acetylcholine molecules bind to the 
nicotinic acetylcholine receptors (nAChRs) on the postsynaptic mem-

brane, while the rest is rapidly hydrolyzed by the acetylcholinesterase 
(AChE) present in the synaptic cleft to choline and acetate. Choline is 
recycled into the terminal by a high-affinity uptake system, making it 
available for the resynthesis of acetylcholine. Exocytosis is followed by 
endocytosis in a process dependent on the formation of a clathrin coat 
and of action of dynamin. After recovering of SV membrane, the coated 
vesicle uncoats and another cycle starts again. See text for details. 
Acetyl CoA acetylcoenzyme A, CAT choline acetyltransferase, PK protein 
kinase (Reproduced with permission from Naguib et al. [2])
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time of diffusion across the synaptic cleft before reaching 
nAChRs. These nAChRs are concentrated on the folds of the 
postsynaptic muscle junction, also known as the motor end-
plate, with more than 90% of all such receptors located at this 
junction in adults. When managing patients with electrolyte 
abnormalities, it is important to remember that hypocalce-
mia and hypermagnesemia antagonize this release of ACh 
from the presynaptic motor neuron, leading to a decreased 
muscle response. In adult skeletal muscle, the postsynaptic 
nicotinic receptor consists of 5 protein subunits, 2 α(alpha) 
components and single β(beta),δ(delta), and ε(episolon) sub-
units (. Fig. 8.2).

Once both binding sites on the α(alpha) subunits are 
bound by 2 ACh molecules or other agonist, a conforma-
tional change occurs that opens the ion channel, allowing for 
the entrance of sodium and calcium and the exit of potas-
sium. The subsequent end-plate potential, when combined 
with enough other ACh-receptor interactions, depolarizes 
post-junctional membrane. This depolarization activates 
voltage-gated sodium channels, which mediate the initiation 
and propagation of action potentials across the surface of the 
muscle membrane and into the transverse tubules (T tubules) 
resulting in the upstroke of the action potential. There are 
2 types of calcium channels: the dihydropyridine receptor 

(DHPR) in the transverse (T) tubules and the ryanodine 
receptor (RyR1) in the sarcoplasmic reticulum. DHPR-RyR1 
interaction releases large amounts of calcium from the sarco-
plasmic reticulum, causing muscle contraction. This process 
is known as excitation-contraction coupling. Repolarization 
of the muscle membrane is initiated by the closing of the 
sodium channels and by the opening of potassium ion chan-
nel that conducts an outward potassium current. Binding of 
ACh to only 1 α(alpha) subunit will not result in ion channel 
opening, current flow through these channels, or membrane 
depolarization. This scenario may occur in the presence of a 
nondepolarizing NMBD. Acetylcholine, succinylcholine, and 
nondepolarizing NMBDs have affinity for the binding sites 
on the nAChRs.

Fetal nicotinic ACh receptors have a similar pentameric 
complex (. Fig.  8.2), although it contains a δ(delta) rather 
than an ε(epsilon) subunit, which accounts for its decreased 
cation conductance and subsequent longer opening time. 
Clinically, this translates to ACh causing brief activation 
of these receptors and a reduction in the probability of the 
channel opening and causing a muscle contraction. This 
trait makes such fetal receptors resistant to nondepolarizing 
NMBD and more sensitive to succinylcholine. Furthermore, 
these receptors increase in denervated states via upregulation, 

Development of NMJ Single channel currents AChR subunit structure
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       . Fig. 8.2 Development of the neuromuscular junction. (Left) Motor 
neuron growth cones contact myotubes as they fuse from myoblasts 
and express mostly fetal nicotinic acetylcholine receptors (nAChRs; 
marked in blue) in their surface membranes. In adult muscle, adult 
nAChRs (marked in red) predominate and are largely concentrated at 
the neuromuscular junction. (Center) Records of AChR channel open-
ings from muscle membranes at different stages of neuromuscular 

development. Fetal (top) and adult nAChRs (bottom) are activated by 
acetylcholine to form ion channels of different conductance and gat-
ing properties. (Right) Subunit composition of fetal and adult AChR 
subtypes. Fetal and adult AChR subtypes are characterized by the pres-
ence of a γ(gamma) and ε(epsilon) subunit, respectively (Reproduced 
with permission from Naguib et al. [2])
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when they extend beyond the NMJ (extrajunctional recep-
tors) throughout the muscle membrane. Such upregulation 
leaves patients vulnerable to exaggerated potassium plasma 
increases (from intracellular stores) when succinylcholine is 
administered.

8.3  Depolarizing Neuromuscular Blocking 
Agents

8.3.1  Succinylcholine

Succinylcholine is the only depolarizing NMBD in clinical 
use. This compound, also called suxamethonium, is com-
posed of 2 ACh molecules adjoined through an acetate methyl 
group. This structure accounts for this medication’s clinical 
effects. Succinylcholine produces the fastest, shortest, and 
most reliable neuromuscular blockade. This is accomplished 
by activating the postsynaptic ACh nicotinic receptor. Once 
bound to the both binding sites on the α(alpha) subunits of 
the nicotinic ACh receptors, hyperpolarization occurs and 
flaccid paralysis then ensues as the membrane desensitizes. 
The clinical presentation of fasciculations noted after succi-
nylcholine administration is variable (in location and sever-
ity) among patients. It appears that antidromic conduction 
of action potentials can lead to the activation of unparalyzed 
parts of the motor unit, resulting in fasciculations.

After an intravenous (IV) bolus of 1–1.5  mg/kg 
(3–5  ×  ED95; ED95 is the dose that results in 95% depres-
sion of twitch height), peripheral muscles become flaccid in 
1–2 min, and remain so for 10–12 min. Such a large dose is 
required as nearly 90% of this compound is hydrolyzed by 
butyrylcholinesterase (also known as plasma cholinesterase 
or pseudocholinesterase) in the plasma prior to reaching 
the NMJ. Despite peripheral muscle paralysis, patients may 
be able to resume spontaneous breathing as soon as 5 min 
after administration, as central muscle groups (such as the 
diaphragm) recover before peripheral groups. As very low 
concentrations of butyrylcholinesterase exist at the synaptic 
cleft, the termination of the effect of succinylcholine is deter-
mined primarily by its ability to diffuse into plasma (based 
on its concentration gradient) and the activity of butyrylcho-
linesterase for its hydrolysis (. Table 8.1).

While succinylcholine has many characteristics that 
make it ideal for facilitating endotracheal intubation, cli-
nicians must be familiar with its ample side effect profile. 
Most patients experience muscle fasciculation after admin-
istration, a clinical sign that foreshadows the ensuing flaccid 
paralysis, which occurs approximately 1 min after offset of 
fasciculations. Myalgias are fairly common after succinyl-
choline exposure, with about half of patients reporting this 
side effect. While an intuitive causal relationship between 
uncomfortable- appearing fasciculations and myalgia seems 
plausible, large-scale reviews have never established such 
a link. Nonetheless, small “defasciculating” doses of non- 
depolarizing NMBDs or “self-taming” doses of succinylcho-
line have been used in an effort to decrease the fasciculations 

and postoperative myalgia. Such techniques may attenuate 
myalgia, but have not been found to reliably prevent these 
side effects; alternatively, such pretreatment may expose 
patients to risks associated with partial paralysis, such as 
pulmonary aspiration. Non-steroidal anti-inflammatory 
drugs (NSAIDs) remain the only evidence-based treatment 
for succinylcholine- induced postoperative myalgias.

       . Table 8.1 Pharmacokinetic and pharmacodynamic 
properties of the depolarizing neuromuscular blocking agent 
succinylcholine

Succinylcholine

Class Depolarizing

Duration Ultra-short acting

Potency – ED95 (mg/kg) 0.25–0.30

Intubating dose (mg/kg) 1.0–1.5

Onset time (min) 1.0–1.5

Clinical duration (min) 7–12

Recovery index
(RI25–75) (min)

2–4

Volume of distribution 
(L/kg)

0.04

Clearance (mL/kg/min) 35

Elimination half-life (min)
  Normal organ function
  Renal impairment
  Hepatic impairment

<1
<1
<1

Maintenance dose  
(mg/kg)

N/A

Infusion dose
(mcg/kg/min)

Titrate to ST muscle response

Elimination route/ 
metabolism

Butyrylcholinesterase

Active metabolites No active metabolites

Side effects Myalgia; bradycardia/ asystole in 
children or with repeated dosing; 
dual (phase II) block; anaphylaxis

Contraindications (other 
than specific allergy)

High K+; MH; muscular dystrophy; 
children; receptor up-regulation 
(e.g., patients with neurologic defi-
ciencies, prolonged immobility; 
etc.); butyrylcholinesterase defi-
ciency (see text for more details)

Comments Fastest onset, most reliable NMBD 
for rapid tracheal intubation

Recovery index (RI25–75) is the time taken for the recovery of the 
first twitch from 25% to 75% of control twitch height. ED95 
effective dose that produces 95% depression of twitch height. 
The intubating dose for succinylcholine is ~3xED95 dose, NMBD 
neuromuscular blocking drug, K+ potassium, MH malignant 
hyperthermia
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Again, owing to its similar structure to ACh, succinyl-
choline can produce bradycardia and even asystole, par-
ticularly in children or after repeated doses. In pediatrics, 
co- administration with atropine is a common practice to 
maintain the heart rate and subsequently, cardiac output, in 
the pediatric patients with fixed stroke volumes.

Succinylcholine causes a reliable increase in the plasma 
potassium level (0.5 mEq/L) in otherwise healthy patients. This 
side effect has little clinical importance unless patients have 
pre-existing hyperkalemia. Renal failure patients are no more 
susceptible to an exaggerated response to succinylcholine than 
are those with normal renal function. Alternatively, an exag-
gerated potassium increase that may lead to cardiac arrhythmia 
and even arrest can occur in patients with conditions associ-
ated with upregulation of extra junctional nicotinic nAChRs. 
As previously mentioned, such upregulation occurs in chronic 
denervated states, seen in patients with neuromuscular disease, 
massive trauma, sepsis, prolonged immobility or burns.

Succinylcholine is also associated with increases in intra-
gastric pressure; however, proportional increases in the lower 
esophageal sphincter tone negate the potential risk of regurgi-
tation. Transient increases in intraocular pressure also occur 
(up to 15 mm Hg) by unclear mechanisms. While this small 
increase in pressure must be considered and avoided in patients 
with preexisting high intraocular pressure, inadequate anes-
thesia, coughing, and ventilator dyssynchrony produce much 
greater increases in intraocular pressure. Co- administration 
with lidocaine or sufentanil can be used to attenuate succi-
nylcholine-induced increases in intracranial pressure. Small 
increases in intracranial pressure also occur after succinyl-
choline administration; however, inadequate anesthesia dur-
ing laryngoscopy with a subsequent hypertensive response is 
much more likely to elevate intracranial pressure.

The United States Food and Drug Administration 
(FDA) has issued a “black box” warning for succinylcholine 
in pediatrics, as these patients may have an undiagnosed 
myotonia or muscle dystrophy. Succinylcholine may trig-
ger rhabdomyolysis and a fatal hyperkalemic state in these 
patients. Furthermore, succinylcholine is contraindicated in 
patients with malignant hyperthermia, a risk that is signifi-
cantly increased when volatile anesthetics are used. Masseter 
muscle spasm is another complication that is specific to 
succinylcholine administration and may be associated with 
malignant hyperthermia.

The use of succinylcholine is also contraindicated in 
patients with butyrylcholinesterase deficiency (. Table 8.2). 

The heterozygous deficient state is present in approximately 
1 in 480 patients, while the homozygous version may be pres-
ent in 1 in 3,200 individuals. These patients require a much 
longer time to recover from succinylcholine administration 
and may require unanticipated postoperative mechanical 
ventilation and sedation/amnesia as they recover.

8.4  Nondepolarizing Neuromuscular 
Blocking Agents

Nondepolarizing NMBDs act as competitive antagonists by 
binding to the α(alpha) subunits of the nicotinic acetylcho-
line receptor. NMBDs have been classically classified either 
based on their duration of action (long-, intermediate, and 
short-acting agents) or based on their structure (steroids 
or benzylisoquinolinium) (. Table  8.3 and . Table  8.4). 
Nondepolarizing NMBDs are positively charged, rela-
tively large molecules. In general, a dose of 2–3 × ED95 is 
used to facilitate tracheal intubation while a dose of 10% 
of the ED95 is used to maintain neuromuscular blockade 
(. Fig. 8.3).

8.4.1  Benzylisoquinolinium Compounds

Atracurium is a bis-benzylisoquinolinium compound that 
is mixture of 10 isomers. The ED95 is 0.2  mg/kg, with an 
intubating dose 0.5 mg/kg that yields suitable laryngoscopy 
conditions after 2.5–4.0  min. This intermediate-duration 
nondepolarizing NMBA lasts 30–45 min after administration 
of an intubating dose. Atracurium is metabolized through 2 
distinct pathways that are almost completely independent 
of renal and hepatic function: a nonenzymatic degradation 
(called Hofmann elimination) and hydrolysis by nonspecific 
plasma esterases. Hofmann elimination is a pH- and tem-
perature-dependent reaction in which higher pH and tem-
perature favor elimination. Atracurium is relatively stable at 
pH 3.0 and 4 °C and becomes unstable when injected into the 
bloodstream. Doses exceeding 0.5 mg/kg are associated with 
histamine release that can result in flushing, tachycardia, and 
hypotension. One breakdown product from Hofmann elimi-
nation, laudanosine, has been implicated in a theoretical risk 
of increased central nervous system excitability; however, at 
clinically relevant doses such complications have not been 
reported.

       . Table 8.2 Relationship between dibucaine number and duration of succinylcholine or mivacurium neuromuscular block

Type of butyrylcholinesterase Genotype Incidence Dibucaine numbera Response to succinylcholine or mivacurium

Homozygous typical E1
uE1

u Normal 70–80 Normal

Heterozygous atypical E1
uE1

a 1/480 50–60 Lengthened by 50–100%

Homozygous atypical E1
aE1

a 1/3200 20–30 Prolonged to 4–8 h

aThe dibucaine number indicates the percentage of enzyme inhibited
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       . Table 8.3 Pharmacokinetic and pharmacodynamic properties of benzylisoquinolinium nondepolarizing neuromuscular blocking 
agents

Mivacurium Atracurium Cisatracurium

Class Non-depolarizing Non-depolarizing Non-depolarizing

Duration Short Intermediate Intermediate

Potency – ED95 (mg/kg) 0.08 0.25 0.05

Intubation dose (mg/kg) 0.2 0.5 0.15–0.20

Onset time (min) 3–4 3–5 4–7

Clinical duration (min) 15–20 30–45 35–50

*Recovery index (RI25–75) 
(min)

7–9 10–15 12–15

Volume of distribution (L/kg) ~0.2 for the 3 isomers ~0.15 ~0.16

Clearance (mL/kg/min) 30–45 5.3–6.6 5.7

Elimination half-life (min)
  Normal organ function
  Renal impairment
  Hepatic impairment

2–2.5
3–4
3–6

21
21
21

23–30
Mild increase
23–30

Maintenance dose (mg/kg) 0.1 0.1 0.01

Infusion dose
(mcg/kg/min)

5–8 10–20 1–3

Elimination route Plasma cholinesterase (70% of suc-
cinylcholine rate)

Renal 10%; Hofman elimination 
30%; ester hydrolysis 60%

Hofman elimination. No 
ester hydrolysis of the parent 
molecule

Active metabolites No active metabolites No active metabolites. Laudano-
sine and acrylates metabolite

No active metabolites. Lau-
danosine and monoquater-
nary acrylate metabolite

Side effects Histamine release Histamine release

Contraindications (other 
than specific allergy)

Butyrylcholinesterase deficiency Hemodynamically unstable 
patients due to histamine 
release

None

Comments Composed of 3 isomers (cis-trans, 
trans-trans and cis-cis). Reversal by 
cholinesterase inhibitors; edropho-
nium for antagonism more effective 
during deep block

It is composed of 10 isomers. 
Organ-independent elimination

Cisatracurium is the cis–cis 
isomer of atracurium, 
accounting for 50% in terms 
of neuromuscular blocking 
activity of atracurium. It is 
approximately 4 times as 
potent as atracurium but 
does not cause histamine 
release. Minimal plasma lau-
danosine and acrylate levels

The data are averages obtained from published literature, assume there is no potentiation from other co-administered drugs (such as 
volatile inhalational anesthetics), and the effects are measured at the adductor pollicis muscle. Other factors, such as muscle temperature, 
mode of evoked response monitoring, type/site of muscle monitoring, etc. will affect the data. ED95 effective dose that produces 95% 
depression of twitch height. The intubating dose for nondepolarizing neuromuscular blocking drugs is traditionally 2xED95 dose. Recovery 
index (RI25–75) is the time taken for the recovery of the first twitch from 25% to 75% of control twitch height. This requires the use of a 
quantitative monitor and stabilization and calibration of the baseline twitch response before the administration of neuromuscular 
blocking drugs
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       . Table 8.4 Pharmacokinetic and pharmacodynamic properties of aminosteroid nondepolarizing neuromuscular blocking agents

Vecuronium Rocuronium Pancuronium

Class Non-depolarizing Non-depolarizing Non-depolarizing

Duration Intermediate Intermediate Long

Potency – ED95 (mg/kg) 0.05 0.3 0.07

Intubating dose (mg/kg) 0.1 0.6 0.1

Onset time (min) 3–4 1.5–3 3–5

Clinical duration (min) 25–50 30–70 60–120

Recovery index
(RI25–75) (min)

10–25 8–13 30–45

Volume of distribution (L/kg) 0.4 0.3–0.7 0.2–0.3

Clearance (mL/kg/min) 5 10 1.8

Elimination half-life (min)
  Normal organ function
  Renal impairment
  Hepatic impairment

65–75
Mild increase
Significant increase

100–250
100–300
120–400

90–160
Increased x2
Increased x2

Maintenance dose (mg/kg) 0.01 0.1 0.02

Infusion dose
(mcg/kg/min)

1–2 5–12 20–40 (not recommended)

Elimination route Renal 10–50%;
Hepatic 30–50%

Hepatic 90%;
Renal 10%

Renal 40–70%;
Hepatic 20%

Active metabolites 3-desacetyl-vecuronium 17-desacetyl-rocuronium 
(minimal)

3-OH-pancuronium;
17-OH-pancuronium

Side effects Vagal blockade with large doses Minimal Vagal block (tachycardia), 
catecholamine release

Contraindications (other than 
specific allergy)

None None Short surgical procedures (< 
60 min); not recommended 
for continuous infusion

Comments In patients in the ICU who have renal 
failure, 3-desacetylvecuronium can 
accumulate and produce prolonged 
neuromuscular blockade; elimination 
half-life halved in late pregnancy; 
3-desacetyl metabolite has 60% of 
the parent compound potency

Rocuronium is approxi-
mately 6–10 times less 
potent than pancuronium 
and vecuronium, respec-
tively. Elimination half-life 
prolonged in ICU patient; 
17-desacetyl metabolite has 
20% activity

Significant accumulation, 
prone to residual block 
(3-OH metabolite has 50% 
activity of pancuronium); 
total clearance is delayed, 
and the duration of action is 
significantly lengthened by 
severe disorders of renal or 
hepatic function

The data are averages obtained from published literature, assume there is no potentiation from other co-administered drugs (such as 
volatile inhalational anesthetics), and the effects are measured at the adductor pollicis muscle. Other factors, such as muscle temperature, 
mode of evoked response monitoring, type/site of muscle monitoring, etc. will affect the data. ED95 effective dose that produces 95% 
depression of twitch height. The intubating dose for nondepolarizing neuromuscular blocking drugs is traditionally 2xED95 dose. Recovery 
index (RI25–75) is the time taken for the recovery of the first twitch from 25% to 75% of control twitch height. This requires the use of a 
quantitative monitor and stabilization and calibration of the baseline twitch response before the administration of neuromuscular 
blocking drugs. ICU intensive care unit
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Cisatracurium is the cis-isomer of atracurium and rep-
resents about 15% of the marketed atracurium mixture by 
weight, but accounts for more than 50% in terms of potency 
or neuromuscular blocking activity. It is approximately 4 
times more potent than atracurium with an ED95 of 0.05 mg/
kg and, unlike atracurium, it does not cause histamine 
release in the clinical dose range. The administration of 
2  ×  ED95 of cisatracurium provides intubating conditions 
in about 3–5  min. Like atracurium, it is broken down by 
Hofmann elimination, but there is no ester hydrolysis of the 
parent molecule. Its organ-independent elimination path-
way, combined with its hemodynamic stability and lack of 
associated histamine release make this NMBD ideal for use 

in the intensive care unit (ICU). The incidence of anaphylaxis 
from both cisatracurium and atracurium is lower than that of 
rocuronium and succinylcholine.

Mivacurium was developed in an effort to combine the 
safety profile of nondepolarizing NMBD with the rapid onset 
and short duration of action of depolarizing drugs. Its struc-
ture is similar to that of atracurium, save for an additional 
methylated phenolic group. It consists of 3 stereoisomers, 
with the trans-trans and cis-trans isomers accounting for the 
majority of its neuromuscular blocking activity. Like succi-
nylcholine, it is metabolized by butyrylcholinesterases (with 
75% efficiency), and therefore has a slightly longer duration 
of action (15–20  min). Like succinylcholine, mivacurium 
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       . Fig. 8.3 Probability of no-twitch response to train-of-four (TOF) 
stimulation over time resulting from administration of different ED95 
(the dose that results in 95% depression of twitch height) doses of dif-

ferent neuromuscular blocking drugs. Sch succinylcholine, Miva miva-
curium, Cis cisatracurium, Roc rocuronium, Pancpancuronium
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should not be used in patients with butyrylcholinesterase 
deficiency. With an ED95 of 0.08 mg/kg, 3–4 times this dose 
is needed for achieving intubating conditions reliably. Such 
doses, however, may result in significant histamine release 
and ideal intubating conditions are still not achieved for 
2 min or longer. These limitations have prevented its wide-
spread use in the US, although efforts are currently being 
made to re-introduce this agent to the market.

8.4.2  Steroidal Compounds

Pancuronium is a long-acting nondepolarizing NMBD with 
several clinical features of interest. It possesses vagolytic 
effects, as well as direct sympathomimetic stimulation as it 
blocks the reuptake of norepinephrine. The ED95 is 0.07 mg/
kg and a dose of 0.1 mg/kg will provide intubating condi-
tions within 3–4 min. Recovery from such a dose, defined 
as time from injection until recovery of twitch height to 
25% of control (clinical duration), takes nearly 90 min. This 
prolonged duration of action is at least partially due to the 
accumulation of an active metabolite, 3-OH pancuronium, 
following pancuronium’s hepatic metabolism. The major-
ity of pancuronium (85%) is eliminated renally, with the 
remainder being excreted by the liver. Given its prolonged 
effect and the concern for postoperative residual paralysis 
and associated morbidity, many clinicians elect to use other 
NMBD when trying to achieve neuromuscular blockade in 
their patients.

Vecuronium is an intermediate-acting nondepolar-
izing NMBD that produces paralysis with minimal hemo-
dynamic effects. Its ED95 is 0.05  mg/kg and an intubating 
dose (2 × ED95) results in adequate conditions within 3 min. 
Such a dose results in a 45–90 min recovery time. Specific 
to vecuronium are its various metabolites, one of which 
(3-OH vecuronium) has 60% potency relative to the parent 
compound. Like pancuronium, such metabolites are gener-
ated from hepatic metabolism and vecuronium is eliminated 
mostly (60%) through biliary excretion, with the remainder 
being removed renally. These features preclude its safe use 
in the intensive care unit where repeated doses can lead to 
accumulation and prolonged duration of action, leading to 
critical illness polyneuromyopathy (CIPM).

Rocuronium is also an intermediate-acting nondepo-
larizing NMBD that can be used for rapid sequence induc-
tion and intubation as its onset of action time approaches 
that of succinylcholine when a dose of 1.2 mg/kg is used. 
Its ED95 is 0.3  mg/kg and the duration of recovery from 
an intubating dose is similar to that of vecuronium. Also, 
like vecuronium, it has a stable hemodynamic profile with 
no associated release of histamine. Rocuronium does not 
generate clinically relevant metabolites. While spontaneous 
recovery from a rapid sequence induction and intubating 
dose is much longer for rocuronium than for succinyl-
choline, the availability of sugammadex has allowed for 

a greater safety profile when using rocuronium. The inci-
dence of anaphylaxis from any neuromuscular blocker is 
as high as 1  in 6500 administrations in some countries, 
and rocuronium (and succinylcholine) have the highest 
incidence of NMBD-induced anaphylaxis. Rocuronium is 
excreted unchanged through both biliary (~70%) and renal 
(~30%) mechanisms.

8.5  Drug Interactions

8.5.1  Mechanisms of Drug Interactions

Pharmacokinetic interactions are interactions in which one 
drug alters the rate or amount of absorption, distribution, 
metabolism, or excretion of another drug (or any com-
bination of these processes). Pharmacodynamic interac-
tions occur when the dose-response relationship of a drug 
is altered by the co-administration of a second drug. These 
interactions are generally described as being synergistic, 
antagonistic, or additive.

The interaction between succinylcholine and NMBDs 
depends on the order of administration and the doses used. 
Administration of small doses of different NMBDs before 
succinylcholine to prevent fasciculations has an antagonis-
tic effect on development of the subsequent depolarizing 
block produced by succinylcholine. Therefore, it is recom-
mended that the dose of succinylcholine be increased after 
the administration of a defasciculating dose of a NMBD. In 
contrast, the administration of succinylcholine before 
NMBDs appears to potentiate the effects of nondepolarizing 
NMBDs.

In an era of polypharmacy, anesthesiologists must 
be aware of the various drug interactions that may occur 
with NMBD use. For instance, inhalational anesthetics 
potentiate neuromuscular blockade, likely by affecting 
post-junctional receptors. This response depends not only 
on the type of such volatile anesthetics (desflurane > sevo-
flurane > isoflurane), but also the concentration and dura-
tion of exposure. Local anesthetics are another commonly 
utilized class of medications in the operating room that 
interact with NMBDs. These medications have the poten-
tial to prolong the duration of action of both depolarizing 
and nondepolarizing NMBDs. Certain antibiotics, such as 
streptomycin and neomycin, have been found to prolong 
the response to NMBD as well, although newer antibiotics 
have not been implicated. Magnesium, a medication com-
monly used when treating obstetric patients with eclampsia, 
prolongs the normal response to neuromuscular blockade 
by preventing the release of acetylcholine from the presyn-
aptic terminal. Similarly, patients receiving chronic lithium 
can have a prolonged response to both depolarizing and 
nondepolarizing NMBD as this medication inhibits presyn-
aptic neuromuscular transmission and postsynaptic muscle 
contraction.
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Antiepileptic drugs have a significant impact on the 
response to NMBD administration. Patients taking anti-
epileptic drugs chronically have a relative resistance to 
aminosteroidal nondepolarizing NMBDs and may require 
more frequent dosing during maintenance of neuromuscu-
lar blockade. However, acute administration of antiepileptic 
drugs is associated with a prolonged response to NMBD.

8.6  Reversal Drugs (NMBD Antagonists)

Traditionally, reversal of neuromuscular blockade has been 
achieved through the administration of acetylcholinester-
ase inhibitors. These medications inhibit the breakdown of 
ACh, causing an increase in ACh relative to nondepolar-
izing NMBD at the nicotinic ACh receptor. By more effec-
tively competing with NMBDs for nAChR binding sites, 
ACh results in the generation of normal transmission and 
subsequent muscle contraction. Three acetylcholinesterase 
inhibitors are available today: edrophonium, neostigmine, 
and pyridostigmine. The latter of these medications has the 
longest onset of action, longest duration of action, and pos-
sesses central effects as its tertiary amine structure allows 
it to traverse the blood-brain barrier. As such, pyridostig-
mine is not utilized in the operating arena; rather, it is uti-
lized to treat weakness associated with myasthenia gravis.

Neostigmine is currently the most frequently used ace-
tylcholinesterase inhibitor. As with all acetylcholinesterase 
inhibitors, neostigmine has significant parasympathomi-
metic effects as ACh interacts with cholinergic receptors 
throughout the body. For instance, these agents cause a pro-
nounced bradycardia and other bradyarrhythmias as well as 
bronchoconstriction through muscarinic receptor activation. 
In order to mitigate these effects, anti-muscarinic agents 
are co-administered with acetylcholinesterase inhibitors. 
Glycopyrrolate is typically administered with neostigmine, 
and atropine is administered with edrophonium, as these 
pairings reflect similar onset times between the 2 classes of 
medications. The dose of neostigmine must be guided by the 
level of neuromuscular blockade: acetylcholinesterase inhibi-
tors are ineffective at reversing deep levels of neuromuscular 
blockade when train-of-four (TOF) count is zero and only 
post-tetanic twitches are present. At the other extreme, 
administration of neostigmine once recovery is almost com-
plete may have the paradoxical effect of inducing muscle 
weakness. Therefore, reversal with neostigmine should occur 
at moderate-to-shallow levels of neuromuscular blockade 
(TOF count of 2–4 with muscle fatigue or fade).

In addition to considering the depth of neuromuscular 
blockade, several other factors must be considered when uti-
lizing acetylcholinesterase inhibitors for reversing NMBD- 
induced paralysis. As previously discussed, neuromuscular 
blockade can be potentiated by a variety of factors such as 
volatile anesthetics, aminoglycoside antibiotics, hypercarbia, 
acidosis, hypothermia, hypocalcemia, or hypermagnesemia. 

The type of nondepolarizing NMBD also affects recovery 
from neostigmine reversal, as recovery from long-acting 
agents such as pancuronium is prolonged when compared to 
recovery from intermediate-acting NMBD. The elderly popu-
lation also has slower recovery following neostigmine rever-
sal. Such confounding factors, combined with the fact that 
patients respond in a heterogeneous manner to both NMBD 
and pharmacologic reversal with acetylcholinesterases, may 
partly explain the high incidence of residual neuromuscular 
blockade, particularly when quantitative monitoring is not 
employed by clinicians.

Edrophonium is an acetylcholinesterase inhibitor with a 
faster peak onset of action time than neostigmine: 1–2 min 
vs. 7–11 min, respectively. As a result of ionic bonds that it 
forms with the acetylcholinesterase enzyme, rather than the 
stronger covalent bonds of neostigmine, edrophonium has 
less affinity for this enzyme and therefore should only be 
used to antagonize shallow levels of blockade. The typical 
antagonist dose is 0.5–1.0 mg/kg. Given its fast onset time, 
atropine is co-administered with edrophonium.

8.7  Selective Relaxant Binding Agents

Sugammadex is a modified gamma-cyclodextrin compound 
composed of an 8-membered ring with a central cavity that 
encapsulates steroidal NMBDs. This modification entails: (1) 
the addition of 8 side chains to extend the cavity of gamma- 
cyclodextrin in order to better accommodate the 4 hydropho-
bic steroidal rings of rocuronium; and (2) the inclusion of 
negatively charged carboxyl groups at the end of the side chains 
in order to enhance electrostatic binding to the positively 
charged quaternary nitrogen of rocuronium. Sugammadex 
exerts its effect by forming very tight complexes at a 1:1 ratio 
with steroidal NMBDs (rocuronium > vecuronium > > pan-
curonium). Sugammadex has little to no affinity for binding 
to benzylisoquinolinium neuromuscular blockers or to suc-
cinylcholine. The intravenous administration of sugamma-
dex rapidly binds all available unbound (free) rocuronium 
molecules, creating a concentration gradient that favors the 
movement of steroidal NMBD molecules from the NMJ back 
into the plasma. This removal of NMBD from the NMJ results 
in a fast recovery of neuromuscular function, as ACh no 
longer has to compete with the NMBA for the receptor sites. 
The sugammadex-steroidal NMBD moiety is excreted in the 
urine. Sugammadex, therefore, acts as a binding agent and has 
no effect on acetylcholinesterase or any receptor system in the 
body. Such reversal is devoid of the various side effects associ-
ated with acetylcholinesterase inhibition.

At doses of 2 mg/kg, sugammadex reverses rocuronium 
and vecuronium when the TOF count is at least 2 in about 
3 min. A dose of 4 mg/kg is recommended for antagonism 
of deeper levels of blockade (such as when only post-tetanic 
twitches are present). A dose of 16  mg/kg can be used to 
rapidly and emergently reverse the effects of 1.2  mg/kg 
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rocuronium. This dose of sugammadex restores muscle func-
tion faster than the spontaneous recovery from succinylcho-
line administration (. Fig.  8.4). However, pharmacologic 
intervention with sugammadex should not be relied upon 
to rescue patients in the setting of “cannot intubate, cannot 
ventilate” (CICV) crisis (. Fig. 8.5). Following induction of 
anesthesia, rescue reversal of 1.2  mg/kg rocuronium with 
16 mg/kg sugammadex in the setting of CICV may still not 
result in reliable, immediate return of spontaneous ventila-
tion. In a simulation study, it was reported that, in obese and 
morbidly obese patients, even after adequate preoxygen-
ation, neuromuscular reversal may not be sufficiently rapid 
to prevent significant hemoglobin desaturation. The clinical 
management of CICV should primarily focus on restoration 
of airway patency, oxygenation, and ventilation consistent 
with the American Society of Anesthesiologist’s Practice 
Guidelines for Management of the Difficult Airway [1].

There are several patient factors that must be considered 
when utilizing this reversal agent. First, this drug binds oral 
contraceptive medications and patients receiving this medi-
cation should be advised to utilize alternative birth control 
means for the week succeeding its administration. As pre-
viously stated, sugammadex is cleared renally, but it can 
also be removed via high-flux hemodialysis. Reestablishing 
neuromuscular blockade after sugammadex reversal should 
involve the use of benzylisoquinolinium compounds—
although case reports have documented the successful use 
of higher doses of rocuronium after sugammadex. As with 
any medication, hypersensitivity reactions can occur, with 
an estimated incidence between 1:3,500 and 1:20,000. Such 
reactions typically occur within the first 4 min after sugam-
madex administration, and the subsequent cardiovascular 
collapse has been successfully treated with epinephrine and 
volume resuscitation.
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       . Fig. 8.4 Panel A shows the recovery of the twitch height and 
train-of-four (TOF) ratio after administration of 1.2 mg/kg rocuronium 
followed 3 min later by 16 mg/kg sugammadex, both given IV. Recov-
ery to a first twitch height (T1) of 90% and a TOF ratio of 0.94 occurred 
110 s later. The onset-offset time with this sequence (i.e., the time 

from the end of the injection of rocuronium to a T1 recovery to 90%) 
was 4 min 47 s. Panel B shows the effects of administering 1.0 mg/
kg succinylcholine (SCh) with spontaneous recovery to a T1 of 90% 
occurring after 9 min and 23 s (Reproduced with permission from 
Naguib et al. [16])
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8.8  Neuromuscular Blockade Monitoring

8.8.1  Clinical Testing

Prior to the widespread availability of peripheral nerve stim-
ulators and quantitative neuromuscular blockade monitors, 
clinicians relied on various clinical tests to assess adequate 
recovery from neuromuscular blockade. Such tests include 

assessing vital capacity, negative inspiratory force, and tidal 
volume during spontaneous ventilation in the intubated 
patient. Clinicians have also assessed recovery through test-
ing grip strength and the performance of a 5-s head lift. 
Despite such widespread practice, all clinical signs of recov-
ery such as the ventilatory parameters or the ability of a 
patient to lift the head or sustain a handgrip for 5 s, are inac-
curate and insensitive for detecting residual neuromuscular 
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       . Fig. 8.5 Comparison of 
responsiveness, intolerable ven-
tilatory depression, and hypoxia 
to estimate periods of high risk of 
hypoxic injury after induction with 
failure to ventilate or secure the 
airway. For discussion purposes, 
the duration of effects presented 
in this table are presented as the 
time from reversal of rocuronium 
neuromuscular blockade with 
sugammadex (vertical pink line 
in c) until selected endpoints in 
drug effects. See methods for cri-
teria used to estimate a high risk 
of hypoxic injury. a and b present 
the definitions of the scales used 
to characterize the probability of 
effects. Time segments that met 
criteria are identified with a blue 
rectangle. The blue rectangle for 
the BMI of 45 kg/m2 is truncated 
at time = 0 min because criteria 
were met for a high risk of injury 
1.5 min before reversal with 
sugammadex (Reproduced with 
permission from Naguib et al. 
[21])
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block. Whatever clinical test is employed, residual paralysis, 
defined as a train-of-four (TOF, or T4/T1) ratio less than 
0.9, is as high as 40% in the recovery room when subjective 
monitoring is used intraoperatively. Residual postoperative 
paralysis has numerous associated complications such as 
upper airway obstruction, aspiration, and hypoxemia. When 
such patients require unplanned re-intubation and intensive 
care admission, mortality increases significantly.

8.8.2  Subjective Evaluation

The use of a peripheral nerve stimulator (PNS) allows for the sub-
jective monitoring of the level of neuromuscular blockade. This 
monitoring modality utilizes stimulating skin electrodes placed 
on the skin overlying a superficial motor nerve that innervates 
the muscle of interest. The negative (typically black) electrode is 
placed distally to the positive (typically red) electrode (. Figs. 8.6 
and . 8.7). Subjective assessment consists of evaluating and 
comparing the strength of sequential evoked muscle responses.

Peripheral nerve stimulators have been used clinically 
for more than 6 decades and typically involve delivering 
a train- of- four stimulation pattern in which 4 successive 
single twitch stimuli are delivered at 2  Hz. The degree of 
fade is then determined by estimating the TOF ratio, which 
compares the amplitude of the fourth twitch (T4) to that of 
the first twitch (T1). In addition to monitoring recovery, 
performing a TOF stimulus pattern allows monitoring the 
degree of nondepolarizing NMBD-induced paralysis, as 
the TOF count correlates with the percent of post-synap-
tic nicotinic ACh receptors occupied by nondepolarizing 
NMBD.  Presence of 1 of 4 twitches (TOF count  =  1) cor-

relates with more than 95% of such receptors being blocked. 
Two twitches (TOF count = 2) correlates with 85–90% occu-
pancy. Presence of 3 twitches (TOF Count = 3) corresponds 
with 80–85% receptor occupancy. Presence of all 4 twitches 
after TOF stimulation suggests that 70–75% of receptors are 
blocked. Subjective evaluation of TOF stimulation with the 
use of a PNS requires the observer to determine the number 
of twitches and the strength of the first response in the train 
and compare it to the fourth evoked response by tactile or 
visual means. The major limitation of evaluating the TOF 
ratio subjectively is that once TOF ratio approaches 0.40, 
most clinicians cannot detect the presence of fade. This fail-
ure underscores that subjective assessment is unreliable at 
determining recovery from neuromuscular blockade and 
exposes patients to the avoidable risks associated with resid-
ual neuromuscular weakness. The authors recommend the 
use of objective monitoring whenever possible.

8.8.3  Objective Evaluation

Objective evaluation involves the quantification of the TOF 
ratio through the measurement of electrical or mechanical 
response to nerve stimulation. There are numerous modalities 

CCF © 2016

       . Fig. 8.6 Subjective (tactile) evaluation of neuromuscular responses 
at the adductor pollicis (thumb) muscle in response to ulnar nerve 
stimulation. Note that the black (negative) electrode is distal to the 
proximal, red (positive) electrode (Reprinted with permission, Cleve-
land Clinic Center for Medical Art & Photography ©2016. All Rights 
Reserved)

CCF © 2016

       . Fig. 8.7 Subjective (tactile) evaluation of neuromuscular responses 
at the orbicularis oculi (eye) muscle in response to facial nerve stimula-
tion. Note the negative (black) electrode is placed distally (Reprinted 
with permission, Cleveland Clinic Center for Medical Art & Photography 
©2016. All Rights Reserved)
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that have been employed to provide such measurements, and 
the most clinically relevant techniques will be discussed.

Electromyography (EMG) is the oldest form of neuro-
muscular monitoring; it measures the electrical potential 
generated by myocytes upon activation (. Fig.  8.8). Active 
(recording) electrodes are placed over the muscle body (either 
intramuscular or at the surface), while a neutral electrode is 
placed at a remote site, usually near the muscle insertion site. 
EMG signals are subject to electrical interference, direct mus-
cle stimulation, and hypothermia. It should be noted that this 
modality is inherently different from other techniques in that 
there is no muscle movement being analyzed; rather, EMG 
electrodes measure electrical activity (muscle action poten-
tial, MAP) in the muscle as a result of pre-synaptic nerve 
depolarization. EMG measures neuromuscular transmission, 
and is therefore the most accurate technique of measuring 
neuromuscular transmission. EMG also has a significant 
clinical advantage because it does not require the unimpeded 
movement of the monitored muscle (thumb) that is needed 
for acceleromyography and kinemyography (see below). 
Therefore, the monitored arm can be tucked under surgical 
drapes without affecting EMG recordings.

Mechanomyography (MMG) measures the force cre-
ated by muscle contraction in response to electrical stimuli 
applied to peripheral nerves (. Fig. 8.9). It is regarded as the 
gold standard of neuromuscular blockade monitoring, and a 
mechanomyographic adductor pollicis muscle (APM) TOF 
ratio of 0.9 or more is widely accepted as the threshold for 
exclusion of residual paralysis. However, its use in clinical 
settings is limited by the labor-intensive setup that includes 

the need for a large rigid support for the arm as well as pre-
relaxant calibration and maintenance of a constant 200–300 
gm preload (tension). MMG is primarily used for research 
purposes, as investigators compare new monitoring tech-
niques to MMG.

Acceleromyography (AMG) is based on Newton’s second 
law (force = mass X acceleration) and utilizes a piezoelectric 
transducer attached to a muscle (. Fig.  8.10). Upon stimula-
tion of the nerve and contraction of the muscle, the force of the 
contraction is determined by measuring the acceleration of the 
piezoelectric crystal. As this technique relies on the free move-
ment of the thumb and requires access to the hand for monitor-
ing, surgical positioning may limit its clinical use. Nonetheless, 
multiple large-scale trials have demonstrated that the use of this 
quantitative monitor will decrease the incidence of postopera-
tive paralysis as compared with the use of subjective assessment.

Kinemyographic (KMG) devices are based on the 
quantification of the degree of bending of a piezoelectric 
ceramic- wafer film sensor induced by muscle (thumb) con-
traction (. Fig. 8.11). When the sensor is bent and exposed 
to motion, it generates an electrical signal that is proportional 
to the magnitude of bending; the results are then analyzed. 
Commercially available devices are versatile and mobile, and 
can be integrated into anesthesia workstations. However, the 
resulting measurements have been shown not to correlate 
with the MMG gold standard, limiting its clinical application.
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       . Fig. 8.8 Placement of the stimulating electrodes (1 and 2) along 
the ulnar nerve; and of the recording electrodes for monitoring the 
abductor digiti minimi (3 and 4) or the adductor pollicis (5 and 6) mus-
cles by electromyography (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography ©2016. All Rights Reserved)

CCF © 2016

       . Fig. 8.9 Apparatus for objective monitoring of the adductor pol-
licis (thumb) muscle using mechanomyography. A force transducer ring 
is attached to the thumb, and the fingers are secured to prevent move-
ment during nerve stimulation. Ulnar nerve stimulation (note that the 
negative electrode is distal to the positive electrode) will result in con-
traction of the adductor pollicis muscle, and the force of contraction 
is measured by the force transducer. The results are displayed on an 
interfaced screen (Reprinted with permission, Cleveland Clinic Center 
for Medical Art & Photography ©2016. All Rights Reserved)
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8.8.4  Clinical Considerations

The blockade produced by depolarizing and nondepolariz-
ing NMBDs are distinct and can be distinguished by their 
response to peripheral nerve stimulation. Succinylcholine- 

induced (depolarizing) block is characterized by the absence 
of both fade (to train-of-four or tetanic stimulation) and 
post-tetanic potentiation in response to nerve stimulation. 
The block produced by nondepolarizing NMBDs is charac-
terized by fade after repeated stimulation as well as the abil-
ity to cause post-tetanic potentiation in which a 5-s tetanic 
stimulation produces an amplified subsequent response to 
stimulation. This tetanic stimulus mobilizes pre-junctional 
calcium, allows for the positive feedback on pre-synaptic 
acetylcholine receptors, and previously unavailable ace-
tylcholine is released into the synaptic cleft, producing a 
transiently exaggerated response. It should be noted that 
succinylcholine can produce fade or post-tetanic potentia-
tion when used in large doses (>10 × ED95), after prolonged 
exposure (>30 min), or in patients with butyrylcholinester-
ase deficiency (. Fig. 8.12).

Different muscle groups respond differently to the neu-
romuscular blocking effects of NMBDs. Vessel-rich, large, 
central muscle groups, such as the diaphragm, are more 
susceptible to NMBD effects than peripheral muscle groups. 
Thus, these central muscles become paralyzed before periph-
eral muscles following administration of NMBDs, and they 
recover faster. Understanding this relationship is essential to 
monitoring the level of neuromuscular blockade, regardless 
of which muscles are being monitored. Whether subjective or 
objective techniques are being used, monitoring the adduc-
tor pollicis muscle in response to ulnar nerve stimulation has 
been advocated to exclude residual weakness, because the 
adductor pollicis is one of the last muscles to recover from 
NMBD-induced paralysis.

Compared to peripheral muscles, the laryngeal and dia-
phragmatic muscles are more resistant to the effects of neu-
romuscular blocking drugs (. Fig.  8.13). Neuromuscular 
blockade develops faster, lasts a shorter time, and recovers 
faster at the laryngeal and diaphragm muscles compared 
to the adductor pollicis muscle. The diaphragm and lar-
ynx have greater total blood flow than the adductor pol-
licis muscle, resulting in faster delivery of NMBA to these 
muscles. Conversely, washout of NMBD also occurs faster 
at the central muscles, so recovery occurs here before it 
does peripherally. Stimulation of the facial nerve will evoke 
contraction of the orbicularis oculi muscle (the eyelid) 
as well as the corrugator supercilii muscle (the eyebrow). 
The corrugator supercilii muscles have the same time 
course of paralysis and recovery as the laryngeal adductor 
muscles, while the orbicularis oculi muscles time course 
follows peripheral muscles such as the adductor polli-
cis. Monitoring of facial muscles is a poor substitute for 
monitoring the adductor pollicis muscle. A recent report 
showed a 52% incidence of residual paralysis in the recov-
ery room using subjectively assessed eyebrow responses, 
compared with 22% incidence of residual paralysis during 
hand muscle monitoring.

CCF © 2016

       . Fig. 8.11 Apparatus for objective monitoring of the adductor 
pollicis (thumb) muscle contraction using kinemyography. A mechano-
sensor (metallic strip) is placed in the groove between the thumb and 
index finger; ulnar nerve stimulation produces adductor pollicis muscle 
contraction that bends the strip, generating a current, which is propor-
tional to the strength of muscle contraction. The results are displayed 
on the monitor’s screen (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography ©2016. All Rights Reserved)

CCF © 2016

       . Fig. 8.10 Apparatus for objective monitoring of the adductor 
pollicis (thumb) muscle contraction using acceleromyography. An 
accelerometer is attached to the thumb and the fingers are secured to 
prevent movement during nerve stimulation. Ulnar nerve stimulation 
(note that the negative electrode is distal to the positive electrode) will 
result in contraction of the adductor pollicis muscle, and the thumb 
acceleration is measured. The results are displayed on the monitor’s 
screen (Reprinted with permission, Cleveland Clinic Center for Medical 
Art & Photography ©2016. All Rights Reserved)
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       . Fig. 8.12 Depiction of muscle contractions in response to single 
twitch (ST) stimuli delivered at a frequency of 0.1 Hz during normal 
conduction (Control, a); partial depolarizing block b; and moderate, 
shallow or minimal nondepolarizing block c. Note the lack of fade 
between the first ST and subsequent ST evoked responses during both 
depolarizing and nondepolarizing block when stimuli are delivered at 
this slow, 0.1 Hz frequency. Train-of-four (TOF) stimulation. Train-of-
four (TOF) pattern in the absence of neuromuscular block (d, Control). 
The TOF ratio (TOFR) is calculated as the ratio between the fourth 
twitch of the TOF sequence (T4) and the first (T1). In the unblocked 
muscle, the TOF ratio is 1.0. During a partial depolarizing block e, there 
is minimal, if any, fade such that the TOF ratio remains close to 1.0. TOF 
fade is noted during moderate, shallow or minimal nondepolarizing 

block f. Tetanic stimulation and posttetanic count (PTC). g In the 
unblocked muscle, the mechanical response to a 50 Hz tetanic stimula-
tion is characterized by a sustained contraction with virtually no fade 
in tetanic response or posttetanic potentiation of twitch response. 
During partial depolarizing block h, there is a reduction in the ampli-
tude of tetanic stimulation but there is no tetanic fade or post-tetanic 
potentiation i. Application of tetanus during deep block resulted in a 
faint contraction for 5 s, and post-tetanic potentiation that results in 8 
progressively weaker contractions (PTC = 8). Note that when measur-
ing the PTC one always uses 1 Hz stimulation (Reprinted with permis-
sion, Cleveland Clinic Center for Medical Art & Photography ©2016. All 
Rights Reserved)
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8.9  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. Atracurium is metabolized through mechanisms 

that are similar to all of the following except:
 A. Esmolol
 B. Chloroprocaine
 C. Remifentanil
 D. Oseltamivir
 E. Cisatracurium

 2. Following a rapid sequence dose of rocuronium for 
a 100-kg patient, if you decide to reverse the block 
with sugammadex after 5 min, which of the follow-
ing doses is appropriate:
 A. 100 mg
 B. 200 mg
 C. 400 mg
 D. 1600 mg
 E. 2000 mg

 3. Which of the following clinical conditions can cause 
a prolonged response to nondepolarizing neuro-
muscular blockade:
 A. Propofol as the primary anesthetic
 B. Patient receiving chronic calcium channel 

blocker treatment for hypertension
 C. Patients with a contraction alkalosis from diuretic use
 D. A pregnant patient with eclamptic seizures being 

treated with intravenous magnesium
 E. All of the above can prolong the response to 

nondepolarizing neuromuscular blockade
 4. Full recovery from neuromuscular blockade is 

defined as:
 A. A sustained 5-s head lift
 B. Presence of all 4 twitches elicited from a periph-

eral nerve stimulator with electrodes along the 
facial nerve

 C. Tidal volumes greater than 8 cc/kg on a sponta-
neous ventilation mode in an intubated patient
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       . Fig. 8.13 Recovery characteristics of different muscles. Neuromus-
cular blockade develops faster, lasts a shorter time, and recovers faster 
at the laryngeal and diaphragmatic muscles than the adductor pollicis 
muscle although the laryngeal and diaphragmatic muscles are more 
resistant to neuromuscular blocking drugs. This figure depicts a com-
puter simulation based on published models. Concentrations (panel A) 
and effect (panel B) over time for a 0.45 mg/kg rocuronium intravenous 
bolus. The ED95 of rocuronium at the adductor pollicis from this model 
is 0.33 mg/kg. Rocuronium 0.45 mg/kg is given as a bolus at time zero. 
Muscle X represents a muscle (such as the diaphragm, the laryngeal 
adductors, or corrugator supercilii muscle), which is less sensitive to 
the effects of nondepolarizing relaxants than the adductor pollicis 
muscle but has greater blood flow. Panel A presents the predicted 
rocuronium plasma and effect site concentrations at the adductor pol-
licis muscle and muscle X. Note that that concentration of rocuronium 
reaches higher levels at a faster rate in muscle X than in the adductor 

pollicis muscle. Panel B presents the predicted T1% as a percentage of 
control at muscle X and the adductor pollicis muscle. The EC50 repre-
sents the effect site concentration at which there is a 50% probability 
of effect. The ke0 represents the micro rate constant for drug leaving 
the effect site compartment. The Hill coefficient represents the slope 
of the effect site concentration versus effect curve (not shown). In this 
example, the concentration of rocuronium producing 50% block (EC50) 
of muscle X is 2.5 times that of the adductor pollicis muscle, but the 
half-life of transport between the plasma and effect compartment 
(t½ke0) of muscle X is only half as long. The rapid equilibration between 
plasma concentrations of rocuronium and muscle X results in the 
more rapid onset of blockade at muscle X than at the adductor pollicis 
muscle. The greater EC50 at muscle X explains the faster recovery of this 
muscle from neuromuscular block (faster rocuronium wash-out) than 
at the adductor pollicis muscle (Reproduced with permission from 
Naguib and Kopman [22])
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 D. A train-of-four (TOF) ratio greater than or equal 
to 0.9 as determined by a quantitative monitor-
ing device of the adductor pollicis muscle

 E. All of the above represent definitive means of 
establishing complete reversal and recovery from 
neuromuscular blockade

 5. Neostigmine-induced reversal of neuromuscular 
blockade can be delayed by which of the following 
conditions:
 A. Presence of a deep level of neuromuscular block
 B. Vecuronium block in elderly patients
 C. Patients whose primary anesthetic was sevoflu-

rane
 D. Patients who received pancuronium
 E. All of the factors can prolong neostigmine reversal

 6. Following a bolus dose of rocuronium, the order of 
muscle groups that will become paralyzed is:
 A. Diaphragm → orbicularis oculi
 B. Corrugator supercilii → laryngeal adductors
 C. Adductor pollicis → laryngeal adductors
 D. Flexor hallucis brevis → diaphragm
 E. Orbicularis oculi → corrugator supercilii

 7. Upregulation of extrajunctional nicotinic receptors 
occurs in all of the following states except:
 A. After burns that cover more than 50% of total 

body surface area
 B. Within the first hours following a cervical neck 

fracture severing the spinal cord
 C. A septic shock patient who has been intubated, 

sedated, and receiving mechanical ventilation for 
3 weeks

 D. An ICU patient with severe acute respiratory dis-
tress syndrome (ARDS) receiving a cisatracurium 
infusion for the past week

 E. A patient who experienced a stroke and subse-
quent hemiplegia several years ago

 8. Succinylcholine administration is associated with:
 A. Rare instances of postoperative myalgias (<5%)
 B. Increasing intragastric pressure that significantly 

increases the risk of aspiration
 C. A transient decrease in intraocular pressure
 D. An exaggerated hyperkalemic response in 

patients with end stage renal disease
 E. The potential for triggering malignant hyperthermia

 9. Mivacurium is metabolized through a mechanism 
similar to:
 A. Atracurium
 B. Succinylcholine
 C. Pancuronium
 D. Rocuronium
 E. Vecuronium

 10. Sugammadex reversal is associated with which of 
the following:
 A. Rapid reversal of neuromuscular blockade from 

cisatracurium administration

 B. A clinically relevant increase in bleeding
 C. A cessation of the need to utilize quantitative 

monitors to determine the depth of neuromus-
cular blockade

 D. A disruption in the effectiveness of oral contra-
ceptives

 E. Rapid reversal of succinylcholine-induced neuro-
muscular blockade

 v Answers
 1. B. In addition to the Hofman reaction, atracurium is 

metabolized by non-specific plasma esterases, as is 
esmolol, remifentanil, and oseltamivir. 
Chloroprocaine is metabolized by butyrylcholin-
esterase.

 2. D. The dose of sugammadex to reverse profound 
levels of neuromuscular blockade immediately after 
a rapid sequence dose of rocuronium is 16 mg/kg. 
This translates to a dose of 1600 mg in a 100 kg 
patient. Deep neuromuscular blockade with 1–2 
post-tetanic twitches present can be reversed with a 
sugammadex dose of 4 mg/kg. Lighter levels of 
blockade, with at least 2 of 4 twitches present after a 
train-of-four stimulation can be reversed with 
sugammadex at a dose of 2 mg/kg.

 3. D. The parturient receiving a magnesium infusion 
may have hypermagnesemia, a condition that 
prolongs the normal response to neuromuscular 
blockade by preventing the release of acetylcholine 
from the presynaptic junction. Inhalational 
anesthetics, rather than intravenous agents such as 
propofol, can also prolong neuromuscular blockade. 
While hypocalcemia prolongs neuromuscular 
blockade by similar mechanisms as hypercalcemia, 
patients on chronic calcium channel blockers do not 
have a clinically significant prolonged response to 
neuromuscular blockade. Acidosis, rather than 
alkalosis, also prolongs the response to 
neuromuscular blocking drugs.

 4. D. The gold standard for determining recovery from 
neuromuscular blockade is a train-of-four ratio ≥0.9 
as determined by monitoring the adductor pollicis 
muscle response via mechanomyography. Clinical 
tests such as assessing tidal volumes, negative 
inspiratory force, and sustained head lift do not 
reliably exclude residual paralysis. Furthermore, 4 of 
4 twitches observed after train-of-four stimulation 
of the facial nerve can still be present despite up to 
~30% of nicotinic receptors being blocked and such 
a response does not exclude residual paralysis.

 5. E. Reversal with neostigmine is dependent on a 
number of variables and should not occur when 
patients have deep levels of neuromuscular 
blockade (eg, when only post-tetanic twitches are 
present). The response can be prolonged in the 
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elderly, in patients who received inhalational 
anesthetics, and following administration of 
long-acting NMBAs such as pancuronium.

 6. A. Central muscles receive a higher proportion of 
blood flow and are more susceptible to the relaxant 
effects of NMBA than peripheral muscles. After 
administration of NMBA, the central muscles, such 
as the diaphragm and laryngeal adductors, are 
affected first. These muscles are also the first to 
recover. The response of corrugator supercilli muscle 
is similar to that of the laryngeal adductors while the 
orbicularis oculi mirrors the adductor pollicis muscle 
response.

 7. B. Upregulation of extrajunctional nicotinic 
receptors occurs in a variety of settings, such as 
following major burns, in the intensive care unit 
after chronic debility from illnesses such as sepsis, 
after long term NMB infusion, and in patients with 
history of stroke with resultant weakness. In the case 
of acute paralysis from recent (within hours) spinal 
cord transection, upregulation has not occurred yet.

 8. E. The incidence of postoperative myalgias from 
succinylcholine is high (~50%). While administration 
of this agent is associated with increased intragastric 
pressure, the lower esophageal sphincter tone also 
increases, negating any potential increase in risk of 
aspiration. In fact, succinylcholine is commonly the 
drug of choice when aspiration is a concern given its 
reliably fast onset. While succinylcholine increases 
plasma potassium levels (~0.5 mEq), an exaggerated 
response is not noted in patients with end stage 
renal disease. These patients commonly have 
preoperative hyperkalemia, but potassium levels 
increase similarly to that of the general population. 
Succinylcholine is a potent trigger for malignant 
hyperthermia, particularly when combined with 
inhalational anesthetics.

 9. B. Mivacurium is metabolized through butyrylcho-
linesterase, just as succinylcholine (and 
chloroprocaine). Atracurium undergoes Hofman 
reaction degradation and metabolism through 
plasma esterases. Pancuronium, rocuronium, and 
vecuronium are eliminated via the liver and kidney.

 10. D. Sugammadex cannot reverse neuromuscular 
blockade from cisatracurium. It has been reported 
that within the first 60 min of sugammadex reversal, 
prothrombin time increases by 3% and activated 
partial thromboplastin time increases by 5.5%, but 
no increase in bleeding has been reported with use 
of sugammadex. The dose of sugammadex depends 
on the level of neuromuscular blockade and thus 
the need for quantitative monitoring to determine 
such. It does not reverse succinylcholine. 
Sugammadex binds oral contraceptives and is 

equivalent to missing 1 dose of such medications. 
Patients on these agents should be advised to utilize 
alternative forms of birth control up to 2 weeks 
afterwards.
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Key Points
 1. Local anesthetics (LAs) cause reversible conduction 

blockade of nerve impulse transmission by inhibiting 
the sodium channels.

 2. Local anesthetics bind to the interior portion of the 
sodium channel to inhibit and hence has to diffuse 
into the nerve membrane to block impulse conduc-
tion.

 3. Local anesthetics are weak bases and pKa generally 
correlates with the speed of onset of action of most 
amide LA drugs; the closer the pKa to the body pH, 
the faster the onset.

 4. Potency correlates with lipid solubility while duration 
of action is related to protein binding.

 5. The rate of systemic absorption is proportionate to 
the vascularity of the site of injection: intravenous > 
tracheal > intercostal > caudal > paracervical > epi-
dural > brachial plexus > sciatic > subcutaneous.

 6. Ester local anesthetics are predominantly metabo-
lized by pseudocholinesterase while amide local 
anesthetics are metabolized by microsomal enzymes 
in the liver.

 7. Addition of vasoconstrictors such as epinephrine can 
prolong the duration of action and limit toxic side 
effects of local anesthetics.

 8. Systemic toxicity of local anesthetics is due to excess 
plasma concentration of the unbound drug that 
depends on the total dose, absorption, metabolism, 
and elimination.

 9. Unintentional intravascular injection of bupivacaine 
can cause severe cardiotoxic reactions while with 
other local anesthetics central nervous system signs 
of toxicity usually precede cardiovascular manifesta-
tions.

10. ABC (Airway, Breathing, and Circulation) is the main-
stay of treatment in local anesthetic toxicity. Lipid 
emulsion has been shown to significantly improve 
the outcomes.

9.1  Nerve Conduction

Local anesthetics (LAs) interrupt the nerve conduction by 
binding to specific receptor sites on the sodium (Na+) chan-
nels in nerves and block the movement of ions through these 
pores and cause reversible conduction blockade of impulses 
along central and peripheral nerve pathways. Both the chem-
ical and pharmacologic properties of individual LA drugs 
determine their clinical properties.

Nerve conduction involves the propagation of an electri-
cal signal generated by the rapid movement of small amounts 

of several ions (Na+ and potassium K+) across a nerve cell 
membrane. The ionic gradient for Na+ (high extracellularly 
and low intracellularly) and K+ (high intracellularly and low 
extracellularly) is maintained by a Na+-K+ pump mecha-
nism within the nerve.

The sodium channel “voltage-gated” protein structures 
consist of the large sodium-conducting pore (alpha-subunit) 
and varying numbers of adjacent smaller beta subunits. 
Those channels penetrate the full depth of the membrane 
bilayer and are in communication with both the extracellular 
surface and the axoplasm (interior) of the nerve.

The large polypeptide that forms the alpha-subunit is fur-
ther divided into 4 subunits (DI-IV). The alpha subunit that 
allows ion conduction and binds to local anesthetics is called 
the H subunit [1]. In the resting state, the nerve membrane is 
more permeable to K+ ions than to Na+ ions, resulting in the 
continuous leakage of K+ ions out of the interior of the nerve 
cell. This leakage of cations, in turn, creates a negatively 
charged interior relative to the exterior, resulting in an elec-
tric potential of 60–70 mV across the nerve membrane.

Sodium channels exist in activated-open, inactivated- 
closed, and rested-closed states during various phases of the 
action potential. When the threshold potential is achieved, 
an action potential results, with a sudden increase in the 
permeability of the nerve membrane to Na+ ions and a 
resultant rapid influx of positively charged Na+ ions leads 
to depolarization (. Fig. 9.1a, b). Repolarization takes place 
when sodium permeability decreases and K+ permeability 
increases, resulting in an efflux of K+ from within the cell 
and restoration of the electrical balance [4].

LAs prevent the generation and conduction of nerve 
impulses by selectively binding to the α(alpha) subunit of the 
Na+ channel in inactivated-closed states, stabilizing these 
channels in this configuration and preventing the influx of 
Na+ into the cell, halting the transmission of the advancing 
wave of depolarization down the length of the nerve and pre-
venting their change to the rested-closed and activated-open 
states in response to nerve impulses.

It is speculated that local anesthetics bind to specific sites 
located on the inner portion of sodium channels as well as 
obstructing sodium channels near their external openings. 
A resting nerve is less sensitive to an LA than a nerve that is 
repeatedly stimulated. A repeated depolarization and a more 
positive membrane potential increases the chance that an 
LA molecule will provide a greater degree of transmission 
block.

The minimum concentration of local anesthetic neces-
sary to produce conduction blockade of nerve impulses is 
termed the Cm. Larger nerve fibers require higher concen-
trations of local anesthetic for production of conduction 
blockade. An increased tissue pH or high frequency of nerve 
stimulation decreases Cm.
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9.2  Pharmacokinetics

The pKa (the pH at which 50% of the drug is ionized and 50% 
is present as base) of the LA is related to pH and the concen-
trations of the cationic and base forms.

Local anesthetics are weak bases; their pK values are 
slightly above physiologic pH. When injected into the human 
body, less than half of the LA exists in a lipid-soluble and 
nonionized form at physiologic pH.

Acidosis, if present due to tissue infection, increases the 
ionized fraction of drug. This is consistent with the poor 

quality of local anesthesia that often results when a local 
anesthetic is injected into an acidic infected area.

Local anesthetics with pKs nearest to physiologic pH have 
the most rapid onset of action, reflecting the presence of an opti-
mal ratio of ionized to nonionized drug fraction. The pKa gener-
ally correlates with the speed of onset of action of most amide 
LA drugs; the closer the pKa to the body pH, the faster the onset. 
The coexistence of the 2 forms of the drug—the charged cation 
and the uncharged base—is important because drug penetra-
tion of the nerve membrane by the LA requires the base (un-
ionized) form to pass through the nerve lipid membrane [5].
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       . Fig. 9.1 a, b Sodium and potassium channel function and ion 
movements during nerve depolarization (a Reprinted with permission 
from Mulroy and Bernards [2]; b Reprinted under Creative Commons 

Attribution 4.0 International License from OpenStax [3]. Download for 
free at 7 http://cnx. org/content/col11496/latest/)
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9.2.1  Chemical Structure

Local anesthetic molecules are comprised of 3 basic building 
blocks: a hydrophobic aromatic ring, a hydrophilic tertiary 
amine, and an intermediate chain connecting the two. The 
chemical connection between the intermediate chain and the 
aromatic ring divides local anesthetics into “esters” and 
“amides,” depending on whether the hydrocarbon chain is 
joined to the benzene-derived moiety by an ester or an amide 
linkage (. Fig.  9.2). The type of linkage is important as it 
determines how local anesthetics are metabolized. Moreover, 
this chemical differentiation is clinically relevant because the 
amides are more stable and have less risk of allergic reaction 
than the esters.

9.2.2  Absorption and Distribution

The ultimate plasma concentration of a local anesthetic is 
determined by the rate of tissue distribution and the rate of 
clearance of the drug. Factors that affect the absorption and 
later redistribution are:

 5 Lipid Solubility – After distribution to highly perfused 
tissues, the local anesthetic is redistributed to less-well- 
perfused tissues, including skeletal muscles and fat. 
Ultimately, the local anesthetic is eliminated from the 
plasma by metabolism and excretion.

 5 Tissue/Blood Partition Coefficient – Strong plasma 
protein binding tends to retain anesthetic in the blood, 
whereas high lipid solubility facilitates tissue uptake.

 5 Patient-related factors are important such as age, cardio-
vascular status, and hepatic function. Protein binding 
parallels lipid solubility of the local anesthetic and is 
inversely related to the plasma concentration of drug.

 5 Tissue Perfusion – The highly perfused organs (brain, 
lung, liver, kidney, and heart) are responsible for the 
initial rapid uptake (α[alpha] phase), which is followed 

by a slower redistribution (β[beta] phase) to moderately 
perfused tissues (muscle and gut). In particular, the 
lung extracts significant amounts of local anesthetic; 
consequently, the threshold for systemic toxicity involves 
much lower doses following arterial injections than 
venous injections.

 5 Tissue Mass – Muscle provides the greatest reservoir for 
local anesthetic agents because of its large mass.

9.2.3  Metabolism

 Metabolism of Ester Local Anesthetics
Ester local anesthetics are metabolized by plasma cholines-
terases (pseudocholinesterase). The liver and circulation 
form these enzymes in the vascular system and in the cere-
brospinal fluid (CSF). They are responsible for the metabo-
lism of numerous medications, including ester local 
anesthetics and succinylcholine. Because of the widespread 
distribution of these enzymes, plasma degradation of ester 
local anesthetics is typically rapid. In contrast, amide local 
anesthetics undergo degradations by hepatic enzymes and 
typically have a longer serum half-life.

Ester hydrolysis is very rapid, and the water-soluble 
metabolites are excreted in the urine. Procaine and benzo-
caine are metabolized to p-aminobenzoic acid (PABA), 
which has been associated with allergic reactions.

Patients with genetically abnormal pseudocholinesterase 
are at increased risk for toxic side effects, as metabolism is 
slower. Cerebrospinal fluid lacks esterase enzymes, so the ter-
mination of action of intrathecally injected ester local anes-
thetics (eg, tetracaine) depends on their absorption into the 
bloodstream. In contrast to other ester anesthetics, cocaine is 
partially metabolized (N-methylation and ester hydrolysis) 
in the liver and partially excreted unchanged in the urine.

 Metabolism of Amide Local Anesthetics
Amide local anesthetics undergo varying rates of metabolism 
by microsomal enzymes located in the liver. The first step is 
conversion of the amide base to aminocarboxylic acid and a 
cyclic aniline derivative. Complete metabolism usually 
involves another steps, such as hydroxylation of the aniline 
moiety and N-dealkylation of the aminocarboxylic acid.

Prilocaine undergoes the most rapid metabolism; lido-
caine and mepivacaine are intermediate; and etidocaine, 
bupivacaine, and ropivacaine undergo the slowest metabo-
lism.

The metabolism of amide LA compared with that of ester 
is more complex and slower. This slower metabolism means 
that sustained increases of the plasma concentrations of 
amide local anesthetics, and thus systemic toxicity, are more 
likely than with ester local anesthetics. Furthermore, cumu-
lative drug effects of amide local anesthetics are more likely. 
The lungs are capable of extracting local anesthetics from the 
circulation.
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       . Fig. 9.2 Typical structure of local ester and amide anesthetic mol-
ecules
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The rate of amide metabolism depends on the specific agent 
(prilocaine > lidocaine > mepivacaine > ropivacaine  
> bupivacaine).

Decreases in hepatic function (eg, cirrhosis of the liver) 
or liver blood flow (eg, congestive heart failure, vasopressors, 
or H2-receptor blockers) will reduce the metabolic rate and 
predispose patients to systemic toxicity. Very little drug is 
excreted unchanged by the kidneys, although the metabolites 
are dependent on renal clearance.

Metabolites of prilocaine accumulate after large doses of 
drug (>10 mg/kg), converting hemoglobin to methemoglo-
bin. Neonates of mothers who have received prilocaine epi-
dural during labor are susceptible to methemoglobinemia. 
Benzocaine, a common ingredient in local anesthetic sprays, 
can also cause methemoglobinemia. Treatment of significant 
methemoglobinemia includes intravenous administration of 
methylene blue (1–2 mg/kg of a 1% solution over 5 min; total 
dose should not exceed 7–8 mg/kg). Methylene blue reduces 
methemoglobin (Fe3+) to hemoglobin (Fe2+).

9.2.4  Site of Injection

The rate of systemic absorption is proportionate to the vascu-
larity of the site of injection: intravenous > tracheal > inter-
costal > caudal > paracervical > epidural > brachial plexus > 
sciatic > subcutaneous.

9.2.5  Presence of Vasoconstrictors

The addition of epinephrine—or less commonly phenyleph-
rine—causes vasoconstriction at the site of administration. 
The consequent decreased absorption increases neuronal 
uptake, enhances the quality of analgesia, prolongs the dura-
tion of action, and limits toxic side effects. The effects of 
vasoconstrictors are more pronounced with shorter-acting 
agents. For example, the addition of epinephrine to lidocaine 
usually extends the duration of anesthesia by at least 50%, but 
epinephrine has little or no significant effect when added to 
bupivacaine, whose long duration of action is due to a high 
degree of protein binding. Epinephrine can also augment and 
prolong analgesia through activation of α(alpha)2-adrenergic 
receptors.

9.2.6  Placental Transfer

Plasma protein binding influences the rate and degree of dif-
fusion of local anesthetics across the placenta. Bupivacaine, 
which is highly protein bound, has an umbilical vein–mater-
nal arterial concentration ratio of about 0.32.

Ester local anesthetics are not available to cross the pla-
centa significantly because of their rapid hydrolysis. Fetal 
acidosis can result in accumulation of local anesthetic in the 
fetus (ion trapping). While fetuses have less protein, the 
plasma concentration of drugs is nearly equal to that of their 

mothers. Fetal pH is slightly lower than maternal (7.32–7.38), 
thus most un-ionized drugs are “ion trapped” to a degree, 
even in a healthy fetus. In the presence of fetal acidosis, local 
anesthetics cross the placenta and become ionized in higher 
proportion than at normal pH.

Chloroprocaine has the least placental transfer because it 
is rapidly broken down by plasma cholinesterase in the 
maternal circulation.

9.2.7  Pharmacodynamic Properties

 5 Potency is the minimal concentration required to 
produce neural blockade. Lipophilicity correlates with 
potency.

 5 Phasic (Rate-Dependent) Block – The faster a nerve is 
stimulated, the lower the concentration of local anes-
thetic is needed to produce a blockade.

 5 Nerve/Axon Exposed – Myelinated axons: myelin con-
sists of Schwann cell plasma membranes wrapped around 
axons. There are gaps, called nodes of Ranvier; myelina-
tion results in much faster conduction velocities. Local 
anesthetics can gain access only at the nodes of Ranvier.

 5 Unmyelinated axons: the concentration of local anes-
thetic required to block conduction of unmyelinated 
axons decreases with increasing length of nerve exposed 
to the local anesthetic. Unmyelinated axons (C fibers) are 
in vitro the most resistant to local anesthetic blockade, 
followed by large (A fibers) and small (B fibers) myelin-
ated axons. Intermediate-size myelinated axons (A d, A g 
fibers) are the easiest axons to block in vitro.

 5 PKa is the pH, where half of the drug is ionized (posi-
tively charged) and half is nonionized (base). The non-
ionized form penetrates the nerve membrane, while the 
ionized form binds to proteins on the intracellular side of 
the sodium channel.

 5 The percentage of each form present in a solution or in 
the tissue depends on the pH of the solution or tissue. 
Local anesthetics are weak bases (pKa = 7.6–9.0) that are 
commercially prepared as an acidic solution, typically at 
pH 4–5.

 5 Hydrophobicity correlates with potency and to the dura-
tion of action. The more hydrophobic the drug, the more 
potent it is. Hydrophobicity is determined by adding 
local anesthetic to a recipient containing 2 immiscible 
liquids, such as aqueous buffer and a hydrophobic lipid. 
The resultant ratio of the concentrations is called the 
“distribution (partition coefficient). The charged form 
is more hydrophilic than the uncharged form. Hydro-
phobicity facilitates penetration of the neuronal cell 
membrane.

 5 Protein Binding – Duration of action correlates with 
the degree of protein binding (typically to albumin and 
alpha-1-acid-gylcoprotein). In general, more hydropho-
bic drugs have higher protein binding.

 5 Short-acting local anesthetics have a fast onset of action, 
while long-duration local anesthetics have a slower 
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onset. Only the free (protein unbound) local anesthetic 
fraction can induce toxicity. When serum proteins are 
saturated, any additional local anesthetics causes toxicity 
(patients show rapid progression to toxicity). Binding 
to plasma proteins is pH-dependent; binding decreases 
during acidosis due to the decrease of available binding 
sites.

9.3  Individual Local Anesthetics

The following is a summary of common local anesthetics 
used in clinical practice and their applications (. Table 9.1).

9.3.1  Ester Local Anesthetics

 Cocaine
The clinically desired action of cocaine is local vasoconstric-
tion due to inhibition of norepinephrine reuptake. However, 
its toxicity and the potential for abuse have precluded its 
clinical use. Topical mucous membrane applications of 
cocaine (4% solution) result in rapid anesthesia and vasocon-
striction. At excessive doses, vasoconstrictive properties lead 
to hypertension, coronary ischemia, and arrhythmias.

Cocaine is metabolized in the liver to active metabolites. 
The half-life is 45 min. The maximum recommended dose of 
cocaine is 200 mg.

 Procaine
Procaine is characterized by low potency, slow onset, and 
short duration of action. Its use now is confined to infiltra-
tion anesthesia (0.25–1.0%) and short duration (30–45 min) 
spinal anesthesia (50–100 mg). Procaine is ineffective when 
used topically and for epidural anesthesia. It is not recom-
mended for peripheral block since it has a very slow onset 
time paired with a short-acting time. Procaine is metabolized 

in the plasma by the cholinesterase; its elimination half-life is 
approximately 8 min.

 2-Chloroprocaine
It is the most rapidly metabolized LA. The principal uses are 
in obstetrics and ambulatory anesthesia. It is frequently cho-
sen for urgent forceps or cesarean deliveries for epidural 
anesthesia. In the 2–3% concentrations, chloroprocaine is 
rapidly metabolized by plasma cholinesterase, and with dura-
tion of action between 30 and 60 min it is a good drug for 
outpatient procedures. Since serum half-life is approximately 
40  s, fetal accumulation and systemic toxicity are unlikely. 
The preservative-free solution should be used for central 
neuraxial blocks because of the concern of neurotoxicity. 
Chloroprocaine has been previously associated with muscle 
spasms, but it is believed to be due to calcium chelation by 
the preservative EDTA. The current preparations are preser-
vative free.

 Tetracaine
Tetracaine is the longest-acting ester local anesthetic. It is 
more potent and has a longer duration of action than pro-
caine or 2-chloroprocaine. Tetracaine is more slowly metabo-
lized and it is more toxic. Currently, it is used in spinal 
anesthesia when a drug of long duration is needed, as well as 
in various topical anesthetic preparations. It is used rarely for 
peripheral nerve blocks. It is less chemically stable compared 
to lidocaine and bupivacaine. This instability may result in an 
occasional failed spinal anesthetic due to degradation of the 
local anesthetic during storage.

 Benzocaine
Benzocaine has a low pKa (3.5), it only exists in the uncharged 
form at physiological pH, and it is hardly soluble in aqueous 
solutions. Therefore, it is exclusively used as a topical spray. 
Methemoglobinemia is observed more frequently when ben-
zocaine is used.

       . Table 9.1 Properties of local anesthetics

Anesthetic Lipid 
solubility

Protein 
binding 
(%)

pKa (Union-
ized fraction 
pH 7.4)

Molecular 
weight

Potency Speed of 
onset

Duraction 
of action

UV/MV 
ratio

Chloroprocaine 0.14 ~0 8.7 (5%) 271 Low Very rapid Short ~0

Procaine 0.02 6 8.9 (3%) 236 Low Rapid Short N/A

Lidocaine 2.9 64 7.7 (35%) 234 Medium Rapid Medium 0.5–0.7

Mepivacaine 0.8 78 7.6 (39%) 246 Medium Medium Medium 0.7–0.8

Bupivacaine 8.2 96 8.1 (15%) 288 High Slow Long 0.2–0.4

Ropivacaine 8.0 92–94 8.1 (15%) 274 High Slow Long 0.2

Reprinted with permission from Datta et al. [6]
Lipid solubility Heptanol or octanol/buffer partition ratio, UV/MV ratio ratio of concentration in umbilical vein to maternal vein, total 
concentration, not free drug concentration, is shown in the table, N/A not available
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9.3.2  Amide Local Anesthetics

 Lidocaine
Lidocaine is the most widely used local anesthetic. It com-
bines significant potency, fast onset, intermediate duration, 
good tissue penetration, and minimal cardiac toxicity.

Lidocaine is widely used for infiltration (1–2%), intrave-
nous regional anesthesia (0.5%), peripheral nerve blocks (1 
and 1.5%), topical airway (4%), spinal anesthesia (0.2–5%), 
and epidural anesthesia (2%). It produces moderate vasodila-
tion. The allergic potency is very low. Lidocaine 5% has been 
implicated in the occurrence of cauda equina syndrome with 
the use of small-diameter microcatheters for continuous spinal 
anesthesia. Single shot spinal anesthesia can be associated with 
transient neurologic syndrome (TNS), the etiology of which is 
uncertain. Hepatic disease or decreases in hepatic blood flow, 
which may occur during anesthesia, can decrease the rate of 
metabolism of lidocaine. Maternal clearance of lidocaine is 
prolonged in the presence of pregnancy-induced hypertension, 
and repeated administration of lidocaine can result in higher 
plasma concentrations than in normotensive parturients.

 Mepivacaine
Mepivacaine offers slightly longer duration and better tissue 
penetration than lidocaine. Chemically, it is a cyclic tertiary 
amine like bupivacaine. It is used primarily for intermediate- 
duration blocks. It has a mild vasoconstricting effect. 
Mepivacaine is not used anymore in obstetric epidural anes-
thesia since it is poorly metabolized in the fetus.

 Prilocaine
Prilocaine was withdrawn from use in the USA following 
cases of methemoglobinemia. Prilocaine is metabolized to 
nitro- and orthotoluidine, which can oxidize hemoglobin to 
methemoglobin. It is used commercially in topical eutectic 
mixture of local anesthetics (EMLA) cream, as well as in pro-
prietary mixtures of local anesthetics specifically for airway 
anesthesia.

 Etidocaine
Etidocaine is a derivate of lidocaine, more hydrophilic, and 
rarely used in practice. Its onset is similar to lidocaine, but its 
high protein binding is similar to bupivacaine, as are its dura-
tion of action and cardiac toxicity.

 Bupivacaine
The first long-acting amide local anesthetic, bupivacaine is 
more hydrophobic than mepivacaine and lidocaine, and 
highly protein bound, which is consistent with long duration 
and potential for cardiotoxicity. Bupivacaine is used in an 
array of applications, including infiltration (0.25%), periph-
eral nerve blocks (0.375–0.5%), spinal (0.5 and 0.75%), and 
epidural (0.5 and 0.75%) anesthesia. Because of systemic tox-
icity, it is not used for intravenous (IV) regional anesthesia. 
Bupivacaine is more slowly absorbed into plasma than lido-
caine and produces plasma peak concentrations that are 
approximately 40% lower.

 Levobupivacaine
Levobupivacaine is the levorotatory enantiomer of bupiva-
caine. It is approximately 35% less cardiotoxic compared to 
racemic bupivacaine. Levobupivacaine is used in the same 
concentrations, doses, and applications as racemic bupiva-
caine.

 Ropivacaine
Because only a very small fraction of ropivacaine is excreted 
unchanged in the urine (about 1%) when the liver is func-
tioning normally, dosage adjustments based on renal func-
tion do not seem necessary. Overall, clearance of ropivacaine 
is higher than that determined for bupivacaine, and its elimi-
nation half time is shorter. The higher clearance of ropiva-
caine may offer an advantage over bupivacaine in terms of 
systemic toxicity. The lipid solubility of ropivacaine is inter-
mediate between lidocaine and bupivacaine.

Ropivacaine was specifically designed to minimize car-
diotoxicity. At higher concentration, its potency is equivalent 
to that of bupivacaine. At lower concentration, ropivacaine 
was shown to be 40% less potent than bupivacaine. 
Ropivacaine appears to be approximately 40% less cardio-
toxic as compared to bupivacaine. Ropivacaine produces 
vasoconstriction, so there is little advantage of adding epi-
nephrine to prolong the block.

 Dibucaine
Dibucaine is metabolized in the liver and is the most slowly 
eliminated of all the amide derivatives. It inhibits pseudocho-
linesterase and is used to detect genetically abnormal enzyme.

9.3.3  Additives

 5 Sodium bicarbonate can be added to local anesthetic 
solutions to raise the pH, thereby increasing the nonion-
ized form, enabling it to penetrate the nerve membranes 
more readily. Thus, the speed of onset is increased. It 
also prolongs the duration and intensity of the block. 
Bicarbonate reduces the pain of injection (injection 
pain is associated with a low pH and cold solution). The 
recommended dose is 1 ml of 8.4% sodium bicarbonate 
per 10 ml of local anesthetic. There is little advantage 
in adding it to bupivacaine or ropivacaine. The practice 
of mixing sodium bicarbonate with local anesthetics is 
rarely used.

 5 Epinephrine causes vasoconstriction. This reduces the 
local anesthetic absorption and results in prolonging the 
block duration and reducing toxicity. These effects vary 
significantly among different types of LAs and individual 
nerve blocks. For example, because lidocaine is a natural 
vasodilator, the effect is pronounced for those blocks 
compared with blocks using ropivacaine, which has its 
own slight vasoconstricting effect. Epinephrine does not 
significantly prolong the duration of bupivacaine or ropi-
vacaine but it does slow the absorption of these agents and 
thus reduces peak plasma levels. This reduces the toxicity 
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risk of these 2 local anesthetics. Epinephrine also serves as 
a marker of intravenous injection of local anesthetic [7].

 5 Clonidine is a centrally acting selective partial alpha-2 
adrenoreceptors agonist. Clonidine has widespread 
effects on the nervous system. It acts on the brain to 
cause sedation and has analgesic effects on the central 
and peripheral nervous systems. It prolongs and intensi-
fies blocks when added to local anesthetics. Preservative- 
free clonidine, administered into the epidural or 
subarachnoid space (150–450 μ[mu]g), produces 
dose-dependent analgesia and, unlike opioids, does not 
produce depression of ventilation, pruritus, nausea, or 
vomiting. Adding clonidine 75–100 micrograms can 
extend the duration of peripheral blocks by 50–100%. 
Side effects—notably sedation, orthostatic hypotension, 
and fainting—should be considered when using cloni-
dine. The latter 2 effects, in particular, can interfere with 
mobilization postoperatively.

 5 Hyaluronidase is used to break down connective tissue 
in the extracellular matrix and thereby increases drug 
dispersion through tissue. It is used in peribulbar block 
(sub-Tenon’s block).

 5 Opioids – The injection of opioids into the epidural or 
subarachnoid space to manage acute or chronic pain is 
based on the knowledge that opioid receptors are pres-
ent in the substantia gelatinosa of the spinal cord. When 
added to short-duration local anesthetics used for spinal 
anesthesia, short-acting opioids (fentanyl and sufentanil) 
prolong and intensify sensory block without prolong-
ing motor block. However, post anesthesia nausea and 
vomiting (PONV), and itching can be a problem. When 
added to intrathecal local anesthetics, the peak plasma 
concentrations for sufentanil occur between 20 and 
30 min and are greater than what is necessary for post-
operative analgesia. This explains the many reports of 
“early” respiratory depression in mothers and fetal heart 
rate abnormalities in infants when sufentanil is added 
to intrathecal local anesthetics for labor analgesia or 
cesarean delivery. However, in peripheral nerves, similar 
receptors are absent or the effects of opiates are negligibly 
weak. For this reason, opiates do not have a significant 
clinical role in peripheral nerve blockade.

9.4  Combinations of Local Anesthetics

LAs can be combined to produce a rapid onset (chloropro-
caine) and prolonged duration (bupivacaine) of action. 
Clinical trials have yielded mixed results. Clinically there are 
few advantages to this technique. Nevertheless, placement of 
chloroprocaine in the epidural space may decrease the effi-
cacy of subsequent epidural bupivacaine-induced analgesia 
during labor. It is speculated that the low pH of the chloropro-
caine solution could decrease the nonionized pharmacologi-
cally active fraction of bupivacaine. Tachyphylaxis to the local 
anesthetic mixture could also reflect local acidosis due to the 
low pH of the bathing solution. For these reasons, adjustment 

of the pH of the chloroprocaine solution with the addition of 
1 mL of 8.4% sodium bicarbonate added to 30 mL of chloro-
procaine solution just before placement into the epidural 
space may improve the efficacy of the chloroprocaine- 
bupivacaine combination. It should be noted that when mix-
ing local anesthetics the risk of toxicity remains. LA toxicity 
of combinations of drugs is additive rather than synergistic.

9.5  Side Effects

9.5.1  Allergic Reactions

True allergy (type I or IgE mediated) to local anesthetics is 
rare, estimated at less than 1% of all adverse reactions to local 
anesthetics.

Ester LAs produce metabolites related to paraaminoben-
zoic acid (PABA) that are more likely than amide local anes-
thetics to evoke an allergic reaction. Allergy to amide local 
anesthetics is exceedingly rare. An allergic reaction after the 
use of a local anesthetic may be due to methylparaben (in 
multidose vials), which can elicit allergy in patients allergic 
to PABA or similar substances used as preservatives in com-
mercial preparations of ester and amide local anesthetics. 
These preservatives are structurally similar to paraamino-
benzoic acid. PABA is frequently used in the pharmaceutical 
and cosmetic industries. As a result, an allergic reaction may 
reflect prior stimulation of antibody production by the pre-
servative and not a reaction to the local anesthetic.

Hypotension associated with syncope or tachycardia 
when an epinephrine-containing local anesthetic solution is 
administered suggests an accidental intravascular injection 
of drug. Use of an intradermal test requires injection of 
preservative- free preparations of local anesthetic solutions to 
eliminate the possibility that the allergic reaction was caused 
by the preservative. There is no cross allergy between esters 
and amides.

9.5.2  Chondrolysis After Intrarticular 
Continuous Infusion of Local 
Anesthetics

The US Food and Drug Administration (FDA) issued a warn-
ing about the use of continuous intra-articular infusion of 
local anesthetics. Chondrolysis was diagnosed a median of 
8.5 months after the infusion and in 97% of the cases involved 
the shoulder joint. The local anesthetics bupivacaine, chloro-
procaine, lidocaine, mepivacaine, procaine, ropivacaine with 
or without epinephrine were used for 48–72 h.

9.5.3  Systemic Toxicity of Local Anesthetics

Systemic toxicity of a local anesthetic is due to an excess 
plasma concentration of the drug. Accidental direct intravas-
cular injection of local anesthetic solutions during perfor-
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mance of peripheral nerve block anesthesia or epidural 
anesthesia is the most common mechanism for production 
of excess plasma concentrations of local anesthetics.

Systemic toxicity in association is estimated to result in 
seizures in 1–4 per 1,000 patient exposures to local anesthet-
ics, with bupivacaine being the drug most likely to be associ-
ated with this adverse response.

The capacity of a local anesthetic to produce systemic tox-
icity is directly related to the plasma level of unbound drug, 
which depends on:
 1. Total dose
 2. Absorption
 3. Metabolism and elimination

Central nervous system (CNS) signs of toxicity usually pre-
cede cardiovascular (CV) manifestations.

The absorption of local anesthetics from different sites is 
from highest to lowest: endotracheal > intercostal > caudal > 
epidural > plexus blocks > sciatic/femoral > subcutaneous 
infiltration.

Peak blood levels may also be affected by the rate of bio-
transformation and elimination, for the actively metabolized 
drugs such as 2-chloroprocaine, which has a plasma half-life 
of about 45–60 s. For amide local anesthetics, such as lido-
caine, peak plasma levels after regional anesthesia primarily 
result from absorption and usually occur within 1 h.

9.5.4  Central Nervous System Toxicity

Toxic plasma levels are usually produced by inadvertent 
intravascular injection. Symptoms tend to be biphasic with 
initial excitatory symptoms followed by depression. These 
symptoms may include numbness of the tongue, lighthead-
edness, tinnitus, restlessness, tachycardia, and convulsions 
followed then by unconsciousness, respiratory arrest, and 
cardiac manifestations. The initial manifestations of CNS 
excitation culminating in seizures are the result of local anes-
thetic inhibitory effect on gamma-aminobutyric 
acid(GABA)-related pathways, which is followed by effects 
both on GABA and N-methyl-D-aspartate (NMDA) recep-
tors leading to an overall depression of the CNS.

The onset of seizures may reflect selective depression of 
inhibitory cortical neurons by local anesthetics, leaving 
excitatory pathways unopposed. Plasma concentrations of 
local anesthetics producing signs of central nervous system 
toxicity depend on the specific drug involved.

Lidocaine, mepivacaine, and prilocaine demonstrate 
effects on the CNS at plasma concentrations of 5–10 μ(mu)g/
mL. The typical plasma concentration of bupivacaine associ-
ated with seizures is 4.5–5.5  μ(mu)g/mL.  The threshold 
plasma concentration at which CNS toxicity occurs may be 
related more to the rate of increase of the serum concentra-
tion than to the total amount of drug injected. There is an 
inverse relationship between the PaCO2 and seizure thresh-
olds of local anesthetics. Increases in the serum potassium 
concentration can facilitate depolarization and thus mark-

edly increase local anesthetic toxicity. Conversely, hypokale-
mia, by creating hyperpolarization, can greatly decrease local 
anesthetic toxicity.

9.5.5  Cardiovascular System Toxicity

Cardiovascular (CV) system toxicity usually follows the CNS 
effect with the exception of bupivacaine, which can produce 
cardiac toxicity at subconvulsant concentrations. The inci-
dence of CV toxicity with local anesthetics is higher in preg-
nancy due to higher proportion of unbound fraction, 
increased under conditions of hypoxia and acidosis. The 
hypotension reflects both decreased systemic vascular resis-
tance and cardiac output. Part of the cardiac toxicity that 
results from high plasma concentrations of local anesthetics 
occurs because these drugs block cardiac sodium channels. 
Excessive plasma concentrations of lidocaine slow conduc-
tion of cardiac impulses through the heart, manifesting as 
prolongation of the P-R interval and QRS complex and reen-
try ventricular cardiac dysrhythmias on the electrocardio-
gram (ECG).

For a patient using propranolol, CVS toxicity occurred at 
plasma bupivacaine concentrations of 2–3  μ(mu)g/ml. 
Propranolol reduces the hepatic blood flow and thus the 
clearance of bupivacaine, which can lead to toxic concentra-
tions of bupivacaine. This suggests that caution must be taken 
in the use of bupivacaine in patients who are on antidys-
rhythmic drugs or other cardiac medications known to 
depress impulse propagation. Epinephrine and phenyleph-
rine may increase bupivacaine cardiotoxicity. The cardiac 
toxicity of bupivacaine in animals is enhanced by arterial 
hypoxemia, acidosis, or hypercarbia.

Both bupivacaine and lidocaine block cardiac sodium ion 
channels during systole, whereas during diastole, highly lipid 
soluble bupivacaine dissociates off these channels at a slow 
rate compared with lidocaine. The R enantiomer of bupiva-
caine is more toxic than the S enantiomer. In animals, levobu-
pivacaine compared with bupivacaine was associated with a 
lower incidence of ventricular cardiac dysrhythmias, and 
successful resuscitation. Ropivacaine is a pure S enantiomer 
that is less lipid soluble and less cardiotoxic than bupivacaine 
but more cardiotoxic than lidocaine. Tachycardia can 
enhance frequency-dependent blockade of cardiac sodium 
channels by bupivacaine.

9.5.6  Maximum Dose

The recommended maximum recommended doses 
(. Table 9.2) are extrapolated from animal data and do not 
necessarily apply to the clinical practice. The peak plasma 
levels do not correlate with patient size or body weight in 
adults. Experts argue that the safe doses should be block spe-
cific and related to patient’s age (eg, higher epidural spread in 
the elderly), organ dysfunction (especially for repeated 
doses), and whether the patient is pregnant (. Table 9.3).
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9.5.7  Prevention of Local Anesthetic 
Systemic Toxicity

As recognized in the American Society of Regional 
Anesthesia and Pain Medicine (ASRA) 2010 guidelines:

 5 Use the lowest clinically effective dose of local anes-
thetic.

 5 Inject the local anesthetic incrementally in volumes of 
3–5 mL, pausing for 15–30 s.

 5 Aspirate before injection.
 5 Use epinephrine as an intravascular marker.

9.5.8  Treatment of Local Anesthetic 
Systemic Toxicity

When local anesthetic-induced seizures occur, hypoxia, 
hypercarbia, and acidosis develop rapidly. ABC (Airway, 
Breathing, and Circulation) is the mainstay of treatment.

If seizures interfere with ventilation, benzodiazepines, 
small- dose propofol or thiopental can be used. The use of 
succinylcholine effectively facilitates ventilation and, by abol-
ishing muscular activity, decreases the severity of acidosis. 
However neuronal seizure activity is not inhibited and there-
fore, cerebral metabolism and oxygen requirements remain 
increased. The 2010 ASRA guidelines for local anesthetic 
systemic toxicity (LAST) treatment specifically recommends 
avoiding vasopressin, based on an animal study. Amiodarone 
should be favored over lidocaine to treat arrhythmias.

9.5.9  Lipid Emulsion

The most likely mechanism of action of lipid emulsion, 
according to Groban and Butterworth (2003), is that “the 
lipid is serving to more rapidly remove LA molecules from 
whatever binding site serves to produce the cardiovascular 
depression” [9]. It is recommended to store lipid emulsion in 
all sites where local anesthetics are used.

Propofol has the same vehicle as Intralipid® or other lipid 
emulsion solutions, but only half the concentration (10%). 
Using propofol to treat local anesthetic toxicity will not pro-
vide enough lipids, and its active ingredient will produce 
cardiac depression. Therefore, propofol is not indicated to 
treat local anesthetic-induced cardiac toxicity.

The administration of local anesthetics should be stopped 
immediately. Prompt and effective airway management can 
prevent hypoxia and acidosis.

For seizures, promptly administer a benzodiazepine, 
small doses of propofol, lipid emulsion. If seizures persist, 
small doses of succinylcholine should be considered to mini-
mize acidosis and hypoxemia.

If cardiac arrest occurs follow Advanced Cardiovascular 
Life Support (ACLS) guidelines with the following modifica-
tions [10]:

 5 The use of small initial doses(10–100 mcg boluses) of 
epinephrine.

 5 Vasopressin is not recommended.
 5 Avoid calcium channel blockers and beta-blockers.
 5 In ventricular arrhythmias prefer Amiodarone.
 5 Treatment of ventricular arrhythmias with local anes-

thetics (lidocaine, procainamide) is not recommended.
 5 Use lipid emulsion at first signs of LAST after airway 

management.
 5 Give a bolus of 20% lipid emulsion 1.5 mL/kg (lean body 

mass).
 5 Followed by 0.25 mL/kg/min infusion for at least 10 min 

after circulatory stability. If circulatory stability is not 

       . Table 9.2 Suggested maximum doses of local anesthetics

Drug (per 70 kg 
patient)

Concentra-
tion (%)

Volume 
(cc)

Suggested 
maximum 
dose (mg)

Lidocaine 1–2 30–50 500

Mepivacaine 1–1.5 30–50 500

Prilocaine 1–2 30–50 600

Bupivacaine 0.25–0.5 30–50 225

Levobupivacaine 0.25–0.5 30–50 225

Ropivacaine 0.2–0.5 30–50 250

Reprinted with permission from Patel and Sadoughi [8]

       . Table 9.3 Recommended concentrations of anesthetics for 
pregnant patients

Drug (per 70 kg patient) Concentration (%) Volume (cc)

Procaine 10.0 1–2

Lidocaine 1.5, 5.0 1–2

Mepivacaine 4 1–2

Tetracaine 0.25–1.0 1–4

0.25 2–6

1.0 1–2

Bupivacaine 0.5 3–4

0.75 2–3

Levobupivacaine 0.5 3–4

0.75 2–3

Ropivacaine 0.5 3–4

0.75 2–3

Reprinted with permission from Patel and Sadoughi [8]
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attained consider re-bolusing and increasing your infu-
sion to 0.5 mL/kg/min.

 5 Approximately 10 mL/kg of lipid emulsion in 30 min is rec-
ommended as the upper limit for initial dosing. Failure to 
respond to lipid emulsion and vasopressor therapy should 
prompt institution of cardiopulmonary bypass (CPB).

In short, treatment of seizures includes ventilation of the 
patient’s lungs with oxygen because arterial hypoxemia and 
metabolic acidosis occur within seconds. Hyperventilation is 
to decrease the delivery of local anesthetic to the brain. IV 
administration of a benzodiazepine such as midazolam or 
diazepam is effective in suppressing local anesthetic-induced 
seizures. Early use of lipid emulsion for the treatment of local 
anesthetic toxicity is becoming standard of care, acknowledg-
ing that a prolonged effort may be needed to increase the 
chance of resuscitation [11, 12].

9.5.10  Neurotoxicity

 Transient Neurologic Symptoms
The etiology of transient neurologic symptoms (TNS) is 
unclear, but some have speculated that this syndrome repre-
sents a form of neurotoxicity.

TNS manifests as moderate to severe pain in the lower 
back, buttocks, and posterior thighs that appear within 
6–36 h after complete recovery from uneventful single-shot 
spinal anesthesia.

The incidence of transient neurologic symptoms is great-
est following the intrathecal injection of lidocaine (as high as 
30%). Initial reports of transient neurologic symptoms 
involved spinal anesthesia produced by hyperbaric 5% lido-
caine. Several risk factors (lidocaine, lithotomy position, out- 
patient status, arthroscopic knee surgery, and obesity) for 
developing TNS have been identified. Decreasing spinal lido-
caine concentrations does not alter the incidence of transient 
neurologic symptoms. The risk of TNS associated with bupi-
vacaine, tetracaine, mepivacaine, prilocaine, or procaine is 
significantly less than with lidocaine.

Sensory and motor neurologic examination is normal, 
and relief of pain with trigger point injections and nonsteroi-
dal anti-inflammatory drugs (NSAIDs) suggests a musculo-
skeletal component. Full recovery from transient neurologic 
symptoms usually occurs within 1–7 days [13, 14].

9.5.11  Direct Nerve Injury from Local 
Anesthetic

Toxicity can result from either local anesthetics themselves 
or from additives, preservatives, antiseptics, or the pH of the 
formulations. The mechanism of local anesthetic-induced 
neurotoxicity is multifactorial.

Direct nerve injury is evident when isolated nerves are 
exposed to high concentration of local anesthetics, particu-
larly lidocaine and tetracaine. Hyperbaric 5% lidocaine and 

tetracaine have been associated with cauda equina syndrome 
after continuous spinal anesthesia. In these cases, spinal 
microcatheters were used to administer supernormal doses 
(up to 300 mg) of hyperbaric 5% lidocaine. Because spinal 
microcatheters (25–32 gauge) greatly limit the speed of drug 
administration, badly distributed local anesthetics presum-
ably pool near the catheter tip.

9.5.12  Myotoxicity

Skeletal muscle toxicity is a rare side effect of local anesthetic. 
Intramuscular injections result in reversible myonecrosis. 
The extent of muscle damage is dose-dependent. The extent 
of such damage depends on pharmacological properties of 
each local anesthetic, dose injected, and site of injection. 
Interactions with the Ca 2+ metabolism seem to be a key 
pathway and explain most damage; also, changes in the mito-
chondrial metabolism. First reports of muscular dysfunction 
were related to retrobulbar injection of local anesthetics. 
Bupivacaine seems to be the most toxic local anesthetic.

9.5.13  Anterior Spinal Artery Syndrome

Anterior spinal artery syndrome consists of lower-extremity 
paresis with a variable sensory deficit. Thrombosis or spasm 
of the anterior spinal artery as well as effects of hypotension 
or vasoconstrictor drugs is possible.

9.5.14  Methemoglobinemia

Methemoglobinemia is a rare but potentially life-threatening 
complication that may follow the administration of certain 
drugs or chemicals that cause oxidation of hemoglobin to 
methemoglobin more rapidly than methemoglobin is 
reduced to hemoglobin. Known oxidant substances include 
topical local anesthetics (prilocaine, benzocaine, lidocaine), 
nitroglycerin, phenytoin, and sulfonamides.

9.5.15  Drug Interactions

Local anesthetics potentiate the effects of non-depolarizing 
muscle relaxants. Succinylcholine and ester local anesthetics 
are metabolized by pseudocholinesterases. Simultaneous 
administration may potentiate the effect of each other. 
Propranolol decreases hepatic blood flow and amide local 
anesthetic clearance.

9.6  Epidural Anesthesia

Local anesthetic can produce epidural anesthesia by 2 pre-
sumed mechanisms. First, local anesthetic diffuses across the 
dura to act on nerve roots and the spinal cord. Second, local 
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anesthetic also diffuses into the paravertebral area through 
the intervertebral foramina, producing multiple paraverte-
bral nerve blocks. Lidocaine is commonly used for epidural 
anesthesia because of its good diffusion capabilities through 
tissues.

Bupivacaine and ropivacaine at similar concentrations 
(0.5–0.75%) produce similar prolonged sensory anesthesia 
(ropivacaine has a greater tendency to block A-delta and C 
fibers) when used for epidural anesthesia, but the motor 
anesthesia produced by ropivacaine is less intense and of 
shorter duration. Ropivacaine and bupivacaine both provide 
excellent labor analgesia with no significant differences 
between the 2 drugs in the incidence of measured obstetric 
outcomes.

Local anesthetics cross the placenta and may produce 
detectable, although not necessarily adverse, effects on the 
fetus for 24–48 h. Use of a more lipid-soluble and protein- 
bound local anesthetic such as bupivacaine may limit passage 
across the placenta to the fetus.

The large dose required for producing epidural anesthe-
sia leads to systemic absorption of the local anesthetic. For 
example, peak plasma concentrations of lidocaine are 
3–4 μ(mu)g/mL after placement of 400 mg into the epidural 
space. Addition of epinephrine to the local anesthetic solu-
tion may decrease systemic absorption of the local anesthetic 
by approximately one-third. Addition of opioids to local 
anesthetic solutions placed results in synergistic analgesia.

9.7  Spinal Anesthesia

The principal site of action is the preganglionic fibers as they 
leave the spinal cord in the anterior rami. The total dose of 
local anesthetic administered for spinal anesthesia is more 
important than the concentration of drug or the volume of 
the solution injected.

 5 Bupivacaine produces greater motor block than tetra-
caine.

 5 Ropivacaine, 3 mL of 0.5 or 0.75%, produces sensory 
anesthesia, although complete motor blockade was pres-
ent in only about 50% of patients receiving the lower 
dose. Ropivacaine is an acceptable local anesthetic to 
produce spinal anesthesia for cesarean delivery, and 
its decreased lower extremity blockade compared with 
bupivacaine may be a desirable feature.

 5 Levobupivacaine has equivalent clinical efficacy to 
bupivacaine for spinal anesthesia.

 5 Chloroprocaine was not recommended for placement in 
the subarachnoid space because of potential neurotoxicity.

 5 Addition of glucose to local anesthetic solutions 
increases the specific gravity of local anesthetic solutions 
above that of cerebrospinal fluid (hyperbaric).

 5 Addition of distilled water lowers the specific gravity 
of local anesthetic solutions below that of cerebrospinal 
fluid (hypobaric).

9.8  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. Injection of local anesthetics into which of the 

following sites is MOST likely to result in the highest 
peak plasma concentration?
 A. Caudal
 B. Epidural
 C. Intercostal
 D. Brachial plexus

 2. Which local anesthetic undergoes the LEAST hepatic 
clearance?
 A. Chloroprocaine
 B. Bupivacaine
 C. Etidocaine
 D. Prilocaine
 E. Lidocaine

 3. The primary determinant of local anesthetic potency 
is
 A. pKa
 B. Molecular weight
 C. Lipid solubility
 D. Concentration
 E. Protein binding
 F. Patient position

 4. The common element thought to be present in 
every case of cauda equina syndrome after continu-
ous spinal anesthesia is
 A. Use of microcatheter
 B. Maldistribution of local anesthetic
 C. Administration of lidocaine
 D. Addition of epinephrine
 E. Hyperbaricity

 5. According to a recent study regarding hemody-
namic instability due to bupivacaine toxicity, which 
of the following statements about initial treatment 
is MOST likely true?
 A. Higher doses of lipid emulsion (4 mL/kg vs. 2 

mL/kg) resulted in lower mortality.
 B. Rapid lipid emulsion administration resulted in 

increased risk for side effects.
 C. Normalization of hemodynamic variables 

occurred more rapidly when epinephrine was 
given before lipid emulsion.

 D. Epinephrine produced fewer rhythm 
disturbances compared to lipid emulsion.

 6. The maximum dose of lidocaine containing 1:200,000 
epinephrine that can be administered to a 70-kg 
patient for regional anesthesia (other than spinal 
anesthesia) is:
 A. 50 mg
 B. 100 mg
 C. 200 mg
 D. 500 mg
 E. 1000 mg
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 7. Injection of which of the following local anesthet-
ics in a preservative-free solution is MOST likely to 
cause an allergic reaction?
 A. Bupivacaine
 B. Ropivacaine
 C. Chloroprocaine
 D. Prilocaine

 8. After receiving an uneventful 45 mg, 5% hyperbaric 
lidocaine spinal anesthetic for an outpatient hys-
teroscopy, a patient calls on postoperative day 1 to 
complain of severe burning in her buttocks and pos-
terior thighs. Which statement about this patient’s 
condition is MOST likely true?
 A. This is a dose-dependent phenomenon.
 B. The patient should be treated with nonsteroidal 

anti-inflammatory agents.
 C. A neurology consult should be obtained for sus-

pected cauda equina syndrome.
 D. Use of a lower concentration of lidocaine would 

have reduced the risk
 9. In a patient with known history of allergy to chloro-

procaine, injection of which of the following local 
anesthetics in a preservative-free solution is MOST 
likely to be safe?
 A. Benzocaine
 B. Tetracaine
 C. Bupivacaine
 D. Procaine

 10. Which statement about methemoglobinemia in 
association with ester local anesthetics is MOST 
likely false?
 A. Methemoglobinemia is common and easily 

treatable complication.
 B. Methemoglobinemia is easily treated by the 

administration of methylene blue.
 C. Blood normally contains approximately 1% met-

hemoglobin levels.
 D. Methemoglobin is incapable of oxygen transport.
 E. Neonates may be at greater risk because of more 

readily oxidized fetal hemoglobin.
 11. What term best describes the mechanism of action 

of local anesthetics for spinal anesthesia?
 A. The level of motor anesthesia is 2 segments 

above sensory anesthesia.
 B. The principal site of action is the postganglionic 

fibers.
 C. Sympathetic denervation extends 2 spinal seg-

ments cephalad to the level of sensory anesthesia.
 D. Cerebrospinal fluid contains significant amounts 

of cholinesterase enzyme.

 v Answers
 1. C. Intercostal. The rate of systemic absorption is 

proportionate to the vascularity of the site of 
injection: intravenous > tracheal > intercostal > 
caudal > paracervical > epidural > brachial plexus > 
sciatic > subcutaneous.

 2. A. Chloroprocaine is an ester. Esters are metabo-
lized by pseudocholinesterase. Ester hydrolysis is 
very rapid, and the water-soluble metabolites are 
excreted in the urine.

 3. C. Lipid solubility:
 5 The potency of local anesthetics is directly 

related to their lipid solubility.
 5 In general, the speed of onset of action of local 

anesthetics is related to the pKa of the drug.
 5 Drugs with lower pKa values have a higher 

amount of non-ionized molecules at physiologic 
pH and penetrate the lipid portion of nerves 
faster (an exception is chloroprocaine, which has 
a fast onset of action that may be related to the 
higher concentration of drug used).

 5 The amount of protein binding seems related to 
the duration of action of local anesthetics (more 
protein binding has longer duration of action)

 4. B. Maldistribution of local anesthetic. Direct nerve 
injury is evident when isolated nerves are exposed 
to high concentration of local anesthetics, particu-
larly lidocaine and tetracaine.

  Hyperbaric 5% lidocaine and tetracaine have been 
associated with cauda equina syndrome after contin-
uous spinal anesthesia. In these cases, spinal micro-
catheters were used to administer supernormal doses 
(up to 300 mg) of hyperbaric 5% lidocaine. Because 
spinal microcatheters (25–32 gauge) greatly limit the 
speed of drug administration, badly distributed local 
anesthetics presumably pooled near the catheter tip.

 5. C. Normalization of hemodynamic variables 
occurred more rapidly when epinephrine was given 
before lipid emulsion.

 6. D. 500 mg. Maximal allowable dose:
 5 Lidocaine 5 mg/Kg
 5 Lidocaine with epinephrine 7 mg/Kg
 5 Ropivacaine/Levobupivacaine/Bupivacaine 3 mg/Kg
 5 Addition of epinephrine to ropivacaine does not 

result in increase in the maximum allowable dose.
 5 Care should be exercised not to exceed the maxi-

mum dose.
 5 Toxicities of local anesthetics are not indepen-

dent, but additive. A solution containing 50% of 
the toxic dose of local anesthetic A, and 50% of 
the toxic dose of local anesthetic B, will have the 
same implications as 100% of the toxic dose of 
either local anesthetic alone.

 7. C. Chloroprocaine:
 5 Ester LA have a higher incidence (chloroprocaine, 

procaine, tetracaine)
 5 There metabolism to a compound similar to 

PABA, which associated with allergic reaction
 5 The esters include procaine, chloroprocaine, and 

tetracaine (all have 1 letter “i” in the name).
 5 The amides are lidocaine, mepivacaine, prilo-

caine, bupivacaine, levobupivacaine, etidocaine 
and ropivacaine (all have 2 “i”s in the name).
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 5 The esters undergo plasma clearance by cho-
linesterases and have relatively short half-lives, 
whereas the amides undergo hepatic clearance 
and have longer half-lives.

 8. B. The patient should be treated with non-steroidal 
anti-inflammatory agents. Lidocaine-associated 
TNS is neither dose-dependent nor concentration 
(0.5–5%) dependent, and lidocaine-associated TNS 
appears to occur at a similar rate regardless of the 
preparation (hyperbaric, isobaric) as it is diluted with 
cerebrospinal fluid.

  The rate does vary with the type of surgery being 
performed and is highest after outpatient gyneco-
logic procedures performed in the lithotomy posi-
tion. Patients undergoing surgery in the lithotomy 
position have a risk rate of 30–36%, while those 
undergoing surgery in the supine position have 
a risk rate of 4–8%. Transient and self-limiting, it 
can be very uncomfortable for patients, and prior 
to instituting therapy it is important to seek other 
symptoms that might suggest other etiology.

  Treatment: Opioids, NSAIDS, muscle relaxants, and 
symptomatic therapy (eg, heating pads). NSAIDs 
have been the most successful therapy.

 9. C. Bupivacaine. Cross-sensitivity between local 
anesthetics reflects the common metabolite para-
aminobenzoic acid (PABA). A similar cross-sensitivity, 
however, does not exist between classes of local 
anesthetics. Therefore, a patient with a known 
allergy to an ester local anesthetic can receive an 
amide local anesthetic without an increased risk of 
an allergic reaction. Likewise, an ester local anes-
thetic can be administered to a patient with a known 
allergy to an amide local anesthetic. It is important 
that the “safe” local anesthetic be preservative-free.

 10. A. Methemoglobinemia is common and easily treat-
able complication.

  Methemoglobinemia is a rare but potentially life-
threatening complication (decreased oxygen-carry-
ing capacity) that may follow the administration of 
certain drugs or chemicals that cause oxidation of 
hemoglobin to methemoglobin more rapidly than 
methemoglobin is reduced to hemoglobin. Known 
oxidant substances include topical local anesthet-
ics (prilocaine, benzocaine, lidocaine), nitroglycerin, 
phenytoin, and sulfonamides. Neonates may be at 
greater risk because of more readily oxidized fetal 
hemoglobin.

  Normal hemoglobin contains an iron molecule in 
the reduced or ferrous form (Fe2+), the only form 
suitable for oxygen transport by hemoglobin. 
When hemoglobin is oxidized, the iron molecule is 
converted into the ferric state (Fe3+) or methemo-
globin. Because red blood cells are continuously 
exposed to various oxidant stresses, blood normally 
contains approximately 1% methemoglobin levels. 
Prilocaine and benzocaine can oxidize the ferrous 

form of the hemoglobin to the ferric form, creating 
methemoglobin. It is more frequently seen with 
nitrates such as nitroglycerin.

  Depending on the degree, methemoglobinemia 
can lead to tissue hypoxia. The oxyHb curve shifts to 
the left (P50 <27 mm Hg). MetHb has a larger absor-
bance than Hb and oxyHb at 940 nm, but simulates 
Hb at 660 nm. In the presence of high MetHb con-
centrations the SaO2 falsely approaches 85%, inde-
pendent of the actual arterial oxygenation. Central 
cyanosis usually occurs when methemoglobin 
concentrations exceed 15%. The presence of methe-
moglobinemia is suggested by a difference between 
the calculated and measured arterial oxygen satura-
tion. The diagnosis is confirmed by qualitative mea-
surements of methemoglobin by cooximetry and 
clinical suspicion.

  Methemoglobinemia is easily treated by the admin-
istration of methylene blue (1–2 mg/kg of a 1% solu-
tion over 5 min) or less successfully with ascorbic 
acid (2 mg/kg).

 11. C. Sympathetic denervation extends 2 spinal seg-
ments cephalad to the level of sensory anesthesia. 
The principal site of action is the preganglionic 
fibers as they leave the spinal cord in the anterior 
rami. Because preganglionic sympathetic nervous 
system fibers are blocked by concentrations of local 
anesthetics that are insufficient to affect sensory or 
motor fibers, the level of sympathetic nervous sys-
tem denervation during spinal anesthesia extends 
approximately 2 spinal segments cephalad to the 
level of sensory anesthesia. For the same reasons, 
the level of motor anesthesia averages 2 segments 
below sensory anesthesia.

  Cerebrospinal fluid does not contain significant 
amounts of cholinesterase enzyme; therefore, the 
duration of action of ester local anesthetics as 
well as amides placed in the subarachnoid space 
depends on systemic absorption of the drug.
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Key Points
1. Inhalational agents are chemical compounds that 

possess general anesthetic properties and can be 
administered via inhalation. The contemporary 
agents available for clinical use include nitrous oxide 
and the volatile agents: halothane, isoflurane, 
desflurane, and sevoflurane.

2. Currently, the mechanics of inhaled volatile anesthet-
ics are believed to occur through a combined effect 
by prolongation of inhibitory effects (GABAA and 
glycine receptors) and inhibition of excitatory effects. 
This has minimized the belief in the Meyer and 
Overton theory that proposed the lipid membrane 
was the primary site of anesthetic action.

3. Volatile anesthetics decrease mean arterial pressure 
in a dose-dependent manner, which varies with the 
type of agent used. All volatile agents depress 
ventilation and blunt responses to changes in PaCO2.

4. The minimum alveolar concentration (MAC) of an 
inhaled anesthetic is the alveolar concentration at 
which 50% of patients will not show a motor 
response to a standardized surgical incision.

5. Inhalational anesthetics undergo biotransformation 
to many different degrees and locations depending 
primarily on their lipophilicity and clinical stability. 
The major organs involved in biotransformation, the 
liver and kidneys, are exposed to the highest 
metabolite concentrations; and therefore, are the 
primary sites of toxicity

6. The single most important factor in determining the 
speed of induction and recovery for inhalational 
agents is the blood:gas coefficient, which expresses 
the agent’s distribution between the blood and gas 
at the same partial pressure. The higher the agent’s 
solubility in the blood, the slower its induction rate.

10.1  Introduction

Inhalational agents are used in anesthesia primarily to pro-
duce a loss of consciousness, but may have other effects such 
as muscle relaxation and analgesia. Inhalational anesthetics 
have been in use since the 1840s, when agents such as ether, 
chloroform, and nitrous oxide were introduced. Due to 
safety issues, the search for better inhalational agents was 
begun and fluorinated ethers and hydrocarbons were intro-
duced. Halothane was introduced into clinical practice in 
1956 and revolutionized anesthetic practices. However, sec-
ondary to its arrhythmogenic effects with epinephrine and 
possible postoperative liver failure, alternative agents were 
developed to minimize negative effects. Enflurane, a methyl 
ether derivative, was not arrhythmogenic or hepatotoxic, but 
had side effects including lowering the seizure threshold. 
With further research, the modern inhalational agents of 
fluorinated ethers including isoflurane, sevoflurane, and 
desflurane were introduced by the 1980s. These drugs resist 
metabolism and make organ toxicity unlikely. As research 
continues, the noble gas, xenon, has a potential for future 
development. These agents have improved safety and reli-
ability.

10.2  Physical and Chemical Properties 
of Inhaled Anesthetics

10.2.1  Nitrous Oxide

Nitrous oxide (. Fig.  10.1) is a low-molecular weight inor-
ganic gas that is odorless and colorless. Although it is non- 
explosive, it does support combustion [1]. Because of its low 
potency and poor blood solubility (. Table 10.1), it is com-
monly administered in conjunction with volatile anesthetics 
or narcotics to produce general anesthesia. Nitrous oxide has 
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       . Fig. 10.1 Molecular structure 
of inhalational anesthetics
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the lowest potency of the inhalational agents, with a mini-
mum alveolar concentration (MAC) value of 104%, which is 
clinically not achievable and thus cannot provide general 
anesthesia when administered solely. Nitrous oxide is a gas at 
room temperature, but can be stored as a liquid under pres-
sure as its critical temperature lies above room temperature. 
Although it does have amnestic and analgesic properties, it 
does not provide muscle relaxation as other inhalational 
agents do. Controversy exists over the role of nitrous oxide in 
postoperative nausea and vomiting (PONV), which may 
occur through activation of the chemoreceptor trigger zone 
and vomiting center in the medulla [4].

10.2.2  Halothane

Halothane is a halogenated alkane (. Fig. 10.1) that remains 
a clear liquid at room temperature. Carbon-fluoride bonds 
make it nonflammable and non-explosive. It is well tolerated 
for inhalational inductions with a notable sweet, non- 
pungent odor. It has a high potency and intermediate solubil-
ity, which allows for an intermediate onset and recovery from 
anesthesia (. Table  10.1). Thymol must be added to halo-
thane which also must be stored in amber bottles to prevent 
spontaneous oxidative decomposition [5, 6].

10.2.3  Enflurane

Enflurane is a halogenated ether (. Fig. 10.1) with an ethe-
real odor that remains a liquid at room temperature. It has an 
intermediate solubility and high potency allowing for inter-
mediate onset and recovery times from anesthesia 
(. Table 10.1). Enflurane is oxidized in the liver and can pro-
duce nephrotoxic fluoride ions [7, 8].

10.2.4  Isoflurane

Isoflurane is a fluorinated methyl ethyl ether (. Fig.  10.1) 
that is a nonflammable liquid at room temperature. Although 
it is an isomer of enflurane, it has different physiochemical 
properties and different manufacturing methods. Like enflu-
rane and halothane, it has an intermediate solubility and high 
potency allowing for intermediate onset and recovery times 
from anesthesia (. Table  10.1). It has a pungent ethereal 
odor [8].

10.2.5  Sevoflurane

Sevoflurane is a fluorinated methyl isopropyl ether 
(. Fig. 10.1). It has a potency similar to enflurane. However, 
it has a significantly lower solubility in blood (. Table 10.1). 
This property allows for a rapid increase in alveolar concen-
tration and a rapid on and offset of anesthesia. Combined 
with its nonpungent odor, these attributes make sevoflurane 
an ideal inhalational induction agent. Its vapor pressures 
allow for the use of a conventional vaporizer. Sevoflurane is 
susceptible to metabolism, with 3–5% undergoing biodegra-
dation. Unlike other volatile agents, sevoflurane is not 
metabolized to acyl halide intermediates (as with halothane, 
enflurane, isoflurane, and desflurane), which can potentially 
cause hepatotoxicity or cross-sensitivity between drugs.

10.2.6  Desflurane

Desflurane is also a fluorinated methyl ethyl ether (. Fig. 10.1) 
that differs from isoflurane only by a substitution of a fluoride 
for the chlorine atom. The “minor change” of fluorination 
increases the vapor pressure, enhances molecular stability, 

       . Table 10.1 Physical and chemical properties of inhaled anesthetics

Nitrous 
Oxide

Halothane Methoxyflurane Enflurane Isoflurane Desflurane Sevoflurane

Molecular weight 44 197 165 184 184 200 168

Boiling point (°C) −89 51 105 57 48 23 59

Blood:gas coefficient @ 37 °C 0.47 2.5 12 1.9 1.4 0.45 0.65

Oil: gas coefficient @ 37 °C 1.3 197 950 99 97 19 53

Vapor pressure (mmHG @ 20 °C) Gas 244 22.5 172 240 669 170

MAC % (30–55 year old at 1 atm) 104 0.75 0.2 1.63 1.17 6.0 2.0

Stable in soda lime Yes No Yes Yes Yes Yes No

Sources: Bovill [2] and Yasuda et al. [3]
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and decreases the potency of the drug [9]. Because of its 
vapor pressure (. Table  10.1), desflurane will boil at room 
temperature at high altitudes. This requires a vaporizer (Tec 
6, GE Healthcare, Chicago, IL) designed specifically to han-
dle this inhalational agent. The vaporizer is heated to 39°C 
and pressurized to 2  atm. No fresh gas flows through the 
vaporizer pump; rather pure desflurane vapor joins the fresh 
gas flows before exiting the vaporizer [10]. Low solubility and 
potency allow for a rapid on and offset of anesthesia. Its lower 
blood-gas solubility creates precise control and the ability for 
more rapid recovery times from anesthesia [8]. Desflurane 
has a pungent odor, which limits its utility for inhalational 
inductions.

10.2.7  Xenon

Xenon is a noble gas found in the atmosphere; and was rec-
ognized as an anesthetic in 1951. It has a MAC value of 71% 
and can be combined with oxygen to deliver anesthesia. The 
blood:gas partition coefficient is 0.12, which results in rapid 
onset and recovery. Xenon depresses post-sympathetic excit-
atory transmission through N-methyl-D-aspartate (NMDA) 
receptor blocks. There are minimal cardiovascular side 
effects, even in the setting of severely limited myocardial 
reserve. Xenon affects anesthetic-induced preconditioning of 
the heart and brain against ischemic damage in the same way 
as volatile agents. Xenon may have neuroprotective action, 
but it may be offset by an increase in cerebral blood flow. It is 
a non-irritant to the airway for easy induction. Although a 
mild respiratory depressant, it decreases respiratory rate and 
increases tidal volume, in contrast to the volatile agents. 
Xenon has a high relative density, which causes an increase in 
pulmonary resistance. Caution is advised in patients who 
have severe chronic obstructive pulmonary disease (COPD) 
or in premature infants. It is not metabolized in the liver or 
kidneys and it does not trigger malignant hyperpyrexia. 
Xenon is also a potent intraoperative analgesic, attenuating 
responses to surgical stimuli to a greater extent than sevoflu-
rane.

Xenon anesthesia provides more stable intraoperative 
blood pressure, lower heart rate, and faster recovery from 
anesthesia than volatile agents. However, it is associated with 
higher postoperative nausea and vomiting. The main limita-
tions for wider use are lack of studies, need for hyperbaric 
conditions, impracticality in surgery, and inefficiency of con-
ventional anesthesia equipment. These limitations make 
xenon cost prohibitive.

10.3  Mechanism of Action

The exact mechanism of action for volatile anesthetics is 
complex and still unknown. Currently, the mechanics of 
inhaled volatile anesthetics is believed to occur through a 
combined effect by prolongation of inhibitory effects (GABAA 
and glycine receptors) and inhibition of excitatory effects 

(nicotinic acetylcholine and glutamate receptors). Typical 
anesthetic agents produce anesthesia, amnesia, analgesia, 
and immobilization.

Initially, Meyer and Overton proposed a lipid theory 
and believed the lipid membrane was the primary site of 
anesthetic action by correlating inhaled anesthetics potency 
with their solubility in lipids. They observed a strong cor-
relation between the potency of inhalational anesthetics and 
their solubility in oil, theorizing they had a nonspecific lipid 
membrane mechanism of action [11]. Later, researchers 
demonstrated that proteins may also be the site of action for 
inhaled anesthetics [12, 13]. Additional research on the 
mechanism of action for inhaled anesthetics explained 
ligand gated ion channels proteins are mostly likely the tar-
gets of inhaled anesthetics [14].

Electrical activity in human cells is generated through 
influx and efflux of ions (mostly Na+, Ca2+, Cl− and K+) 
through a variety of ion channels. Some receptor-mediated 
ion channels are targets of inhaled anesthetics at clinical 
anesthetic concentrations, such as serotonin receptors, 
GABAA receptors, glycine receptors, and NMDA or AMPA 
(α[alpha]-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 
acid) receptors (glutamate neurotransmitter) [15–18].

GABAA-related anesthetic action is common for all vola-
tile anesthetics due to its abundancy in the brain. Normal 
physiologic function of GABAA and glycine receptors (Cl− 
ion channels) is to inhibit the excitation of postsynaptic neu-
rons. At effective clinical concentrations, volatile anesthetics 
enhance the GABAA receptor-mediated activity by increasing 
its sensitivity to gamma-aminobutyric acid (GABA) and the 
sensitized receptors prolong the inhibition of excitatory neu-
rons. Gaseous anesthetics, such as nitrous oxide, have a mini-
mal effect on GABA-related mechanisms [19–23]. Normally 
K+ channels maintain a polarized state of neurons and are 
targeted sites for isoflurane. Isoflurane activates the K+ chan-
nel and leads to a decrease of neuronal excitation [24].

Inhibition of excitatory neurotransmission can be 
achieved either by inhibition of a neurotransmitter release 
from presynaptic nerve endings or a postsynaptic receptor 
blockade. Halothane and isoflurane at clinical concentrations 
inhibit the NMDA receptor (Na+ ion channel) associated 
excitation by postsynaptic blockades or decreasing presynap-
tic glutamate release. The volatile anesthetics also can inhibit 
the presynaptic release of an excitatory neurotransmitter by 
blocking presynaptic voltage-gated Na+ channels at clinical 
concentrations [25]. Excitatory postsynaptic nicotinic acetyl-
choline receptors and NMDA-sensitive glutamate channels 
are inhibited by gaseous anesthetics to inhibit the excitation 
of excitatory neurons [26].

The mechanism of action for immobilization and amne-
sia occurs at distinct sites. Studies have proven that immobi-
lization to surgical stimulus can be achieved at the spinal 
cord level without brain involvement. Immobility to surgical 
stimuli occurs by inhibiting ascending transmission of pain 
stimuli to the brain from the spinal cord. At the spinal cord 
level, volatile anesthetics prolong the inhibitory effects of gly-
cine receptors and inhibit the postsynaptic excitatory effects 
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of NMDA and AMPA receptors [27–29]. Amnesia can be 
induced without immobilization at lower clinical concentra-
tions. Specific loci in the brain are responsible for this amne-
sic effect. Inhaled anesthetics act on nicotinic acetylcholine 
receptors in the brain and impair the memory process lead-
ing to amnesia [30–33].

GABA receptors function differently between the grow-
ing brain in children and the brain in adults. In the growing 
brain, GABA receptors function as stimulators and in the 
adult brain they act as inhibitors; therefore, a neurotoxic 
effect from anesthetics can be seen in the growing brain. In 
contrast to its inhibitory action in the adult brain, GABA 
receptors act as an excitatory neurotransmitter in the grow-
ing brain of the child. These GABA receptors generate action 
potentials directly opening voltage-dependent calcium chan-
nels and increase the calcium concentration in the brain. This 
increase in intracellular calcium can lead to apoptosis. In 
addition, the mitochondrion appears to be the mediator 
between anesthesia-induced increased calcium levels and 
cell apoptosis, leading to mitochondrial damage. Every year, 

millions of children are treated with anesthetic agents. There 
is evidence that suggests that exposure to anesthetics may be 
neurotoxic to the developing brain and lead to long-term 
neurological effects.

Lithium protects against anesthesia-induced developmen-
tal neuroapoptosis along with melatonin. Coadministration 
of hydrogen gas acts as part of the carrier gas mixture and 
may suppress neuronal apoptosis. Therefore, there may not 
be a safe anesthetic, but only safe anesthetic concentrations 
and exposure durations.

10.4  Systemic Effects of Inhaled Anesthetics

Inhaled anesthetics have several effects on systemic organs. 
Anesthetics effects on the central nervous system, cardiovas-
cular system, pulmonary function, neuromuscular junction, 
renal and liver function, and hematology and immune sys-
tems have been described in sub-sections and are summa-
rized in . Table 10.2.

       . Table 10.2 Systemic effects of inhaled anesthetics

Nitrous 
oxide

Halothane Methoxyflurane Enflurane Isoflurane Desflurane Sevoflurane

Cardiovascular
  HR
  SVR
  CO
  Myocardial 

contractility

↔
↔
↔
↑a

↔

↓
↓
↔
↓
↓

↓
↑
↔
↓
↔

↓
↑
↓
↓
↓

↓
↑
↓
↔
↔

↓
↑b

↓
↔
↔

↓
↔
↓
↓
↔

Respiratory
  TV
  RR
  PaCO2
  PVR
  Airway resistance

↓
↑
↔
↑
↓

↓
↑
↑
↔
↓↓

↓
↑
↑
↔
↓

↓
↑
↑
↔
↓

↓
↑
↑
↔
↓

↓
↑
↑
↔
Irritant

↓
↑
↑
↔
↓

Cerebral
  Blood flow
  ICP
  CMRO2
  Seizures

↑
↑
↑
↓

↑↑
↑
↑a

↓

↑
↑
↓
↓

↑
↑
↓
↑

↑
↑
↓
↓

↑
↑
↓
↓

↑
↑
↓
↓/↑

Nondepolarizing 
blockade

↑ ↑ ↑ ↑ ↑ ↑ ↑

Renal
  Blood flow
  GFR
  Urine

↓
↓
↓

↓
↓
↓

↓
↓
↓

↓
↓
↓

↓
↓
↓

↓
Unknown
Unknown

↓
Unknown
Unknown

Hepatic
  Blood flow

↓ ↓ ↓ ↓ ↓ ↓ ↓

Abbreviations: MAP mean arterial pressure, HR heart rate, SVR systemic vascular resistance, CO cardiac output, TV tidal volume, RR 
respiratory rate, PaCO2 partial pressure of carbon dioxide, PVR pulmonary vascular resistance, ICP intracranial pressure, CMRO2 cerebral 
metabolic rate of oxygen, GFR glomerular filtration rate
aMinimal
bWith rapid change in inhaled concentration

 E. Demers Lavelle and S. Kurra



183 10

10.4.1  Effects on Central Nervous System

The changes in an electroencephalogram (EEG) are noticed 
after the induction of inhaled anesthetics. At lower clinical 
concentrations (low MAC), the volatile anesthetics and gas-
eous anesthetics produce high frequency and low amplitude 
(Beta waves) waves in the EEG, and are transformed to low 
frequency and high amplitude waves (Delta waves) at clinical 
anesthetic concentrations [33]. Some volatile anesthetics, 
such as isoflurane and desflurane at 1.5–2 MAC anesthetic 
concentration, cause electrical silence in the EEG [34].

Enflurane has the tendency to induce convulsions (seizures) 
to decreased PaCO2, MAC >2, and repetitive auditory stimuli 
[35]. Isoflurane has anti-convulsive properties, and desflurane 
does not produce seizures [36, 37]. There are case reports that 
support that sevoflurane can produce seizure activity [38, 39].

Typically, cerebral blood flow is autoregulated and 
depends on the cerebral oxygen consumption (CMRO2), and 
PaCO2. All inhaled anesthetics increase cerebral blood flow 
in a dose-dependent manner despite a decrease in cerebral 
oxygen consumption. Inhalation agents also partially pre-
serve the autoregulation of CBF to changes in PaCO2. 
Desflurane and isoflurane preserve the responsiveness of 
CBF to changes in PaCO2 [40]. Cerebral metabolic oxygen 
requirements are dose-dependent and are decreased with 
volatile anesthetics [41]. Increased intracranial pressure is 
seen with halothane use due to significant increases in cere-
bral blood flow compared to other inhaled anesthetics [42].

Preconditioning and postconditioning is a mecha-
nism for inhaled anesthetics for neuroprotective effects. 
Inhalational anesthetics provide neuroprotective effects 
against brain ischemia by pre-, pro- and post-conditionings. 
Preconditioning is a process where a relatively small amount 
of inhalational agent is administered prior to the ischemic 
insult. Postconditioning is applied after the cerebral ischemic 
event has developed. Many studies have confirmed the pro-
tection of pre- and post-conditioning of inhalational anes-
thetics in their neuroprotection against cerebral ischemia. 
Sevoflurane preconditioning and early postconditioning 
reduced both cerebral infract size and neurological defect 
score at 24 h of reperfusion. Pretreatment with sevoflurane or 
its early administration at reperfusion provided neuroprotec-
tion via mitoKATP in a rat model for focal cerebral ischemia.

Although sevoflurane and isoflurane are similar in their sys-
temic effects, they appear to differ in cerebral circulation. 
Sevoflurane can maintain cerebral autoregulation up to 1.5 
MAC; whereas, isoflurane results in loss of autoregulation. Thus, 
cerebral autroregulation is better preserved during 1.5 MAC 
sevoflurane than isoflurane and is a better neuroanesthetic agent.

10.4.2  Effects on Cardiovascular System

Volatile anesthetics decrease mean arterial pressure in a dose-
dependent manner, which varies with the type of agent used. 
At clinical anesthetic concentration, halothane decreases the 
mean arterial pressure by decreasing myocardial contractil-

ity and cardiac output; whereas, isoflurane, sevoflurane, and 
desflurane decrease systemic vascular resistance. Enflurane 
decreases both systemic vascular resistance and cardiac out-
put. The change in heart rate is variable with type of agent used 
and the type of pharmacological agent administrated during 
surgery. The decrease in heart rate is observed with halothane 
use due to suppression of the carotid sinus to changes in sys-
temic blood pressure and rate of sinus node depolarization. At 
anesthetic concentrations, the heart rate is increased with des-
flurane, enflurane, sevoflurane (>1 MAC) and isoflurane use 
[41, 43]. Nitrous oxide has very little effect in mean arterial 
pressure and heart rate changes [44, 45]. Significant decrease 
in cardiac output is noticed with halothane and enflurane, and 
sevoflurane can decrease cardiac output at MAC between 1 
and 1.5. Sevoflurane can prolong the QT interval and should 
be cautiously used in patients with prolonged QT interval 
syndrome or patients susceptible to QT interval changes [46]. 
Volatile agents can induce arrhythmias. Halothane and iso-
flurane sensitize the heart to epinephrine, compared to des-
flurane and sevoflurane, and cause cardiac arrhythmias [47, 
48]. Coronary steal syndrome, wherein normally responsive 
coronary anenoles are dilated “stealing” blood from vessels 
supplying ischemic zones, may be associated with isoflurane 
[49]. Isoflurane is known to be a potent coronary artery vaso-
dilator. Isoflurane-induced coronary artery vasodilatation 
can lead to redistribution of coronary blood flow away from 
diseased areas, which have decreased ability to vasodilate. 
Thereby, blood is redistributed in greater amounts to areas 
with normally responsive coronary arteries. However, most 
clinical studies failed to prove a higher incident of myocardial 
ischemia due to isoflurane. Sevoflurane and desflurane do not 
cause coronary steal syndrome.

10.4.3  Effects on Respiration

All volatile agents depress ventilation and blunt responses to 
changes in PaCO2. Volatile agents cause rapid, shallow 
breathing. There is a reduction in the tidal volumes and min-
ute ventilation. The increase in respiratory rate does not 
adequately compensate for the amount of tidal volume 
decrease and hence causes an increase in PaCO2.

Volatile agents reduce minute ventilation by reducing 
tidal volumes. Reduced tidal volume causes a slight increase 
in PaCO2. The agents minimally suppress the responsiveness 
to increased PaCO2 (hypercapnia) from decreased tidal vol-
ume at central medullary respiratory centers [50, 51]. Nitrous 
oxide has very little effect in ventilation depression, bronchial 
muscle tone, and in hypoxic drive [52]. Increases in respira-
tory rate are associated with all volatile anesthetics. Halothane, 
isoflurane and sevoflurane decrease airway resistance in 
COPD and asthmatic patients [53]. Due to low airway irritant 
effects, nitrous oxide, halothane and sevoflurane can be used 
for induction of anesthesia. Isoflurane and desflurane can 
irritate the airways during induction with MAC greater than 
1.5 and 1, respectively, but have little or no effect during the 
maintenance of anesthesia. Desflurane is a pungent gas that 
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can cause airway irritability during induction, manifested as 
breath-holding, salivation, coughing, and possibly laryngo-
spasm. Small doses of opioid administration and humidifica-
tion help to reduce irritant properties [54–56].

10.4.4  Effects on Neuromuscular Junction

Volatile anesthetics enhance the effects of neuromuscular 
blocking drugs by inhibiting nicotinic acetylcholine receptors 
[57]. Volatile anesthetics produce dose-dependent muscle 
relaxation; whereas, nitrous oxide can cause skeletal muscle 
rigidity (>1 MAC) [58]. One potential complication of volatile 
agents is malignant hyperthermia (MH). Succinylcholine 
administration with a volatile agent potentiates a patient sus-
ceptible to MH. Malignant hyperthermia can occur even with-
out succinylcholine administration in genetically susceptible 
patients [59–61]. Halothane has a higher tendency to produce 
MH than other volatile agents. MH can appear hours after 
uneventful anesthesia with desflurane [62] and sevoflurane [63, 
64]. Nitrous oxide does not manifest this complication [11].

10.4.5  Effects on Renal Function

Volatile agents have little effect on renal physiology. The 
decrease in renal blood flow that is clinically observed is a 
product of their glomerular filtration rate and urine output is 
systemic vascular effects. There is no direct effect of inhala-
tional agents on renal blood flow. Inorganic fluorides and 
metabolites, such as compound A, produced from the 
metabolism of volatile anesthetics can be nephrotoxic; and 
these effects are further discussed in the next section 
(Biotransformation and Toxicity of Inhaled Anesthetics).

10.4.6  Effects on Hepatic Function

All inhaled anesthetics reduce the hepatic blood flow. Severe 
hepatic injury following volatile anesthetics administration is 
very rare, with a ratio of 1:10,000,000 [65]. Anesthetics agents 
interfere with hepatic metabolism of other pharmacological 
agents that are administrated during the anesthesia [66, 67]. 
Hepatotoxicity can occur with inhaled anesthetics due to 
inadequate hepatic oxygenation from reduced hepatic blood 
flow. Hepatotoxicity incidences are higher with halothane 
induction compared with other inhaled anesthetics. These 
effects are further discussed in the next section 
(Biotransformation and Toxicity of Inhaled Anesthetics).

10.4.7  Effects on Hematologic 
and Immune Systems

Prolonged exposure to nitrous oxide can interfere with bone 
marrow function. Nitrous oxide affects DNA synthesis by 
inhibiting vitamin B12 dependent enzymes (methionine syth-

etase) [68, 69]. Megaloblastic changes are noticed in patients 
who receive nitrous oxide for a duration of 24  h. 
Agranulocytosis occurs in patients with 4  days or longer 
exposure to nitrous oxide. Volatile anesthetics have an immu-
nosuppressive effect on both innate immunity (neutrophils, 
NK cells, and macrophages) and cell-mediated immunity 
(T-cells and B-cells), and are dose-dependent. Volatile agents 
impair neutrophil, macrophage, dendritic, and T-cell func-
tion. The suppressive action on immunity is from a combined 
exposure of the patient to surgery and anesthesia. Surgery 
releases stress hormones (catecholamines and corticoste-
roids) [70]. Inhaled anesthetics inhibit the actions of poly-
morphonuclear cells such as chemotaxis and phagocytosis. 
Sevoflurane and isoflurane can induce dose-dependent 
apoptosis in lymphocytes. Isoflurane and sevoflurane also 
reduce the expression of adhesion molecules on lymphocytes 
and macrophages; and thus, decreases the recruitment and 
accumulation of immune cells at inflammatory sites [71].

10.5  Biotransformation and Toxicity 
of Inhaled Anesthetics

Inhalational anesthetics undergo biotransformation to many 
different degrees and locations depending primarily on their 
lipophilicity and clinical stability. The major organs involved 
in biotransformation, the liver and kidneys, are exposed to 
the highest metabolite concentrations, and therefore, are the 
primary sites of toxicity (see . Table 10.3).

10.5.1  Nitrous Oxide

Nitrous oxide undergoes very little biotransformation 
(0.004%) and is almost solely eliminated by exhalation dur-
ing emergence [8]. Anaerobic bacteria in the gastrointestinal 
(GI) tract are responsible for the minimal amount of metabo-
lism. Nitrous oxide irreversibly oxidizes the cobalt atom in 
vitamin B12, including methionine synthetase and thymi-
dylate synthetase. These enzymes are responsible for myelin 
formation and DNA synthesis; and thus, nitrous oxide has 
been questioned to cause bone marrow suppression and neu-
rologic deficiencies in prolonged usage.

10.5.2  Halothane

The liver is the primary site of biotransformation and metab-
olism for most drugs, particularly lipophilic drugs such as 
halothane [74, 75]. Approximately 25% of administered halo-
thane is oxidized by an isoenzyme of P450 (CYP2E1) into its 
principal metabolite trifluoroacetic acid (TFA), as well as 
lesser amounts of bromide and chloride [76]. The TFA 
metabolites react with tissue proteins to form trifluoroacety-
lated protein adducts. Clinical exposure to halothane results 
in 2 distinct types of hepatitis [77–79]. Type I hepatotoxicity 
is benign and self- limiting and occurs in 25–30% of patients 
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receiving halothane. Symptoms include transient nausea, 
fever, and serum transaminase levels. “Halothane hepatitis,” 
or type II hepatotoxicity, has been reported in 1:5000 to 
1:35,000 cases of halothane administration. This immune-
mediated reaction is believed to result from the trifluoro-
acetylated protein adducts in the liver. Clinical symptoms of 
halothane hepatitis include fever, eosinophilia, and jaundice. 
Laboratory findings include elevated serum alanine and 
aspartate transferase and elevated bilirubin. Patients also 
have a positive IgG against TFA. Severe cases are associated 
with centrilobular necrosis that may lead to fulminant liver 
failure with a mortality rate of 50% [80]. Higher rates of halo-
thane hepatitis are found in patients exposed to multiple 
halothane anesthetics in a short period of time, obese 
patients, patients >50 years old, female patients, and patients 
with a history of postanesthetic fever or jaundice.

10.5.3  Methoxyflurane

As the most lipophilic inhaled anesthetic, methoxyflurane 
undergoes the most biotransformation at an estimated 70% of 

the drug administered [81]. Only a small amount of the drug, 
taken into body tissue, is exhaled and respiratory clearance 
from muscle and fat can extend over a period of several days. 
Methoxyflurane is metabolized in both the kidneys and the 
liver, and inorganic fluoride (F-) is produced during its metab-
olism in clinically significant quantities [82, 83]. Many studies 
have demonstrated direct links between methoxyflurane dos-
ages, metabolism, and fluoride production. Inorganic fluoride 
likely causes renal injury with a nephrotoxic threshold of 
50 μ(mu)mol/L [84]. Methoxyflurane, the first modern halo-
genated ether anesthetic, is no longer in clinical use because it 
is now known to produce polyuric renal insufficiency. More 
recent anesthetics have been cautiously studied for their renal 
impairment and fluoride production abilities [85].

10.5.4  Isoflurane

The minimal metabolism (0.2%) of isoflurane results in 
extremely low rates of hepatic or renal impairment. TFA is 
the primary metabolite, but serum fluoride levels have not 
been shown to cause renal dysfunction [86].

       . Table 10.3 Biotransformation and toxicity of inhaled anesthetics

Nitrous oxide Halothane Methoxyflu-
rane

Enflurane Isoflurane Desflurane Sevoflurane

Tissue 
metabolism (%)

0.004 25 70 2.5 0.2 0.02 5

Oxidating 
enzymes

Anaerobic 
bacteria in 
gastrointesti-
nal tract

CYP2E1, 
CYP2A6

CYP2E1, 
CYP1A2, 
CYP2C9/10, 
CYP2D6

CYP2E1 CYP2E1 CYP2E1 CYP2E1

Principal 
metabolite

Inactivation of 
methionine 
synthetase

TFA, 
bromine, 
chloride

Oxalic acid, 
free fluoride

TFA, small 
fluoride 
level rise

TFA, small 
fluoride 
level rise

TFA (fluoride 
levels 
unchanged 
from 
pre- anesthetic 
levels)

Fluoride

Trifluoroacety-
lated hepato-
cellular protein 
degree of 
modification

None ++++++ None ++ + + None

CO2 stability Yes CO from 
desiccated 
carbon 
dioxide 
absorbent

CO from 
desiccated 
carbon 
dioxide 
absorbent

CO from 
desiccated 
carbon 
dioxide 
absorbent

CO from 
desiccated 
carbon 
dioxide 
absorbent

CO from 
desiccated 
carbon dioxide 
absorbent

Compound A 
from desiccated 
carbon dioxide 
absorbent, heat 
production

Possibly 
toxicities

DNA synthesis,
Bone marrow 
suppression,
Vitamin B12 
deficiency

Hepatic 
(1:20,000 
fulminant 
hepatitis)

Renal, hepatic Hepatic 
(1:300,000 
fulminant 
hepatitis)

Hepatic
(rare 
fulminant 
hepatitis)

Hepatic
(rare fulminant 
hepatitis)

Hepatic
(few case 
reports 
fulminant 
hepatitis)

Sources: Yasuda et al. [72, 73]
Abbreviations: TFA trifluoroacetic acid, CO2 carbon dioxide, CO carbon monoxide
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10.5.5  Desflurane

Desflurane undergoes extremely low metabolism rates in 
humans (0.02%); and thus, the serum and urine fluoride lev-
els are essentially unchanged from pre-anesthetic levels. 
More than the other volatile agents (desflurane > enflurane > 
isoflurane), desflurane is susceptible to degradation in dessi-
cated carbon dioxide absorbancy to carbon monoxide, when 
water content falls below 1.4% for soda lime and 5% for 
baralyme. This carbon monoxide can lead to increased levels 
of blood carboxyhemoglobin [87–89].

10.5.6  Sevoflurane

Inorganic fluoride ions in plasma concentrations greater than 
enflurane and hexafluoroisopropanol are produced during 
the metabolism of sevoflurane in humans. The overall rate of 
sevoflurane metabolism is more than 10 times that of isoflu-
rane (5%), clinically producing higher serum fluoride levels. 
Despite this, clinical studies have demonstrated no clinical 
nephrotoxicity with sevoflurane administration, even with 
peak concentrations of 50 μ(mu)mol/L. Production of fluoride 
ions of sevoflurane is mainly in the liver and, therefore, has 
minimal effect on the kidney function. The liver metabolizes 
2–5% of the sevoflurane. Typical fluoride levels after 2–3 MAC 
hours are 20–30 μ(mu)mol/L [90]. Because of sevoflurane’s low 
blood:gas solubility and rapid elimination, fluoride concentra-
tions fall quickly and renal toxicity is not clinically present. In 
the presence of a strong alkali, such as those in carbon dioxide 
absorbents, sevoflurane has been shown to degrade to com-
pounds toxic to animals, particularly compound A (fluoro-
methyl-1, 1-difluro-1(trimethyl) vinyl-ether) [91–93]. Larger 
amounts of compound A are produced with lower gas flows, 
increased respiratory temperatures, high sevoflurane concen-
trations, anesthetics of long duration and dessicated soda lime. 
Amsorb® (Armstrong Ltd., Coleraine, Northern Ireland) is a 
newer absorbent that does not contain strong base and does 
not form CO or compound A in vitro. It is clinically recom-
mended to maintain fresh gas flows greater than 2 L/min to 
limit possible compound A production. Despite proven neph-
rotoxicity in rats, no postoperative renal impairment or injury 
has been seen in humans. This difference may be secondary to 
the lower β(beta)-lyase activity in humans [94]. Degradation 
of sevoflurane to hydrogen fluoride in the presence of metal 
and environmental impurities can also occur. Hydrogen 
fluoride can cause respiratory mucosal burns. Degradation is 
inhibited through the addition of water in manufacturing and 
packaging in plastic containers [90]. The US Food and Drug 
Administration (FDA) recommends the use of sevoflurane 
with fresh gas flow rates at least 1 L/min for exposure up to 1 h 
and at least 2 L/min for exposures greater than 1 h.

10.5.7  Possible Neurotoxicity 
of Inhaled Anesthetics

The possibility of neurotoxic effects of inhaled and other 
general anesthetics does exist in patients of extreme ages 
[95, 96]. The greatest concern is the use of general anes-
thetics in the youngest patients, where rapid brain devel-
opment is occurring. Widespread neuronal apoptosis in 
7-day-old rats after exposure to midazolam, isoflurane, 
and nitrous oxide caused lasting deficits in behavior, learn-
ing, and memory centers [97, 98]. Continued research has 
demonstrated, in nonhuman species including primates, 
sensitive periods of early brain development when anes-
thetics can accelerate apoptosis [99]. Clinical studies in 
humans have demonstrated mixed results. Although a 
possible association with multiple anesthetic exposure and 
impaired neurocognitive development was demonstrated 
in one study, others have found no cognitive outcome dif-
ferences [100–102]. Ongoing clinical trials will provide 
more information on this important issue and additional 
information is available at smarttots.org.

10.6  Minimum Alveolar Concentration 
and Its Affecting Factors

Minimal alveolar concentration of an inhaled anesthetic is 
defined as the alveolar concentration at which 50% of the 
patients are immobile to a standard surgical incision at 1 
atmospheric pressure [62, 103]. The immobility is achieved 
in 99% of patients with 1.3 MAC.  This is the state where 
somatic responses are lost. The potency of the anesthetics is 
measured by MAC.  Anesthetics with higher MAC have a 
lower potency (eg, N2O) and vice versa. As the MAC of 
nitrous oxide exceeds 100%, it cannot be used alone to pro-
vide general anesthesia. It is typically combined in a 70% 
concentration with 30% oxygen and in concert with more 
potent agents. The MAC values are additive when used in 
combinations. The MACs of different inhalational anesthet-
ics are summarized in . Table  10.1. Numerous factors are 
involved in affecting MAC values and they are described in 
. Table 10.4 [104, 105].

“MAC-awake” is defined as the concentration at which 
response to the vertebral commands are lost in 50% of the 
patients. This is the state where amnesia occurs. Amnesia is 
observed before the immobility occurs. The MAC-awake val-
ues are significantly lower than the MAC values.

Many studies have demonstrated an age-related MAC 
value for the volatile agents. MAC is highest at 6 months of 
age, after which it begins to decline. After age 40, MAC 
declines ~6% per decade such that by 80 years of age, MAC is 
about 0.75 that of a 40-year-old.
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10.7  Trace Concentrations, Operating Room 
Pollution, and Personnel Hazards

Health care workers, surgeons, and anesthesiologists in 
operating theaters or anesthetizing locations are at risk of 
exposure to trace concentrations of anesthetics. Spontaneous 
abortions and congenital defects were observed in rats that 
were exposed to nitrous oxide for longer times [106, 107]. 
Even in humans, potential occupational associated risks are 
noticed after prolonged exposure to nitrous oxide. 
Spontaneous abortions and decreases in fertility occurred in 
female workers who were exposed to nitrous oxide in the 
absence of scavenging systems during nitrous oxide admin-
istration [108, 109]. Halogenated agents in vitro are embryo-
lethal and produced teratogenic effects in animals [110–112]. 
In humans, halogenated agents can cause spontaneous abor-
tions and there is some evidence they might produce con-
genital defects in the offspring of exposed pregnant women 
[112–114]. Appropriate safety measures, such as scavenging 

systems and proper ventilation systems, must be taken in 
hospital operating rooms and anesthetizing locations to pre-
vent occupational-related hazards, especially in females.

Nitrous oxide enhances the greenhouse effect just as car-
bon dioxide does, but is 300 times more potent, accounting 
for 6% of the heating effect and causing ozone depletion. In 
addition, inhaled anesthetics also contribute to global cli-
mate change. Isoflurane, sevoflurane, and deslurane undergo 
very little in vivo metabolism in clinical use, and upon exha-
lation these agents remain in a form that may pollute the 
environment. Whenever N2O or a volatile anesthetic is 
administered, a continuous flow fresh air ventilation system 
or scavenger must be used to prevent waste gas accumulation 
(WGA). Health care facilities are accountable for ensuring 
that all anesthesia equipment, including the scavenging sys-
tem, is properly maintained to promote a safe and healthy 
environment.

10.8  Comparative Pharmacokinetics 
of Inhaled Anesthetics

The pharmacokinetics of inhaled anesthetics describes their 
uptake from the alveoli into the systemic circulation, distri-
bution in the body, and primary elimination by the lungs or 
liver metabolism. Although the mechanism of action of these 
agents remains hypothetical, their therapeutic effect ulti-
mately depends on their tissue concentration in the central 
nervous system. The goal of delivering the inhaled anesthetic 
is to obtain an optimal brain partial pressure (Pbr) of the 
anesthetic. The alveolar partial pressure (PA), in equilibrium, 
mirrors the Pbr and is used as an index of anesthetic depth. 
The pharmacokinetics can be influenced by aging and 
increases in body fat [115].

10.8.1  Uptake and Partial Pressure 
Equilib rium

There are many steps involved between the administration of 
the inhaled anesthetic from a vaporizer and its distribution 
into the central nervous system (see . Fig. 10.2).

A series of partial pressure gradients drives the forward 
movement and systemic absorption of the gas. The principal 
objective is to achieve equal partial pressures on both sides of 
each single barrier in the gas flow.

PA (alveolar partial pressure) ↔ Pa (arterial partial pres-
sure) ↔ Pbr (brain partial pressure):

The alveolar partial pressure is dependent on the inspired 
pressure, ventilation, and breathing system components. This 
gradient begins with the inspiratory concentration of the gas 
leaving the anesthesia machine. This content depends on the 
concentration set by the vaporizer as well as the fresh gas 
flow, the volume of the breathing circuit, and the possible 
absorption of the gas by the circuit. Increasing ventilation 
promotes the input of anesthetics to offset the tissue uptake. 
The effect is a more rapid rate of increased in the PA [117].

       . Table 10.4 Factors affecting minimum alveolar concentra-
tions (MAC)

Factors decreasing MAC 
requirements

Factors increasing MAC 
requirements

Decreased catecholamine levels 
in CNS

Increased catecholamine 
levels in CNS

Hyponatremia Hypernatremia

Hypothermia Hyperthermia

Older age (elderly) Infants (greatest MAC at 
6 months)

Acute alcohol intoxication Chronic alcohol usage

Anemia (hematocrit <10%) Red hair (20% increase)

Hypercarbia (PaCO2 >95 mmHg) Hyperthyroidism

Hypoxia (PaO2 <40 mmHg)

Pregnancy (decreased by 30% 
at 8 weeks)

Drugs Drugs

  Opioids   Cocaine

  Ketamine   Ephedrine

  Benzodiazepines   MAO inhibitors

  Clonidine, Dexmetetomidine, 
Methydopa

  Amphetamine (acute)

  Local Anesthetics

  Lithium

  Amphetamines (chronic)

CNS central nervous system, PaCO2 partial pressure of carbon 
dioxide, PaO2 partial pressure of oxygen, MAO monoamine 
oxidase

Pharmacology of Inhaled Anesthetics



188

10

The second component in the uptake of inhaled anesthet-
ics is the alveolar gas concentration that is achieved in lung 
tissues during anesthesia. As the agent is taken up in the pul-
monary blood stream during induction, the alveolar tissue 
concentrations remain less than in inspired concentrations. 
When the blood uptake of the agent is greater, its rate of rise 
in the alveolar gas is slower. Increasing the inspired concen-
tration of an agent not only increases its alveolar concentra-
tion, but also its rate of rise (FA/ FI). This phenomenon is 
known as the concentration effect. The alveolar partial 

pressure of an agent is important because it determines the 
partial pressure of the anesthetic in the blood and ultimately 
in the brain. Hence, the partial pressure in the brain is directly 
proportional to its brain tissue concentration and therefore 
its clinical effect.

The impact of a right-to-left shunt on the rate of increase 
in the Pa depends on the solubility of the anesthetic. A 
 right- to- left shunt slows the rate of increase of the Pa of a 
poorly soluble anesthetic more than that of a soluble anes-
thetic. It appears unlikely that a right-to-left shunt alone will 
alter the speed of induction of anesthesia significantly. Left-
to-right shunts result in delivery to the lungs of blood con-
taining a higher partial pressure of anesthetic than that 
present in blood that has passed through tissues. As a result, 
left-to- right shunts offset the dilutional effects of a right-to-
left shunt on the Pa.

PA (alveolar partial pressure) ↔ Pa (arterial partial pres-
sure) ↔ Pbr (brain partial pressure):

The uptake of the inhaled anesthetics from the alveoli into 
the pulmonary capillary blood depends on its solubility in 
body tissue (the partition coefficients), the cardiac output, 
and the alveolar-venous partial pressure difference [3, 118]. A 
slower rate of induction occurs if there is a greater uptake of 
the agent and a greater difference between the inspired and 
alveolar concentrations. The blood:gas partition coefficient is 
the single most important factor in determining the speed of 
induction and recovery (. Table 10.5). A partition coefficient 
is a property of a chemical that describes its relative distribu-
tion at equilibrium given the same temperature, pressure, and 
volume. For anesthetics, the blood:gas coefficient is an impor-
tant measure describing an inhalational agent’s distribution 
between the blood and gas at the same partial pressure. A 
higher blood:gas coefficient correlates with higher blood sol-
ubility and thus a slower induction rate. A lower blood:gas 
coefficient transiently corresponds with a faster induction 
rate; for instance, nitrous, desflurane, and sevoflurane have 
faster induction rates than isoflurane and halothane (see 
. Table 10.5). The second-gas effect states that a high volume 
of uptake of one gas will accelerate the rate of increase of the 
PA of a simultaneously administered second gas. For instance, 
a high uptake of nitrous oxide will accelerate the uptake of a 
second gas, such as a volatile anesthetic [119, 120].

The cardiac output, in the absence of pulmonary shunt-
ing, directly affects the uptake of the inhaled agent into the 
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       . Fig. 10.2 The uptake and distribution of inhaled anesthetics in the 
body (Adapted from Miller and Pardo [116])

       . Table 10.5 Partition coefficients of inhaled anesthetics

Partition 
coefficient 
@ 37 ° C

Nitrous 
Oxide

Halothane Methoxyflurane Enflurane Isoflurane Desflurane Sevoflurane

Blood: gas 0.47 2.5 12 1.9 1.4 0.45 0.65

Brain: 
blood

1.1 2.9 2 1.5 2.6 1.3 1.7

Fat: blood 2.3 60 49 36 45 27 48
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blood stream. As the cardiac output increases, a more rapid 
uptake will occur, which causes the rate of rise in the PA to 
slow and the induction rate to decrease. Insoluble anesthetics 
display less effect from the cardiac output since little is taken 
up in the alveolar blood flow.

The final factor in determining the alveolar blood anes-
thetic uptake is the alveolar to venous partial pressure differ-
ence. A larger gradient slows the rise in PA. These factors are 
determined by the tissue uptake of the anesthetic, primarily 
in vessel-rich groups that receive 75% of the cardiac output. 
The vessel rich groups—including the brain, heart, and kid-
neys—equilibrate rapidly with the Pa. In approximately 3 
time constants, 75% of the returning venous blood has the 
same partial pressure as the PA.

PA (alveolar partial pressure) ↔ Pa (arterial partial pres-
sure) ↔ Pbr (brain partial pressure):

The anesthetic partial pressure in the brain is the final 
component, and the clinically significant end result of drug 
administration. It is affected by the blood:brain partition 
coefficient, the cerebral blood low and the arterial to venous 
partial pressure difference (. Table 10.4).

10.8.2  Elimination

Recovery from anesthesia is represented as the lowering of 
the anesthetic concentration in the brain tissue. A majority of 
modern anesthetic elimination is through exhalation; how-
ever, a small percentage is elimination in biotransformation 
or transcutaneous loss. The most important route of elimina-
tion is through ventilation and the alveolus. As such, many of 
the same factors that determine induction speed account for 
the speed of recovery: elimination of rebreathing, high fresh 
gas flows, low circuit absorption, decreased agent solubility, 
high cerebral blood flow, and increased ventilation [72, 73]. 
The main difference in recovery from anesthetics is that, in 
recovery, different tissues in the body have different partial 
pressures of the inhaled anesthetic. Therefore, recovery is not 
as controllable as induction [121]. Because nitrous oxide is 
eliminated so quickly, it can dilute alveolar oxygen and car-
bon dioxide, causing diffusion hypoxia. Clinically, this 
hypoxia is avoided by administering 100% oxygen for 
5–10 min after discontinuing nitrous oxide [122].

10.9  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. The rate of uptake of an anesthetic gas from the 

lungs and hence the rate of induction with an inha-
lational anesthetic:
 A. Increases when a premedication has been 

administered prior to induction
 B. Is proportional to the solubility of the inhala-

tional agent in the blood

 C. Is increased if tidal volumes are decreased
 D. Is dependent only on the MAC of the inhalational 

agent
 E. Correlates with the vapor pressure of the 

inhalational agent
 2. A pediatric patient presents for an inhalational 

induction. The reason desflurane is not the most 
appropriate agent in this scenario is:
 A. Desflurane has a low blood:gas partition coeffi-

cient
 B. Desflurane has a high vapor pressure
 C. Desflurane may produce hepatitis postopera-

tively
 D. Desflurane may produce airway irritability
 E. Desflurane cannot attain adequate potency due 

to its higher MAC value
 3. The anesthetic agent that should be avoided in 

patients with a history of seizure activity is:
 A. Halothane
 B. Isoflurane
 C. Desflurane
 D. Enflurane
 E. All of the above

 4. While administering only an inhalational agent, you 
notice that the cardiac output of your patient has 
decreased. The agent that you are most likely using 
is:
 A. Halothane
 B. Isoflurane
 C. Desflurane
 D. Nitrous Oxide
 E. Sevoflurane

 5. The recommended fresh gas flows when using sevo-
flurane is 2 L/min because:
 A. Sevoflurane biodegrades into peak concentra-

tions of 50 μ(mu)mol/L of fluoride, which may 
cause nephrotoxicity.

 B. Metal degrades sevoflurane into hydrogen fluo-
ride.

 C. Alkali, such as soda lime, can degrade sevoflu-
rane compound A.

 D. Nitrous oxide remaining in the circuit can cause 
degradation of sevoflurane.

 E. Sevoflurane is less pungent to airways with 
higher gas flows.

 6. A patient presents to the operating room for a 
knee arthroscopy. She is a 65-year-old woman with 
obesity. Postoperatively, she develops fever, eosino-
philia, jaundice, and elevated serum transaminase 
levels. Which is the most likely inhalational agent he 
received during his case?
 A. Halothane
 B. Isoflurane
 C. Desflurane
 D. Nitrous Oxide
 E. Sevoflurane
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 7. A patient undergoes a 25-h anesthetic for hand 
reconstruction after a crush injury with sevoflu-
rane, nitrous oxide, fentanyl, and rocuronium. He is 
observed on postoperative day one to have megalo-
blastic anemia. What is the most likely source?:
 A. Sevoflurane
 B. Nitrous Oxide
 C. Fentanyl
 D. Inadequate Ventilation
 E. Rocuronium

 8. The anesthetic agent that most can produce 
regional myocardial ischemia during tachycardia 
due to a preferential dilation of the normal coronary 
arteries is:
 A. Halothane
 B. Isoflurane
 C. Desflurane
 D. Nitrous Oxide
 E. Sevoflurane

 9. The resting PaCO2 is elevated in patients undergoing 
a general anesthetic with volatile agents primarily 
because:
 A. The respiratory rate is decreased.
 B. Central ventilator depression occurs.
 C. Bronchodilation causes an elevated PaCO2.
 D. The patient becomes apneic.
 E. The tidal volumes are decreased.

 10. Metabolism plays an important role in the 
emergence from anesthesia with which of the 
following agents:
 A. Halothane
 B. Methoxyflurane
 C. Desflurane
 D. Nitrous Oxide
 E. None of the above

 v Answers
 1. B. Inhalational agents with high solubility in the 

blood are taken up very rapidly from the alveoli. This 
rapid uptake lowers their partial pressure in the lung 
and increases the latency for induction of anesthe-
sia. Therefore, the higher the agent’s solubility in 
the blood, the slower its induction rate. A low blood 
solubility of an agent is desirable as induction and 
recovery times are faster.

 2. D. Desflurane is a pungent gas that can cause air-
way irritability during induction, manifested as 
breath-holding, salivation, coughing, and possibly 
laryngospasm. Although its low blood:gas partition 
coefficient would allow for a rapid induction, this 
agent is not well suited for pediatric inductions due 
to its airway irritability.

 3. D. Enflurane has the tendency to induce convulsions 
(seizures) to decreased PaCO2, MAC >2, and repeti-
tive auditory stimuli. Isoflurane has anti-convulsive 
properties, and desflurane does not produce 

seizures. There are case reports that support sevoflu-
rane can produce seizure activity.

 4. A. At clinical anesthetic concentration, halothane 
decreases the mean arterial pressure by decreas-
ing myocardial contractility and cardiac output; 
whereas, isoflurane, sevoflurane, and desflurane 
decrease systemic vascular resistance. Nitrous oxide 
increases cardiac output due to a mild increase in 
sympathetic tone.

 5. C. Alkali, such as soda lime, can degrade sevoflurane 
into another proven nephritic product in animal 
models, compound A. Larger amounts of compound 
A are produced with lower gas flows, increased 
respiratory temperatures, high sevoflurane con-
centrations, anesthetics of long duration, and des-
sicated soda lime. It is clinically recommended to 
maintain fresh gas flows greater than 2 L/min to 
limit possible compound A production. Despite 
proven nephrotoxicity in rats, it has never shown 
postoperative renal impairment to indicate injury or 
toxicity in humans.

 6. A. “Halothane hepatitis,” or type II hepatotoxicity, 
has been reported in 1:5000 to 1:35,000 cases of 
halothane administration. This immune-mediated 
reaction is believed to result from the trifluoroacety-
lated protein adducts in the liver. Clinical symptoms 
of halothane hepatitis include fever, eosinophilia, 
and jaundice. Severe cases are associated with cen-
trilobular necrosis that may lead to fulminant liver 
failure with a mortality rate of 50%.

 7. B. Nitrous oxide irreversibly oxidizes the cobalt atom 
in vitamin B12, including methionine synthetase and 
thymidylate synthetase. These enzymes are respon-
sible for myelin formation and DNA synthesis; and 
thus, nitrous oxide has been questioned to cause 
bone marrow suppression. Megaloblastic changes 
are noticed in patients who receive nitrous oxide for 
duration of over 24 h.

 8. B. Coronary steal syndrome may be associated with 
isoflurane. Sevoflurane and desflurane do not cause 
coronary steal syndrome. When the perfusion pres-
sure of a coronary artery is reduced, only the vessels 
that are capable of dilation can effectively compen-
sate. Atherosclerotic coronary vessels cannot effec-
tively dilate and blood is diverted further from these 
areas to those with the dilation, “stealing” the blood 
and causing ischemia.

 9. E. Volatile agents cause rapid, shallow breath-
ing. There is a reduction in the tidal volumes and 
minute ventilation. The increase in respiratory 
rate does not compensate for the amount of tidal 
volume decrease and hence causes an increase in 
PaCO2.

 10. B. As the most lipophilic inhaled anesthetic, 
methoxyflurane undergoes the most biotransforma-
tion at an estimated 70% of the drug administered. 
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Only a small amount of the drug, taken into body 
tissue, is exhaled and respiratory clearance from 
muscle and fat can extend over a period of several 
days. Methoxyflurane is metabolized in both the kid-
neys and the liver and inorganic fluoride (F-) is pro-
duced during its metabolism in clinically significant 
quantities.
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Key Points
 1. The major determinants of myocardial O2 supply 

are coronary blood flow and arterial O2 content. 
Coronary blood flow is determined by the patency 
of the coronaries, coronary perfusion pressure, and 
coronary vascular resistance.

 2. The major determinants of myocardial O2 demand 
are heart rate, inotropic state, and wall tension 
(which is the function of intracavitary pressure, 
radius and wall thickness, preload and afterload).

 3. Critical O2 delivery is the point at which the 
extraction ratio is maximized, and any further 
incongruence between demand and supply will 
lead to tissue hypoxia.

 4. In the perioperative setting, continuation of long- 
standing beta blocker therapy is recommended.

 5. Beta blockers should not be started on the day of 
surgery in beta blocker naïve patients.

 6. Patients with coronary artery disease undergoing 
surgical coronary revascularization should be 
administered a beta blocker before surgery.

 7. Although recent perioperative guidelines sug-
gested continuing angiotensin converting enzyme 
(ACE) inhibitors/angiotensin receptor blockers 
(ARBs) before non-cardiac surgery, adverse 
circulatory effects during anesthesia in patients 
chronically treated with ACE inhibitors/ARBs has 
led to the recommendation that these drugs be 
discontinued 24 h before surgery.

 8. Epinephrine inhibits uterine contractions espe-
cially during the second stage of labor.

11.1  Part 1: Cardiac Anatomy

11.1.1  Development and  
Anatomy of the Heart

The heart is a conical hollow muscular organ located between 
the lungs in the mid-mediastinal portion of the thorax, sus-
pended in the pericardial sac. As a dual pump, it maintains 
unidirectional blood flow to the body and the lungs by its 
rhythmical torsion and untwisting throughout the series of 
cardiac cycles. Its receiving chambers (the left and right 
atrium, composed of 2 myocardial layers), and its pumping 
chambers (the left and right ventricle, composed of 3 layers 
of myocardium building up the 2 separate vortices each ven-
tricle) are structurally separated by their respective inter-
chamber septa corresponding with the long axis of the heart, 
and are electrically isolated by the left and right fibrous rings 
comprising the fibrous cardiac skeleton in the short axis of 
the heart, perpendicular to the long axis.

 A Brief Review of Cardiogenesis
The development of the cardiovascular system begins on day 
17 of gestation, when mesoderm-derived blood islands, con-

sisting of endothelial cells and hemoblasts, begin to form. 
These blood islands coalesce to form a pair of endothelial 
heart tubes, which on day 21 fuse into a single primitive heart 
tube with a cranial inflow (arterial) and a caudal outflow 
(venous) end. This primitive heart tube is divided into 5 
regions: truncus arteriosus, bulbus cordis, primitive ventri-
cle, primitive atrium, and sinus venosus. Initial contractions 
occur on day 21–22, and unidirectional circulation is estab-
lished by week 4. From weeks 4–7, folding and septation of 
the heart and the great vessels takes place, critical to the 
development of the 4 chambers and the normal embryonic 
vascular circuit. In the developed heart, the atrial chambers 
lie cephalad and to the right of their corresponding ventri-
cles, and the right-sided chambers lie anterior to their corre-
sponding left-sided chambers. The atrial and ventricular 
septation is summarized later.

 A Review of the Gross Anatomy of the Heart

Fibrous Skeleton
The fibrous skeleton of the heart is a framework of 4 dense 
collagen rings around the atrioventricular (AV) and semilu-
nar valves, as well as the left and right fibrous trigones (also 
known as the central fibrous body), and the membranous 
portion of the interatrial and interventricular septum. Its 
main component is the central fibrous body, where the leaflets 
of all 4 cardiac valves converge. The fibrous skeleton rein-
forces the ostia of the valves and prevents the annuli from 
overdistension by resisting forces of pressure developing 
through the cardiac cycle. It provides attachment for the val-
vular leaflets and cusps, as well as for some of the musculature 
of the atrial and ventricular wall. It is electrically imperme-
able, only allowing electrical propagation from the atrioven-
tricular node across the right fibrous trigone to the bundle of 
His. Chronic degenerative changes and calcium deposition 
into the collagen skeleton results in delayed conduction and 
depolarization, arrhythmias, rigidity of the valvular ostia, 
restricted leaflet opening and/or leaflet malcoaptation.

Interatrial Septum
The interatrial septum is a blade-shaped wall between the left 
and right atrium. Its development begins during the fifth ges-
tational week with the septum primum growing from the 
posterior wall of the primary atrium toward the endocardial 
cushion, formed within the atrioventricular canal. With the 
incomplete fusion of the septum primum and the endocar-
dial cushion, a progressively diminishing space above the 
endocardial cushion, the ostium (also known as foramen) 
primum remains. During this process, small coalescing per-
forations in the upper portion of the septum primum create 
the ostium (or foramen) secundum. Concurrently, a second 
septum, the septum secundum begins to form to the right of 
the septum primum, growing from the anterior wall, par-
tially covering the foramen primum. Its growth stops at the 
seventh week of gestation, leaving a gap known as the fora-
men ovale. This is essential in reducing pulmonary blood 
flow through the inactive fetal lungs.
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The foramen ovale is continuous with the ostium  secundum, 
and is covered by the septum secundum on its left side. As a 
result of normal adaptive changes in the neonatal circulation, 
the decreasing pulmonary vascular resistance (PVR) and the 
resultant reversal of interatrial pressure gradient results in the 
permanent functional closure of the foramen ovale. In one-
third of the population incomplete fusion between the septum 
primum and the septum secundum results in a residual flap 
valve and a probe patent foramen ovale (PFO).

Excessive apoptosis within the septum primum, or 
incomplete development of the septum secundum results in 
an atrial septal defect (ASD), the most common congenital 
heart defect to manifest in adulthood:

 5 There are 4 types of ASD, the most common being the 
secundum type ASD, accounting for 80–90% of all 
ASDs. The secundum type ASD is located centrally, it is 
larger than a PFO, and it is commonly associated with 
mitral valve prolapse.

 5 The primum type ASD is less common, it represents 
2–3% of ASDs. It is located in the lower portion of the 
interatrial septum, and it is associated with endocardial 
cushion defects, AV-valve abnormalities, or ventricular 
septal defects such as in Down syndrome.

 5 The sinus venosus ASD represents 2–10% of ASDs. It is 
associated with abnormal pulmonary venous return.

 5 The fourth type, the coronary sinus ASD or unroofed 
coronary sinus is the least common. It results from 
incomplete septation between the inferior portion of the 
left atrium and the coronary sinus, and is commonly 
associated with a persistent left superior vena cava.

ASDs often remain clinically silent with preserved normal 
left atrial size, however, longstanding left-to-right shunting 
and resultant dilatation of the right-sided chambers along 
with persistent pulmonary hypertension may reverse the 
direction of the shunt, resulting in hypoxemia and 
Eisenmenger physiology.

Interventricular Septum
The interventricular septum (IVS) separates the left and right 
ventricles from one another. Under physiological pressure 
and filling conditions its convexity is bowing into the right 
ventricle. Its margins are marked externally by the anterior 
and posterior interventricular grooves. The upper, posterior 
part of the interventricular septum is thin, and constitutes 
the membranous interventricular septum. The greater, ante-
rior portion is the muscular interventricular septum.

During cardiogenesis, along with the atrial septation a 
concurrent ventricular septation is also taking place. With 
the development of the endocardial cushions and the atrio-
ventricular separation, there is tissue growth between the left 
and the right sides of the developing atrioventricular canal. 
This is the muscular portion of the interventricular septum, 
growing from the inferior portion of the ventricle toward the 
endocardial cushion. As the muscular IVS reaches the endo-
cardial cushion, a small interventricular foramen remains. 
This is closed by tissue growth from the endocardial cushion, 

connective tissue from the muscular IVS, as well as tissue 
from the septation of the truncus pulmonalis and the conus 
arteriosus. Inadequate contribution from either component 
results in different types of ventricular septal defects.

 Chambers and Valves of the Right Heart

Right Atrium
The right atrium is the cardiac chamber receiving the sys-
temic and cardiac venous return via the superior and inferior 
venae cavae (SVC and IVC) and the coronary sinus. It is 
divided into 3 components.

The venous component receives deoxygenated blood 
from the SVC and the IVC. At the inferior cavoatrial junction 
lies the Eustachian valve, important before birth in directing 
blood from the IVC to the left atrium across the foramen 
ovale. A network of fine filamentous strands, the Chiari net-
work, may be seen in this region. The variably sized 
Eustachian valve and Chiari network are normal variants 
within the right atrium.

The second component is the vestibule, which converges 
into the leaflets of the tricuspid valve, and the third is the 
appendage (also known as auricle). The right atrial appendage 
has a wide junction with both the vestibule and the venous 
component. The vestibuloauricular junction is identified by the 
terminal groove, the external marking of the prominent termi-
nal crest on the internal surface. A consistent feature of the 
right atrial anatomy is the extension of the auricular pectinate 
muscles beyond the appendage to the atrioventricular junction.

The sinus node, a cluster of specialized myocardial cells 
capable of spontaneous electrical impulse generation, lies at 
the superior cavoatrial junction at the terminal groove. It is 
supplied by the nodal artery, arising from the right coronary 
artery in 55% of cases, or the proximal left circumflex artery 
in the remaining 45%. The atrioventricular node is located in 
the floor of the right atrium, near the opening of the coro-
nary sinus. Preserving blood flow to the sinus node and other 
conductive tissues is key to avoiding arrhythmias and other 
conduction abnormalities.

Tricuspid Valve
The tricuspid valve is located nearly vertically behind the 
aortic valve. With a valve area of 4–6 cm2, it is the largest of 
the 4 valves in the heart. Its annular plane is saddle-shaped 
and is apically displaced relative to that of the mitral valve. A 
displacement index greater than 8  mm/m2 (body surface 
area) suggests the presence of Ebstein’s anomaly. Its 3 leaflets 
are the septal, anterior, and posterior tricuspid valve leaflets, 
attached by their chordae tendineae to the right ventricular 
papillary muscles (true chords), or, not uncommonly, 
directly to the septum (false chords). The subvalvular appa-
ratus of the tricuspid valve is variable. Most commonly, the 
chordae tendineae originate from 2 or 3 papillary muscles, 
the anterior being the most prominent; the posterior, which 
is usually less prominent and may have several subdivisions; 
and the septal, which is the least prominent or may be 
entirely absent.
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Right Ventricle
The right ventricle is the most anterior of the 4 chambers of 
the heart, located immediately behind the sternum. Its geom-
etry is complex: The right ventricle is crescent shaped when 
viewed in the short axis, and triangular when viewed longitu-
dinally. Current guidelines identify its walls as anterior, infe-
rior, and lateral free wall. Medially, the right ventricle shares 
the septum with its left-sided counterpart. For purposes of 
functional quantification, these walls are further divided into 
basal, mid, and apical segments.

Anatomically and functionally, the right ventricle is com-
posed of 3 portions: the smooth muscular right ventricular 
inflow tract, the apical trabecular, and the right ventricular 
outflow tract. The inlet portion encircles the tricuspid valve. 
The trabecular portion of the right ventricle extends into the 
apical region. The wall of the ventricle is thin here, making it 
vulnerable to perforation by catheters and electrodes.

The most prominent of the trabeculae is the septomar-
ginal trabecula. It carries part of the right bundle branch of 
the conduction system. It was once wrongly thought to pre-
vent the right ventricle from overdistending, hence the name 
“moderator band.” The septomarginal trabecula originates 
from the base of the septum, it divides into an anterior limb 
that supports the pulmonic valve cusps, and a posterior limb, 
from which the medial papillary muscle arises. Its main mass 
extends from the base of the septum to the apex and divides 
into smaller muscle ridges. Two of these are particularly 
prominent, one giving rise to the anterior papillary muscle, 
and the other crossing the right ventricular cavity as the 
moderator band.

The outlet portion consists of the circumferential muscu-
lar infundibulum that supports the pulmonic valve, which is 
the only one of the cardiac valves with no single ringlike 
annulus. It is supplied by the conus branch of the right coro-
nary artery.

Pulmonic Valve
The pulmonic valve separates the right ventricular outflow 
tract from the pulmonary artery. It is located anteriorly and 
to the left of the aortic valve. It is a semilunar valve formed 
by 3 cusps, labeled as anterior (nonseptal), left, and right, 
each with a fibrous nodule at the midpoint of their free 
edges. The leaflets coapt via their crescent-shaped surfaces. 
The cusps of the pulmonic valve are formed by endocardial 
folds that are supported by internal dense collagenous plates 
as well as elastic connective tissue, continuous with the 
fibrous skeleton of the heart. They are thinner than the cusps 
of the aortic valve, and, lacking fibrous continuity with the 
septal leaflet of the tricuspid valve, are supported only by a 
prominent ridge of the posterior subpulmonary infundibu-
lar musculature. This is the supraventricular crest that sepa-
rates the pulmonic and tricuspid valves from one another, 
and supports the semilunar attachments of the pulmonic 
valve. Surgical incisions made through this crest may run 
toward the interventricular septum, and jeopardize the right 
coronary artery.

 Chambers and Valves of the Left Heart

Left Atrium
Oxygen-rich blood returning from the lungs via the 4 pul-
monary veins is received first by the left atrium. The left 
atrium has 3 basic components: first, the largest, smooth- 
walled pulmonary venous component; second, the vestibule; 
and third, the left atrial appendage. The wall of the vestibule 
is continuous with both the venous component and the pos-
terior (mural) leaflet of the mitral valve, and may affect nor-
mal valvular function when left atrial dilation is present. 
Pectinate muscles are confined almost exclusively to the 
appendage in the left atrium. The flap valve of the fossa ovalis 
is found on the left atrial side of the interatrial septum.

Recurrent, symptomatic, drug-refractory atrial fibrilla-
tion most often originates from the pulmonary veins or their 
pulmonary venous ostia. Circumferential or segmental abla-
tion of potential triggers is considered effective means to 
control refractory atrial fibrillation, as scar forming is thought 
to prevent propagation of abnormal signals to the rest of the 
atrial musculature. The ablation and mapping catheters are 
inserted via the femoral or jugular veins, and are placed 
through separate transseptal punctures. Most often, radiofre-
quency energy is used to make ablation lesions around the 
pulmonary vein ostia. In the presence of a left atrial append-
age thrombus, or inability to anticoagulate in the 30-day 
peri- and post-procedural period, pulmonary vein isolation 
for atrial fibrillation ablation is contraindicated. A rare, fre-
quently disabling, sometimes fatal complication of the proce-
dure is an atrio-esophageal fistula resulting from thermal 
damage. Other potential complications are cardiac tampon-
ade, arrhythmias or atrioventricular block, embolic events, 
valvular complications, or peripheral vascular damage.

Mitral Valve
The bileaflet mitral valve is located between the left atrium 
and left ventricle, embedded into the saddle-shaped mitral 
valve annulus. It serves as a unidirectional valve directing 
blood from the atrium toward the ventricle by passively 
opening during diastole and closing in systole, as determined 
by the pressure gradient between the chambers.

The mitral valve apparatus consists of the left atrial wall, 
the annulus, the anterior leaflet attached to the aortic root, 
the posterior leaflet attached to the left atrial myocardium, 
the chordae tendineae attached to the ventricular side of the 
mitral valve leaflets, and the anteromedial and posterolateral 
papillary muscles.

The anterior leaflet of the mitral valve is wide. It occupies 
about one-third of the annular circumference, and forms the 
anterior portion of the left ventricular outflow tract. In con-
trast with the posterior leaflet, its free edge has no indenta-
tions. The posterior (mural) leaflet is narrower, it occupies 
about two-thirds of the annular circumference, and it is fur-
ther divided into 3 scallops by 2 clefts. Because the posterior 
aspect of the mitral valve annulus contains little fibrous tis-
sue, the posterior leaflet, especially the middle scallop, is 
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more prone to prolapse than the anterior. The circumflex 
artery courses near the left half of the posterior leaflet, 
whereas the right half is in close proximity to the coronary 
sinus and the arterial branch supplying the AV node.

The mitral valve leaflets are supported by a dense collagen 
annulus. The most vulnerable portion of the mitral valve 
annulus is its aspect continuous with the right fibrous tri-
gone, due to the proximity of the atrioventricular node and 
the penetrating bundle of His.

The muscular components of the mitral valve apparatus 
are the anteromedial and posterolateral papillary muscles. 
The anteromedial papillary muscle is more prominent and is 
supplied by the left coronary system. The posteromedial pap-
illary muscle is smaller, and is supplied by the right coronary 
artery. The mitral valve closes with the contraction of the 
papillary muscles, and open when they relax. Papillary rup-
ture, as a result of ischemia, will result in acute mitral regur-
gitation. Because the anterolateral papillary muscle is 
supplied by both the left anterior descending (LAD) artery 
and the left circumflex artery, its ischemic dysfunction is 
relatively uncommon. In about 60–65% of individuals, the 
posteromedial papillary muscle was found to be perfused by 
a single vessel, most commonly by the right coronary artery.

Left Ventricle
The left ventricle (LV) is the largest and thickest chamber of 
the heart. It receives oxygenated blood from the left atrium 
during diastole, to transfer it to the body during across the 
aortic valve during systole. Relative to the right ventricle, it is 
located laterally and posteriorly. Its superior, widest aspect is 
termed the base, leaning upward and toward the right shoul-
der, opposing its apex, pointing down and to the left. By con-
sensus, its 4 walls are termed septal, and the free anterior, 
inferior, and lateral walls. For purposes of functional quanti-
fication, these are further divided into basal, mid, and apical 
segments.

Morphologically, the left ventricle also has an inlet, a fine 
trabecular and an outlet component. The inlet portion 
extends from the mitral valve annulus to the origins of the 
papillary muscles, and contains the mitral valve apparatus. In 
contrast to the coarsely trabeculated right ventricle, the left 
ventricular free wall is finely trabeculated. The trabeculation 
extends to the apex, where, due to the progressively decreas-
ing number of myocardial fibers, the wall thickness is thin. 
Its outflow tract differs from that of the right ventricle in that 
it is anatomically and functionally contiguous with the inlet 
via the aortic-mitral continuity. The left ventricular outflow 
tract supports the aortic valve, and its septal portion, in con-
trast with the primarily muscular right ventricular infundib-
ulum, includes the membranous interventricular septum. 
The left bundle branch of the conduction system courses 
posteriorly to the membranous septum between the right 
and noncoronary cusps of the aortic valve.

The interventricular septum is formed by subendocardial 
myocardial fibers of both the left and the right ventricle, 
intermingled with circumferentially arranged fibers derived 
from the left ventricle. For this reason, in a normally func-

tioning heart, the septum thickens toward the left ventricle 
during systole. During contraction, the high left ventricular 
pressure along with the septum provides a “splint” against 
which the right ventricle is able to shorten, hereby contribut-
ing to the emptying of the right ventricle (systolic ventricular 
interdependence). Under pathologic conditions, for example, 
during acute right ventricular volume or pressure overload, 
or due to conduction abnormalities or pacemaker activation, 
the septum may appear flat, or move paradoxically toward 
the right ventricle during systole. Blood flow to the anterior 
2/3 of the septum is supplied by the septal perforators of the 
left anterior descending artery. The posterior 1/3 is supplied 
by the distal branches of the right coronary artery.

The 2 papillary muscles of the left ventricle arise from the 
anterolateral and posteromedial portions of the left ventricu-
lar free wall. Their arrangement ensures parallel alignment of 
the chordae tendineae with the LV axis during systole, allow-
ing for complete leaflet coaptation and closure of the mitral 
valve in the normally functioning heart.

All 3 coronary branches contribute to the blood supply of 
the left ventricle, acute ischemic events therefore predictably 
manifest as regional wall motion abnormalities based on the 
coronary distribution. The left anterior descending artery 
and its branches, the septal perforators and the diagonals 
perfuse the anterior wall, the anterior two-thirds of the sep-
tum, and the apex. The obtuse marginal branches of the left 
circumflex artery supply the lateral wall. The right coronary 
artery perfuses the medial portions of the inferior wall, as 
well as the posterior one-third of the interventricular sep-
tum. Anastomotic connections between the left and the right 
coronary system allows for preserved myocardial perfusion 
distal to a significant obstruction or total coronary occlusion.

Aortic Valve
The aortic valve is part of the aortic root consisting of the 
annulus, the aortic valve cusps, the sinuses of Valsalva, the 
junction between the sinuses and the proximal ascending 
aorta (the sinotubular junction), and the proximal ascending 
aorta. It is located at the left ventricular outlet, separating the 
aorta and the ventricle. Owing to its central location, it is the 
only valve in the heart that is related to all 4 chambers and 
each of the valves. As a trileaflet semilunar valve, it consists of 
3 cusps: the left and right coronary cusps giving rise to their 
respective coronary arteries, as well as the non-coronary 
cusp, which faces the interatrial septum. The right coronary 
cusp is the most anterior and is adjacent to the right ventricu-
lar outflow tract. The left coronary cusp is located posteriorly 
relative to the other 2. Histologically, its cusps are composed 
of dense collagenous plates, which are in continuity with the 
fibrous skeleton of the heart, covered by endocardium. Each 
cusp has its attachment to the aorta and the left ventricle. 
Immediately behind the cusps, the wall of the proximal 
ascending aorta bulges outward to form the aortic sinuses of 
Valsalva. The function of these sinuses is to prevent coronary 
ostial occlusion by creating eddy currents of blood flow dur-
ing rapid ejection. As with the pulmonic valve, each cusp has 
a fibrous nodule at the midpoint of their free edges, forming 
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the nodule of Arantius. The leaflets coapt via their crescent- 
shaped surfaces. Incomplete coaptation of the valve leaflets 
during diastole results in aortic regurgitation, whereas lim-
ited systolic leaflet excursion due to excessive leaflet thicken-
ing resulting from degenerative or rheumatic disease process 
suggests the presence of aortic stenosis. The severity of aortic 
stenosis can be assessed by various methods. A peak trans-
aortic velocity of greater than 4 m/second, a peak transaortic 
gradient of at least 70 mm Hg and a mean gradient of at least 
40–50  mm Hg, as well as an aortic valve area of less than 
1 cm2 is consistent with severe aortic stenosis.

 Coronary Circulation
The first pair of arteries branching off the proximal ascending 
aorta are the left and right coronaries, originating from their 
respective sinus of Valsalva in the aortic root. While there is 
some variability in their point of origin and their distribu-
tion, the right coronary artery (RCA) almost always supplies 
the right ventricle (RV), whereas the left coronary artery 
(LCA) supplies the anterior and lateral wall of the left ven-
tricle (LV), as well as the anterior portion of the interven-
tricular septum. Blood supply to the remainder of the left 
ventricle is determined by the coronary dominance. This 
refers to the artery that supplies the posterior descending 
artery (PDA) and the posterior lateral branch (PLB). Right 
dominance (when the right coronary artery gives off the 
PDA and the PLB) occurs in 80–90% of normal individuals. 
Left dominance (the PDA and the PLB originating from the 
left circumflex artery) is slightly more common in men than 
in women. If the PDA is supplied by the RCA and the PLB 
branches off the left circumflex artery, the system is codomi-
nant.

The Left Coronary System
The left coronary artery arises from the left coronary sinus as 
the left main stem, which then bifurcates into 2 segments: the 
left anterior descending (LAD) and the circumflex (LCx) 
artery. The relatively short left main stem courses between 
the left atrial appendage and the pulmonary trunk before giv-
ing off the LAD and the LCx, and, in 15–30% of cases the 
variant coronary ramus intermedius, the branch supplying 
the anterior aspect of the heart.

The left anterior descending artery traverses the anterior 
interventricular groove and perfuses the anterior wall via the 
diagonal branches, as well as the anterior two-third of the 
interventricular septum via its septal perforators coursing 
along the anterolateral wall, and a small portion of the ante-
rior wall of the right ventricle, adjacent to the interventricu-
lar groove, via the right ventricular branches.

The circumflex artery courses in the left atrioventricular 
groove. Its primary branches are the obtuse marginals, sup-
plying the lateral aspect of the left ventricle, including the 
posteromedial papillary muscle. In 10% to 15% of individuals, 
it gives off the posterior descending artery (left dominance). 
Further branches of the left circumflex artery supply the left 
atrium, and, in 45% of the cases, the sinus node. A left domi-
nant coronary system also supplies the atrioventricular node.

The Right Coronary System
The right coronary artery emerges from the right sinus of 
Valsalva and is carried by the right atrioventricular groove. 
In about half of the cases it gives off the conus branch that 
supplies the right ventricular outflow tract. The RCA per-
fuses the anterior free wall of the right ventricle via its acute 
marginal branches, the sinus node via the nodal artery in 
55% of individuals, and the atrioventricular node in patients 
with right-dominant coronary circulation. It bifurcates into 
the posterior descending artery and the posterolateral branch 
at the posterior interventricular groove. The posterior 
descending artery gives off the posterior septal perforators 
that supply the posterior one-third of the interventricular 
septum. The posterolateral branch supplies the inferoposte-
rior wall of the left ventricle along with the acute marginal 
branches of the RCA and/or the circumflex artery. The 
Kugel’s artery is an anastomotic branch between the RCA 
and the LCx that may give off a branch that supplies collateral 
circulation to the atrioventricular node.

The Coronary Veins
Of the cardiac veins, the great cardiac vein courses in the 
anterior interventricular groove upward from the apex, 
alongside the LAD.  It drains into the coronary sinus. The 
middle cardiac vein courses in the inferior interventricular 
groove, upward from the apex, accompanying the PDA.

The coronary sinus courses in the posterior atrioventric-
ular groove, alongside the left circumflex artery. It receives 
the great cardiac vein proximally and the middle cardiac vein 
distally, and drains into the right atrium. Its orifice is guarded 
by the Thebesian valve.

The anterior right ventricular veins course on the anterior 
surface of the right ventricle, where they may drain directly 
into the right atrium, or coalesce to form the small cardiac 
vein. The small coronary vein runs posteriorly through the 
right AV groove.

The Thebesian veins are small veins draining directly into 
the cardiac chambers, primarily into the right atrium and the 
right ventricle.

11.2  Part 2: Cardiovascular Pharmacology

11.2.1  An Overview of Subcellular 
Mechanisms: Ion Channels and 
Receptors

Patients in the perioperative period often receive agents that 
affect hemodynamic variables such as heart rhythm and rate, 
blood pressure, or cardiac output. The effect of these agents is 
governed predominantly by transmembrane ion fluxes. Drugs 
used for rhythm and rate control act by modulating Na+, K+, 
and Ca2+ currents. Intracellular calcium is a key mediator in 
coupling electrical excitation to mechanical contraction, and is 
an important determinant of the contractile state of the myo-
cardium. The vascular tone of resistance vessels is regulated by 
ion fluxes via different types of K+, Ca2+ and Cl− channels.
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Much of human physiology (for example, responses to 
stimuli by hormones, neurotransmitters, ions, or photons) is 
regulated by GTP binding (G) protein-linked signal trans-
duction. G-proteins serve as points of communication 
between the extracellular and intracellular environment.

Adrenergic receptors are membrane-spanning molecules 
coupled to adenylate cyclase via a G-protein located on the 
inner membrane of the cell. Their activation ultimately leads 
to the modulation of downstream effectors. G-proteins con-
sist of 3 (α, β and γ) subunits. The binding of an agonist to the 
adrenergic receptor replaces guanosine diphosphate (GDP) 
by guanosine triphosphate (GTP), and causes the α-subunit 
of the G-protein to break free from the β-γ complex, and act 
as a primary messenger: in beta receptors, it stimulates ade-
nylate cyclase and triggers cyclic adenosine monophosphate 
(cAMP) production, which, as a second messenger in the 
process of signal transduction, activates its target kinases that 
phosphorylate regulator proteins and ultimately increases 
intracellular calcium levels.

Pure alpha-adrenergic agonists also increase intracellular 
calcium levels by stimulating phospholipase C, an enzyme 
that catalyzes hydrolysis of phosphatidyl inositol to diacyl 
glycerol and inositol triphosphate. Inositol triphosphate 
stimulates the release of calcium from the sarcoplasmic retic-
ulum, and both molecules act as myofilamental calcium sen-
sitizers.

11.2.2  Antiarrhythmic Agents

 A Review of Electrophysiology and the 
Anatomy of the Cardiac Conduction System
Under physiologic conditions, electrical impulse generation, 
conduction, and propagation occurs in specialized excitatory 
and conductive tissues within the myocardium, and is driven 
by a sequence of ion fluxes through sarcolemmal ion chan-
nels. The pacemaker of the normal cardiac muscle is the sino-
atrial (SA) node, located in the right atrium, below and lateral 
to the ostium of superior vena cava, supplied by the nodal 
branch of the right coronary artery (RCA). Its intrinsic rate 
(60–100 beats per minute) is determined by the resting trans-
membrane potential, the threshold potential, and the rate of 
phase 4 spontaneous diastolic depolarization. The SA node 
has the steepest slope of phase 4 depolarization. For this rea-
son, its intrinsic rate is the highest, therefore this is the dom-
inant, primary pacemaker of the heart.

Rhythmical, automatic impulses generated by the sinus 
node spread directly to the right atrium via its own non-
contractile sinus fibers that fuse with excitable and contrac-
tile atrial fibers, as well as anteriorly to the left atrium via the 
Bachmann’s bundle. Electrical impulse from the right atrium 
propagates via 3 other internodal tracts, including the poste-
rior (Thorel’s) and median (Wenkebach’s) pathways to the 
atrioventricular (AV) node. The AV node, supplied by the AV 
nodal branch of the distal RCA and the septal perforators of 
the left anterior descending (LAD) coronary artery, and 
located in the right atrial side of the interatrial septum behind 

the tricuspid valve and superior to the coronary sinus, delays 
impulses from the atria by approximately 70–100 ms before 
allowing them to pass to the bundle of His. These slow con-
duction velocities allow the atria to empty before ventricular 
contraction begins. The AV node is the primary regulator of 
ventricular rate in atrial fibrillation and flutter. Its intrinsic 
rate is 40–60 beats per minute, and it is considered a latent 
intrinsic pacemaker.

The bundle of His is located just above the interventricu-
lar septum (IVS) and is supplied by the septal perforators of 
the LAD, as well as the posterior descending artery. As a 
latent pacemaker, its intrinsic rate is 20–40 beats per minute. 
From the bundle of His, impulses rapidly travel down the 
bundle branches on either side of the membranous portion 
of the interventricular septum, to depolarize the left (left 
bundle branch, LBB, which also depolarizes the IVS) and 
the right (right bundle branch, RBB) ventricles. The left 
bundle branch further divides into the anterior and poste-
rior fascicles. Both bundles terminate in the Purkinje fibers 
that penetrate the ventricular myocardium, initiating its 
contraction from the endocardium toward the epicardium. 
An organized sequence of impulse generation and conduc-
tion is required for the cardiomyocytes to synchronously 
contract, and, by coordinated chamber contraction, to 
maintain cardiac output.

Understanding normal cardiac electrophysiology is the 
foundation for understanding the basic principles of disease 
mechanisms and antiarrhythmic pharmacotherapy. The fol-
lowing is a brief review.

Cardiac Action Potential
In the normal resting myocardium, transmembrane poten-
tial is determined primarily by potassium conductance, and 
is maintained by the Na+/K+ ATPase. The resting transmem-
brane potential is stable around −90  mV (the intracellular 
compartment being more negative relative to the outside of 
the cell), approaching the potassium equilibrium potential.

An action potential is triggered by either the cardiac 
pacemaker cells, or by the surrounding cardiomyocytes. This 
results in a transient increase in Na+ conductance, which in 
turn initiates an increase in Na+-influx through fast sodium 
channels. When the threshold potential is reached at around 
−70  mV, a large enough number of sodium channels have 
been opened to generate a self-sustaining sodium influx. 
Above −40 mV, long-opening (L-type) Ca2+-channels open 
with resultant Ca2+-influx down its concentration gradient. 
At around 0  mV, fast Na+-channels start to close. This is 
Phase 0 (early rapid depolarization), peaking at +20  mV 
(Na+-equilibrium potential).

The increase in Na+-conductance is inactivated. This, 
with the outward movement of K+ via transient K+-channels 
results in a brief period of initial repolarization. The 
 transmembrane potential returns from slightly positive to 
approximately 0 mV. This is Phase 1.

Following the initial repolarization, a constant Ca2+-
influx via slow (L-type, “long-opening”) Ca2+-channels, and 
an increase in K+ conductance via delayed rectifiers main-
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tains the membrane potential just below 0 mV. The electrical 
countercurrents are balanced. This is Phase 2, the plateau. 
The phase between the initiation of the upstroke and the end 
of the plateau is the absolute refractory period, during which 
the cell is unable to be depolarized regardless of the strength 
of the stimulus, and corresponds with phase between the 
beginning of the QRS complex and the beginning of the T 
wave on the electrocardiogram (ECG).

The next phase of the cardiac action potential is the rapid 
repolarization. Ca2+-conductance via the L-channels is inac-
tivated, but the K+-channels remain open. Potassium is rap-
idly shifted out of the cell, and the transmembrane potential 
rapidly approaches the K+-equilibrium. This is Phase 3. The 
phase between the initiation of the upstroke and the transi-
tion between Phase 2 and 3 is the relative refractory period, 
during which the cell may be able to be depolarized to allow 
for a non-propagated stimulus. This corresponds with the 
early upstroke of the T wave. During phase 3, the cell is able 
to be depolarized by supranormal stimuli (relative refractory 
period), resulting in an action potential. This corresponds 
with the dome of the T wave on the ECG. Membrane hyper-
polarization at the end of this phase results in a hyperexcit-
able period, during which even weak stimuli can trigger an 
action potential. This brief phase corresponds with the 
downward slope of the T wave.

During Phase 4, Na+ and Ca2+ channels are closed. There 
is a constant outflow of potassium ions through inward recti-
fier channels. This is the resting phase in the contractile cells, 
or spontaneous diastolic depolarization in the cardiac pace-
maker cells.

Pacemaker Cells
Pacemaker cells are found primarily in the dominant and 
subsidiary rhythm generators (SA node, AV node, His- 
Purkinje system) of the heart. However, impulses may origi-
nate from other sites; for example, cells at the coronary sinus, 
atrioventricular valves, or cells at the crista terminalis. 
Abnormally, impulses may originate from around the pul-
monary veins. These cells are different from contractile car-
diomyocytes in that they share the characteristic to generate 
spontaneous cardiac action potentials. They exhibit automa-
ticity, have an unstable membrane potential, and have no 
rapid depolarization phase.

Automaticity means that pacemaker cells are capable of 
initiating their own action potential without external stimu-
lus. These cells undergo a spontaneous diastolic depolariza-
tion and action potential is triggered when threshold potential 
is reached.

Pacemaker cells undergo spontaneous diastolic depolar-
ization during phase 4 (as opposed to the resting phase dur-
ing phase 4  in contractile cells), and have no rapid 
depolarization phase. These cells have fewer inward K recti-
fier channels than contractile myocytes do, and their trans-
membrane potential is never lower than −60 mV. Therefore, 
the fast Na+-channels that need −90 mV to get activated are 
permanently inactivated in these cells.

Multiple ion currents are responsible for the generation of 
spontaneous action potentials. The synergy of 3 different cur-
rents—(1) the decay of the K+-efflux; (2) an inward depolar-
izing “funny” mixed Na+-K+ inward current, activated by 
membrane hyperpolarization, and playing a major role in the 
spontaneous depolarization of the sinoatrial node; and (3) an 
inward Ca2+-current in the late phase of the spontaneous dia-
stolic depolarization—determines the rate and shape of 
action potentials in cardiac pacemaker cells. Physiologically, 
the dominant pacemaker is the sinoatrial node. When its rate 
drops below the intrinsic rate of a latent, non-dominant pace-
maker—for example, as a result of parasympathetic stimula-
tion or SA nodal disease—the removal of the sinus overdrive 
leads to “escape-activation” of these non- dominant centers. 
Junctional rhythm may also occur when the AV junctional 
pacemaker rate exceeds and suppresses the sinoatrial rate.

 Mechanisms of Cardiac Dysrhythmias
Cardiac arrhythmias are commonly defined as abnormalities 
of the normal sequence of impulse generation and propaga-
tion within the myocardium. While benign arrhythmias—
for example, premature atrial contractions, isolated 
premature ventricular contractions, or atrial fibrillation in 
the absence of structural heart disease—are very common, 
malignant ventricular arrhythmias (monomorphic or poly-
morphic ventricular tachycardia [VT], ventricular fibrilla-
tion) accounted for an estimated 180,000–250,000 sudden 
cardiac deaths in the United States.

Underlying provoking factors are, for example, arterial 
hypoxemia, acidosis or alkalosis, electrolyte abnormalities, 
ischemia, increased sympathetic activity, atrial or ventricular 
dilation, or proarrhythmogenic drugs. In some cases, correc-
tion of these factors is sufficient to suppress cardiac ectopies. 
However, when this alone does not control cardiac arrhythmias, 
and/or hemodynamic compromise ensues, or the presence of a 
disturbance increases the risk of a life-threatening arrhythmia, 
administration of antiarrhythmic agents may be warranted.

The main mechanisms of cardiac dysrhythmias have been 
identified as:

Focal activity due to abnormal impulse generation This 
results from:

 5 Enhancement or reduction of normal automaticity (such 
as in sinus tachycardia and sinus bradycardia, acceler-
ated junctional rhythm).

 5 Enhanced abnormal automaticity of the Purkinje-fibers, 
atrial or ventricular myocytes; ie, cells that do not 
normally display automaticity (for example, atrial 
tachycardia or accelerated idioventricular rhythm. 
Purkinje fibers are catecholamine-sensitive, and their 
activation can be augmented by increased sympathetic 
tone, for example during myocardial ischemia).

 5 Triggered activity. This occurs when early afterdepolar-
izations and delayed afterdepolarizations initiate 
spontaneous multiple depolarizations, such as in 
torsades de pointes, or ventricular arrhythmias in the 
setting of digitalis toxicity.
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Abnormal conduction Delayed conduction (such as in atrio-
ventricular blocks), or re-entrant mechanisms (for example, SA 
nodal re-entry, atrial flutter, AV nodal re-entry tachycardia, or 
ventricular tachycardia). Re-entrant tachycardias can be gener-
ated by 3 different mechanisms: reflection, circus movement 
re-entry, and phase 2 re-entry. Circus movement re-entry due 
to an anatomical or functional block is a major mechanism and 
the most commonly described. For a re-entrant circuit to occur, 
2 roughly parallel conductive pathways must be connected 
with conductive tissue, capable of forming an electrical circuit. 
One of these pathways must have a refractory period substan-
tially longer than that of the other pathway (pathway A). Finally, 
the pathway with the shorter refractory period (alternate path-
way, pathway B) must conduct impulses more slowly than 
pathway A.  Once an extra impulse (for example, premature 
contraction) encounters these 2 separate pathways of conduc-
tion when pathway A is unable to be depolarized due to being 
in the refractory period but pathway B is capable of depolariza-
tion, the impulse will be conducted via pathway B. The signal 
then travels to the distal end of pathway A to reconnect with it 
if it is no longer refractory, then it is conducted retrograde to 
the site where it reconnects with pathway B. Pathway B has a 
shorter refractory period and therefore it recovers faster: The 
impulse will travel into pathway B where it will reenter that 
portion of the circuit, completing the loop. Micro-re-entry 
occurs with ventricular tachycardia from conduction around 
scar tissue such as in myocardial infarction (MI). Macro-re-
entry occurs via conduction through concealed accessory path-
ways, such as in Wolff-Parkinson-White syndrome.

 Antiarrhythmic Agents: Classification 
and Mechanism of Action
Pharmacological management of arrhythmias is warranted 
when treatment of the underlying causes does not break the 
arrhythmia, the arrhythmia results in hemodynamic com-
promise, or it increases the risk of development of a life- 
threatening arrhythmia. The most widely used classification 
system of antiarrhythmic drugs was proposed by Vaughan 
Williams. This system classifies the antiarrhythmic agents 
based on their ability of abolishing an arrhythmia by block-
ing specific ion currents during the action potential.

Ion-specific channels exist in 3 different stages. During 
the upstroke phase (phase 0) of the action potential the chan-
nels are in the activated state. During the plateau phase of 
repolarization (phase 2), the inactivated state occurs: During 
the effective refractory period channels are unresponsive to 
new or continued stimulus. Ion channels are closed during 
the resting phase (phase 4).

The effects on the action potential and the effective refrac-
tory period of the cardiac action potential determine the 
clinical effect of antiarrhythmic drugs. Drugs blocking 
inward sodium ion flow will slow conduction and result in 
suppression of the maximum upstroke velocity of the cardiac 
action potential. Potassium channel blockers prolong repo-
larization by prolonging the duration QTc prolongation. L 
and T type calcium channels are present in the myocardium, 
and are targets of calcium channel blockers.

Classification
Class I
Class I antiarrhythmic drugs are fast Na-channel inhibitors. 
Fast sodium channels are blocked during phase 0 (upstroke) 
and phase 4 depolarization of the action potential with resul-
tant decreases in the amplitude and rate of the action poten-
tial and conduction velocity.

Class IA for example, quinidine, procainamide, disopyra-
mide. These drugs lengthen both the action potential and the 
effective refractory period reflecting sodium channel inhibi-
tion and lengthening of repolarization reflecting potassium 
channel blockade. These drugs are considered membrane sta-
bilizers in the treatment of atrial, AV nodal, and ventricular 
arrhythmias. They may prolong the QRS and QT intervals.

 5 Quinidine – Quinidine has mild parasympatholytic and 
alpha-blocking effects and decreases systemic vascular 
resistance (SVR).

 5 Procainamide – Procainamide is used to suppress 
premature atrial and ventricular contractions and to 
prevent precipitation of atrial fibrillation or flutter. It 
increases refractoriness and can prevent accessory 
pathway re-entry tachycardias. High serum levels may 
cause direct myocardial depression and bradycardia 
requiring temporary pacing or administration of 
beta-agonists. Procainamide and its active metabolite 
N-acetylprocainamide may induce QT-prolongation and 
torsades de pointes. Long-term therapy may cause 
lupus-like symptoms.

 5 Disopyramide – Disopyramide has a vagolytic effect 
that is dose-dependent and reversible by pyridostigmine. 
It depresses myocardial contractility and increases SVR, 
and may thus precipitate or exacerbate congestive heart 
failure.

Class IB for example, lidocaine, tocainide, mexiletine. These 
are less powerful Na-channel blockers. They shorten action 
potential duration and refractory period in normal ventricular 
myocytes. Class II drugs have minimal effect on inotropy or 
SVR.  In the ischemic tissue, lidocaine may block adenosine 
triphosphate-dependent channels, preventing ischemic- 
mediated shortening of ventricular depolarization. Lidocaine 
depresses the slope of phase 4 depolarization in Purkinje fibers 
and increases the fibrillation threshold in ventricular myo-
cytes. Signs of toxicity are frequent with concentrations above 
9 mcg/ml.

Class IC for example, flecainide, propafenone. Class IC drugs 
are potent sodium channel blockers, indicated for the treat-
ment of ventricular arrhythmias. They markedly decrease the 
rate of phase 0 depolarization and speed of conduction. They 
have little effect on the duration of the action potential and the 
effective refractory period in ventricular muscular cells, but do 
shorten the duration of the action potentials in the Purkinje 
fibers. This inhomogeneity on the rate of cardiac repolarization 
plus the slowing of cardiac conduction may contribute to the 
prodysrhythmic effects of these drugs particularly in patients 
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with history of myocardial infarction, left ventricular dysfunc-
tion, or previous sustained ventricular tachycardia. Class IC 
drugs, especially flecainide, significantly depress inotropy and 
prolong the PR and QT intervals.

Class II
Class II drugs are beta-adrenergic receptor blockers. Beta- 
adrenergic receptor antagonists decrease the rate of sponta-
neous phase 4 depolarization, important in suppression of 
ventricular arrhythmias during ischemia and reperfusion. 
They are effective in the treatment of adrenergically mediated 
disease states, in which increased phase 4 depolarization, 
enhanced conduction velocity, and a shorter refractory 
period all contribute to increased automaticity. Beta-blockers 
decrease the rate of Vmax of the action potential, prolongs its 
duration as well as the effective refractory period. Drug- 
induced slowing of the heart rate with resulting decreases in 
myocardial oxygen requirements is desirable in patients with 
coronary artery disease. Beta blockers slow the sinus rate, 
prolong AV-nodal conduction and enhance refractoriness. 
They prolong the PR interval on the ECG. Esmolol is used to 
convert atrial fibrillation with rapid ventricular response to 
normal sinus rhythm, or to maintain a slow ventricular rate. 
It also predictably reverses the fibrillation threshold lowering 
effects of catecholamines.

Class III
Class III drugs are potassium channel blockers; for exam-
ple, amiodarone, bretylium, sotalol. These drugs prolong 
cardiac repolarization, action potential duration, and the 
effective refractory period possibly by interference with 
sodium and calcium exchange. These effects are beneficial 
in preventing cardiac dysrhythmias by decreasing the pro-
portion of the cardiac cycle during which myocardial cells 
are excitable and susceptible to a triggering event. Reentrant 
tachycardias may be suppressed if the action potential dura-
tion becomes longer than the cycle length of the tachycar-
dia circuit.

 5 Amiodarone – In addition to class III effects, amioda-
rone exhibits class I Na+-channel blocking, class II beta 
blocking, and class IV Ca2+-channel blocking proper-
ties. It prolongs repolarization and cardiac action 
potential, it produces negative chronotropy in nodal 
tissues and as a Ca2+ and K+-channel blocker, it slows 
SA-nodal conduction speed and prolongs refractory 
period. It is an α- and β-receptor antagonist with potent 
vasodilating and myocardial depressant potential. It 
may produce sinus bradycardia or heart block, neces-
sitating administration of positive chronotropes or 
initiation of temporary pacing. Long-term side effects 
include pulmonary fibrosis, corneal microdeposits, liver 
cirrhosis, hyperthyroidism, or hypothyroidism.

 5 Sotalol – Sotalol is a mixture of isomers that possess 
similar class III effects, used for the treatment of atrial 

fibrillation or atrial flutter, as well as to treat ventricular 
arrhythmias. The L isomer of sotalol acts as a beta 
antagonist, whereas the D isomer may increase mortality 
in patients with ventricular dysfunction and recent 
myocardial infarction. Sotalol lacks intrinsic sympatho-
mimetic activity or membrane-stabilizing properties. 
The lower incidence of dysrhythmia effects seen with 
amiodarone and racemic sotalol may be related to the 
beneficial class II effects.

 5 Bretylium is no longer available in the United States for 
clinical use.

Class IV
Calcium channel blockers: These agents act by inhibiting 
inward slow inward calcium currents that may contribute to 
the development of ventricular arrhythmias. These drugs are 
useful in the treatment of idiopathic ventricular tachycardias. 
Calcium channel blockers prolong neuromuscular blockade.

 Prodysrhythmic Effects
Prodysrhythmia effects of antiarrhythmic agents describe 
bradydysrhythmias or tachydysrhythmias that represent new 
dysrhythmias associated with chronic antidysrhythmic drug 
treatment. Types of dysrhythmias include torsades de 
pointes, incessant VT, and wide complex ventricular rhythm.

Torsades de pointes (polymorphic VT) is the most com-
mon dysrhythmia and is triggered by early after-depolariza-
tions in a setting of a delayed depolarization and increased 
duration of refractoriness manifesting as prolonged QTc 
interval on the ECG. Class IA (especially quinidine) and class 
III drugs prolong QTc by potassium channel blockade and 
provide the setting for torsades de pointes. Drug-induced 
torsades is often associated with bradycardia, because the 
QTc interval is longer at slower heart rates. Exacerbating fac-
tors such as hypokalemia, hypomagnesemia, poor LV func-
tion, and concomitant administration of other QT-prolonging 
drugs are important predisposing factors in the development 
of torsades de pointes.

Incessant ventricular tachycardia may be precipitated by 
cardiac antidysrhythmic drugs that slow conduction of car-
diac impulses (class IA and class IC) sufficiently to create a 
continuous ventricular reentry circuit. Incessant ventricular 
tachycardia is more likely to occur with high doses of class IC 
drugs and in patients with prior history of sustained ven-
tricular tachycardia and poor LV function. Ventricular tachy-
cardia due to this mechanism is generally slower because of 
the drug effect, but may be resistant to drugs or electrical 
therapy.

Wide complex ventricular rhythm is usually associated 
with class IC drugs in the setting of structural heart disease 
with excessive plasma concentrations or abrupt changes in 
the dose. Wide complex rhythm is thought to reflect a reen-
trant tachycardia and easily degenerates to ventricular fibril-
lation.
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11.2.3  Antianginal Drugs: Coronary 
Vasodilators and Cardioinhibitory 
Drugs

Under normal physiological conditions oxygen delivery 
(DO2, the amount of oxygen delivered to the cells) is ade-
quate to meet cellular oxygen demand (VO2, the amount of 
oxygen extracted from arterial blood) and maintain aerobic 
metabolism. The ratio of oxygen consumption to the oxygen 
available to tissues is the oxygen extraction ratio, which var-
ies for different organs. During periods of increased work-
load and increased cellular demand, and/or decreased supply, 
aerobic metabolism can still be maintained independently of 
blood flow by increasing O2 extraction. Critical O2 delivery is 
the point at which the extraction ratio is maximized, and any 
further incongruence between demand and supply will lead 
to tissue hypoxia and subsequent activation of anaerobic 
metabolic pathways. When myocardial oxygen consumption 
exceeds the reserve in coronary blood supply to meet a given 
O2 demand, ischemia is precipitated. The heart’s high, 
60–70% O2 extraction ratio (compared to 25–30% for the rest 
of the body) can make it susceptible to even short periods of 
ischemia.

The major determinants of myocardial O2 supply are cor-
onary blood flow and arterial O2 content. Coronary blood 
flow is further determined by the patency of the coronaries, 
coronary perfusion pressure, and coronary vascular resis-
tance. The 3 major determinants of myocardial O2 demand 
are heart rate, inotropic state, and wall tension (which is the 
function of intracavitary pressure, radius, and wall thickness, 
as well as preload and afterload). Antianginal pharmacother-
apy is indicated when the supply/demand imbalance results 
in ischemia. In accordance with the 2014 American College 
of Cardiology/American Heart Association (ACC/AHA) 
Guideline for the Management of Patients with Non-ST- 
Elevation Acute Coronary Syndromes, standard medical 
therapy includes the use of beta blockers, nitroglycerin, cal-
cium channel blockers, analgesics, and cholesterol manage-
ment. This section will focus on role of nitroglycerin, 
beta-blockers and calcium channel blockers in the manage-
ment of angina pectoris.

 Coronary Vasodilators

Nitroglycerin
Nitroglycerin (NTG) is an endothelium-independent smooth 
muscle relaxant that acts predominantly on venous capaci-
tance vessels and large epicardial coronary arteries, maximiz-
ing blood flow to the subendocardial areas. Peripheral 
venodilatory effects are prominent even at low doses and are 
not dose-dependent, whereas dilation of peripheral conduc-
tance and resistance vessels occur at higher doses, and fur-
ther increases in dose result in more pronounced vasodilation. 
Nitroglycerin reduces myocardial O2 demand and increases 

oxygen supply by reducing preload and decreasing ventricu-
lar dimension and wall tension, dilating normal and athero-
sclerotic coronary arteries, and enhancing collateral 
circulation. The degree to which coronaries are able to dilate 
is dependent on their baseline vascular tone. Nitroglycerin 
produces a dose-dependent systemic and pulmonary arterial 
vasodilatory effect, and predictably decreases cardiac filling 
pressures. Its use is indicated for initial treatment of nearly all 
types of myocardial ischemia, as well as for managing hyper-
tension and heart failure. Elimination half-life of nitroglyc-
erin is approximately 1.5 min.

Mechanism of Action
NTG enters the smooth muscle cells and generates nitric 
oxide through a glutathione-dependent pathway, which stim-
ulates cyclic GMP production and causes peripheral vasodila-
tion via a sequence of protein phosphorylation and 
dephosphorylation within the smooth muscle. Nitric oxide 
production via guanylate cyclase stimulation and cGMP pro-
duction is a sulfhydryl (SH)-group dependent process. 
Depletion of SH-groups by prolonged exposure leads to dose- 
and duration-dependent tolerance, which may manifest 
within the first 24 hours of treatment. Restoring SH-supplies 
with reducing agents (for example, N-acetylcysteine) does not 
reliably reverse nitrate tolerance, therefore a drug-free inter-
val of 12–24 hours is recommended to maintain drug efficacy. 
Rebound myocardial ischemia may occur during drug- free 
intervals.

Common Clinical Use
Nitroglycerin is available in intravenous (IV), sublingual, or 
topical formulations. A typical IV dose to treat acute isch-
emia is 50–10 mcg. For a continuous infusion, the dose range 
is 0.1–7 mcg/kg/min.

Adverse Effects
Nitroglycerin at low doses causes predominantly splanchnic 
venodilation that results in venous pooling, decreased car-
diac filling, and decreased biventricular end-diastolic volume 
and pressure. Excessive decreases in diastolic blood pressure 
may decrease coronary blood flow and trigger reflex tachy-
cardia and increased contractility mediated by the barore-
ceptor reflex. The combination of decreased coronary blood 
flow and increased myocardial O2 demand may provoke 
angina pectoris. With administration of intravenous phenyl-
ephrine, adequate coronary perfusion pressure can be main-
tained.

In the lungs, nitroglycerin inhibits hypoxic pulmonary 
vasoconstriction and worsens hypoxia and gas exchange. It 
has been shown to have platelet-inhibitory effects, the clini-
cal significance of which has not been elucidated.

Although an uncommon complication of nitroglycerin 
therapy, the nitrite metabolite of NTG is capable of oxidizing 
the ferrous (Fe2+) ion in the hemoglobin into the ferric (Fe3+) 
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state, producing methemoglobin. Ferric (oxidated) iron is 
unable to carry O2 effectively, and in sufficiently high con-
centrations (> 40%) it can impair tissue oxygenation. 
Treatment of methemoglobinemia is methylene blue, to 
facilitate the conversion of methemoglobin to hemoglobin. 
High doses of NTG is more likely to produce methemoglo-
binemia in patients with hepatic dysfunction.

The 2014 ACC/AHA guidelines recommend that nitrates 
should not be administered to patients with non-ST- elevation- 
acute coronary syndrome (ACS) who recently received a 
phosphodiesterase inhibitor (class III, level of evidence: B). 
Nitrates should not be administered to patients with signs of 
hypovolemia or hypotension, and it should be used with cau-
tion in patients with right ventricular infarction.

 Cardioinhibitory Drugs

Beta-Adrenergic Blockers
As discussed in the previous section, beta-blockers are class II 
antiarrhythmics with a multitude of favorable properties uti-
lized in the treatment of cardiac ischemia. Their negative ino-
tropic, negative chronotropic, and antihypertensive properties 
allow for reduction in O2 consumption and an increase in 
blood supply during diastole. Beta blockers slow spontaneous 
diastolic depolarization and shorten the duration of cardiac 
action potentials. Ventricular fibrillation threshold is 
increased. Beta blockers reduce myocardial infarct size. In the 
absence of contraindications (cardiogenic shock, decompen-
sated heart failure, severe sinus bradycardia, second- or third-
degree atrioventricular block, or active bronchospasm), beta 
blockers should be administered early in the treatment of 
myocardial ischemia. While early administration has not been 
shown to improve short-term survival, beta blockers decrease 
reinfarction and the frequency of ventricular dysrhythmias, 
and their use has been associated with mortality benefit after 
myocardial infarction. Perioperative beta blockers should be 
continued in patients already receiving beta blockers, accord-
ing to class 1 indications for perioperative beta blockade from 
the 2014 ACC/AHA recommendations; patients at high peri-
operative risk for adverse cardiac events should be started on 
beta blockers preoperatively, and continued up to 30  days 
postoperatively. In these patients, it is reasonable to titrate 
beta blockers to heart rate and blood pressure.

Mechanism of Action
Beta blockers are competitive, reversible inhibitors of beta 
adrenergic receptors. Beta adrenergic receptors are G-protein 
coupled receptors. Stimulation by their agonists activates 
adenylate cyclase to produce cyclic AMP. Cyclic AMP in turn 
activates protein kinases pathways with subsequent phos-
phorylation of L-type calcium channels and troponin C, the 
net effect being enhanced inotropy, positive chronotropy and 
dromotropy. These responses are all blunted by receptor 
occupancy by beta antagonists.

 5 Propranolol – Propranolol is a non-selective β(beta)-1 
and β(beta)-2 receptor blocker with no alpha-receptor 
activity. As the most soluble beta blocker, its use is 

associated with the highest frequency of central nervous 
system side effects. It is well absorbed when taken by 
mouth. For a comparable effect, higher oral than 
intravenous doses are required due to its very high (90%) 
hepatic first-pass metabolism. Its active metabolite does 
not add to the primary clinical effect due to its short 
half-life. Propranolol decreases cardiac output by 
decreasing the heart rate and reducing myocardial 
contractility, effects that are especially prominent in sym-
pathetically driven disease states. Owing to its β(beta)-2 
receptor antagonism, propranolol may increase systemic 
vascular and coronary vascular resistance. Increased 
airway resistance may be evoked by propranolol in 
asthmatic patients. Renal and hepatic blood flow is 
reduced with the administration of propranolol.

 5 Metoprolol – Metoprolol was the first β(beta)-1 selective 
receptor antagonist used in clinical practice to prevent 
increased chronotropy and inotropy in response to 
sympathetic stimulation. Its receptor selectivity is dose 
related. Metoprolol is lipid-soluble, it diffuses more 
readily into ischemic regions than hydrophilic drugs. 
Fifty percent of the drug administered is metabolized 
during first-pass hepatic metabolism. At the intravenous 
dose of 0.2 mg/kg, maximum beta receptor blockade is 
achieved.

 5 Esmolol – Esmolol is a short-acting cardioselective agent 
metabolized rapidly by red blood cell esterases. It is 
primarily a β-1 blocking agent, producing significant 
decreases in heart rate and contractility. It lacks the 
ability to block peripheral vascular β-2 receptors, 
therefore decreases in blood pressure and cardiac index 
is more pronounced due to unopposed peripheral 
vasodilation. Esmolol has been safely used in patients 
with reactive airway disease.

 5 Sotalol – Sotalol is a class III antiarrhythmic agent with 
both β-receptor and K+-channel antagonistic effects. A 
relatively recent Cochrane database review found 
significant reductions in incidence of postoperative atrial 
fibrillation in the cardiac surgical population. Despite 
the conclusions of this review, the use of sotalol in the 
post-cardiac surgical population remains limited, owing 
to sotalol’s undesired side effects, such as hypotension, 
bradycardia, QT-prolongation, and inducing torsade-
type ventricular arrhythmias.

Calcium Channel Blockers
Calcium channel blockers (CCBs) comprise a diverse group 
of agents that selectively inhibit calcium influx into myocar-
dial and vascular smooth muscle cells. Dihydropyridines 
(such as nifedipine, nicardipine, nimodipine, amlodipine, 
felodipine, isradipine) exert their effect on the peripheral 
arteriolar beds (nimodipine favors cerebral vessels), and pro-
duce marked peripheral vasodilation with little direct effect 
on heart rate, AV conduction, and inotropy. They may elicit 
reflex sympathetic activation via the baroreceptor reflex. 
Non-dihydropyridines (phenylalkylamines, for example, 
verapamil; and benzothiazepines, for example, diltiazem), on 
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the other hand, block AV nodal calcium channels, and have 
significant negative inotropic, chronotropic, and dromotropic 
effects. Their main anti-ischemic effects are due to their abil-
ity to reduce myocardial O2 consumption by depressing con-
tractility, decreasing heart rate and systemic afterload, and 
increasing O2 supply by coronary and collateral vasodilation. 
Calcium channel blockers are preferred in vasospastic (vari-
ant) angina, as beta-blockers may provoke or aggravate isch-
emia in some patients. All calcium channel blockers are 
effective in the treatment and prevention of coronary vaso-
spasm. They may reduce reinfarctions and long-term events 
in hypertensive patients with acute myocardial infarction.

Calcium Channels
Calcium channels display selectivity to calcium ions, and are 
present among others in myocardial, smooth muscle, skeletal 
muscle, and neural tissues, as well as in membranes of sub-
cellular organelles, such as the mitochondria or the sarco-
plasmic reticulum. Calcium channel blockers bind to 
voltage-gated transient (T), long (L) type channels in the 
myocardium and smooth muscle, or to neural (N) type chan-
nels, rendering them inactive. T-type calcium channels are 
activated at low voltages, play a major role in the phase 0 
depolarization, and are not affected by calcium channel 
blockers. L-type channels are activated at higher voltages, 
playing a role in the phase 2 plateau of the cardiac action 
potential. These are the Ca2+-channels that are able to be 
blocked by calcium antagonists.

 Dihydropyridines: Smooth-Muscle-Selective 
Vasodilators
Dihydropyridines prevent calcium entry into the vascular 
smooth muscle cell by extracellular modulation of the L-type 
channels. The primary target of dihydropyridines is the 
peripheral arteriolar bed except for nimodipine, which favors 
cerebral vessels. Reflex tachycardia may be elicited with their 
use. Examples include nifedipine, nicardipine, nimodipine, 
amlodipine, and felodipine. The predominant action of these 
agents is decreasing systemic, coronary, and cerebrovascular 
vasomotor tone. Dihydropyridine calcium channel blockers, 
with the exception of the primarily antianginal nifedipine, 
will be discussed later.

 5 Nifedipine – Nifedipine was the first dihydropyridine 
calcium channel blocker in clinical use for its coronary 
and peripheral vasodilator properties. It has greater coro-
nary and peripheral vasodilatory properties than 
verapamil with negligible effects on venous capacitance 
vessels. It has little or no effect on cardiac impulse 
generation and on SA and AV nodal conduction. 
Peripheral vasodilation and the resultant decrease of 
systemic blood pressure activate baroreceptors, leading 
to reflex sympathetic nervous system activity manifest-
ing as tachycardia. In the absence of concomitant 
beta- receptor blockade, it may increase the risk of 
myocardial infarct or recurrent angina. Excessive 
peripheral vasodilation can be antagonized with phenyl-
ephrine. It may be combined with beta blockers without 

increasing the risk of AV-block. Nifedipine is used in 
angina pectoris due to coronary artery vasospasm. No IV 
preparation is available due to its extreme instability 
when exposed to light. Its abrupt discontinuation has 
been associated with coronary artery vasospasm.

 Non-Dihydropyridines: Antiarrhythmics

Phenylalkilamines
Phenylalkilamines bind to the intracellular portion of the 
L-type calcium channel when it is in the open state, and 
occlude the channel.

 5 Verapamil – Verapamil is a synthetic derivative of 
papaverine. It is supplied as a racemic mixture, in which 
the D-isomer lacks Ca2+-channel blocking properties 
and acts as a fast Na+-channel blocker, accounting for 
local anesthetic effects, and the L-isomer is specific for 
slow Ca2+-channels. The predominance of this action 
accounts for the classification of this drug as a calcium 
channel blocker. Verapamil decreases the heart rate by 
depressing sinoatrial and AV-nodal activity (hence its 
utility in the treatment of supraventricular arrhythmias), 
lowers systemic blood pressure due to myocardial 
depression and peripheral vasodilation, and produces 
moderate coronary artery dilation (preferred in essential 
hypertension and vasospastic angina). Its negative 
inotropy is more pronounced in patients who already 
have a depressed left ventricular function, therefore 
verapamil should be avoided in symptomatic heart 
failure, severe bradycardia, sinus node dysfunction, and 
AV nodal block. These effects of verapamil may be 
enhanced with concomitant β(beta)-blockade. In the 
presence of drug-induced heart block, isoproterenol may 
be useful to increase heart rate. Verapamil may also 
precipitate dysrhythmias in patients with Wolff-
Parkinson-White (WPW) syndrome, and has proven 
effective in the treatment of hypertrophic cardiomyopa-
thy with or without left ventricular outflow tract (LVOT) 
obstruction. Verapamil may be useful in the treatment of 
premature labor, as well as fetal and maternal tachydys-
rhythmias. It may decrease uterine blood flow, and 
should be administered with caution to parturients with 
impaired uteroplacental perfusion.

Benzothiazepines
Benzothiazepines block L-type channel via a mechanism that 
is not well understood. Diltiazem may act on the Na+/K+ 
pump, decreasing the amount of intracellular Na+ available 
for exchange with extracellular calcium, and it may inhibit 
the calcium-calmodulin binding.

 5 Diltiazem – Diltiazem, like verapamil, blocks the calcium 
channels at the AV node. It is considered first-line 
treatment for supraventricular tachydysrhythmias. It may 
also be used for the control of chronic essential hyperten-
sion. Diltiazem has minimal cardiodepressant effects and 
is unlikely to interact with β-blockers to decrease 
contractility.
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11.2.4  Inotropes and Vasopressors

 Adrenergic Receptors
Alpha and beta adrenergic receptors are G-protein-coupled 
receptors present on various types of cells: pre-and post- 
synaptic sympathetic nerve terminals; as well as cardiac, skel-
etal, or smooth muscle cells; hepatocytes; pancreatic islets 
(beta cells); adipose tissue; platelets; and the renal juxtaglo-
merular apparatus. They bind endogenous and synthetic cat-
echolamines. There are 2 discrete types of adrenergic 
receptors, each with several subtypes: alpha and beta.

Alpha receptors are predominant on the peripheral and 
pulmonary vasculature. They have 2 subtypes, α-1 and α-2. 
The α-1 subtype is Gq protein-coupled, expressed by smooth 
muscle, adipose tissue, the liver, sweat glands, and the kid-
neys. Gq protein-coupled receptors activate the phospholi-
pase C (PLC) pathway: PLC cleaves phosphatidylinositol 
4,5-bisphosphate (PIP2) into diacyl-glycerol (DAG) and ino-
sitol triphosphate (IP3). IP3 in turn interacts with intracellu-
lar calcium stores and increases the intracellular calcium 
content. DAG activates protein kinase C, which further 
modulates ion channels. Stimulation of α-1 receptor results 
primarily in vascular smooth muscle contraction. Other 
effects include contraction of the pregnant uterus, contrac-
tion of urogenital smooth muscle (bladder neck, prostate), 
bronchoconstriction, mydriasis, glycogenolysis and gluco-
neogenesis, secretion from sweat glands, and renal sodium 
reabsorption.

Alpha-2 receptors are Gi-coupled receptors expressed by 
central presynaptic nerve terminals. Gi-proteins inhibit the 
production of cAMP from ATP, reduce Ca2+ permeability, 
and increase K+ permeability. Presynaptic neuronal α2 ago-
nists cause inhibition of acetylcholine as well as norepineph-
rine release by negative feedback from norepinephrine 
present in the synaptic cleft. Stimulation of central presynap-
tic α2 receptors inhibits sympathetic nervous system output 
and causes sedation. Peripheral α2 receptor stimulation 
causes decreased insulin secretion from pancreatic beta cells, 
inhibition of lipolysis, platelet aggregation, and vascular 
smooth muscle contraction.

Beta-1 adrenergic receptors are found on the sinus node, 
AV-node, and the myocardium. These are Gs-protein coupled 
receptors and are expressed predominantly in the cardiac 
pacemaker cells, myocardium, salivary glands, as well as 
eccrine and apocrine sweat glands. Their stimulation acti-
vates adenylate cyclase, increasing intracellular cAMP- 
synthesis. cAMP as a second messenger activates intracellular 
signaling pathways that result in increased Ca2+ levels during 
systole. Calcium binds to troponin C, facilitates actin-myosin 
cross-bridge formation, and increases sarcomere contrac-
tion. This translates into faster heart rate, increased myocar-
dial excitability, increased conductivity, and more forceful 
contractions.

Beta-2 receptors are located on the smooth muscle of the 
bronchial tree, some coronary vessels, skeletal muscle arter-
ies, gastrointestinal tract, and the urinary bladder. Stimulation 
of a β2 receptor may activate 2  G-proteins that regulate 

 adenylate cyclase differently: the excitatory Gs and the inhib-
itory Gi proteins. Stimulation of the Gi protein results in 
decreased smooth muscle tone.

 Adrenergic Receptor Agonists

Epinephrine
Epinephrine is an endogenous catecholamine produced by 
the adrenal medulla. It is a potent direct α1-, α2-, β1-, and β2-
adrenergic agonist. In all dose ranges it has strong positive 
inotropic effects. Peripheral vascular resistance varies accord-
ing to the dominant effect of the receptors activated: at low 
doses (β > α) SVR is usually decreased. At moderate doses 
(β  comparable to α), SVR may remain unchanged. At high 
doses (α > β), SVR is increased. It increases myocardial oxy-
gen consumption.
 1. Hemodynamic effects

 1. Preload: increased due to α1-effect on capacitance 
vessels

 2. Contractility: augmented due to β1- effect on the 
myocardium; its lusitropic effects account for an 
enhanced rate of relaxation.

 3. Lusitropy: as a β1-agonist, epinephrine enhances early 
diastolic filling by accelerating relaxation, augment-
ing filling, and reducing end-systolic ventricular size.

 4. Afterload: dose-dependent effect. Pulmonary 
hypertension may occur.

 5. Heart rate: tachycardia due to β1- effect, increased 
excitability and conduction, increased risk of 
arrhythmias.

 6. Cardiac output: augmented.
 2. Common clinical use: first-line agent in the treatment of 

asystole or cardiac arrest due to ventricular fibrillation; 
cardiogenic shock when administered with a vasodilator 
(for example, nicardipine or milrinone); low cardiac 
output after separation from cardiopulmonary bypass; 
drug of choice in anaphylaxis and anaphylactoid 
reactions; severe asthma due to its β2 effects. It is not 
currently recommended as first-line pressor in the 
management of sepsis.

 3. Administration: by central intravenous line via con-
trolled infusion device. Peripheral extravasation may 
cause skin necrosis; via endotracheal tube (ETT); 
subcutaneously for mild allergic reactions or broncho-
spasm.

 4. Adverse effects: hypertension, tachycardia, arrhyth-
mias, decreased peripheral perfusion (kidney function, 
urine output, extremity perfusion should be moni-
tored).

 5. Warnings/contraindications: There are no contraindica-
tions to the use of epinephrine in a life- threatening 
medical emergency. Contraindications include: narrow 
angle glaucoma, labor, thyrotoxicosis. Epinephrine 
should be used with caution in patients with the 
following conditions: severe coronary artery disease, 
angina pectoris, irritable myocardium, diabetes, cerebro-
vascular insufficiency, thyroid disease, pregnancy. Rapid 
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administration, for example, in cardiac arrest, may cause 
devastating cerebrovascular hemorrhage. Clostridium 
gas gangrene has been reported after intramuscular 
injection for anaphylaxis, injection into the buttock 
should therefore be avoided. Hypovolemia should be 
corrected before administration. End-organ ischemia 
(myocardial, renal) may result with prolonged adminis-
tration at high infusion rates. Epinephrine inhibits 
uterine contractions especially during the second stage 
of labor.

Norepinephrine
Norepinephrine (NE) is an endogenous catecholamine pro-
duced by the adrenal medulla and sympathetic neurons, 
which stimulates both alpha and beta adrenergic receptors, 
and acts as both a hormone and the primary postsynaptic 
sympathetic neurotransmitter. Its pharmacologic effects are 
predominant on peripheral α1 receptors, resulting in vaso-
constriction of both resistance and capacitance vessels. In 
most dose ranges, norepinephrine increases mean systemic 
and pulmonary arterial blood pressure. In low dose ranges, 
its less potent β1 effects—translating into increased heart 
rate, positive inotropy, and a mild increase in cardiac out-
put—become noticeable. Norepinephrine does not have sig-
nificant β2 effects.
 1. Hemodynamic effects:

 1. Preload: NE recruits cardiac preload reserve and 
reduces preload dependency in patients with septic 
shock.

 2. Contractility: augmented.
 3. Lusitropy: as a β1-agonist, norepinephrine enhances 

early diastolic filling by accelerating relaxation, 
augmenting filling and reducing end-systolic 
ventricular size.

 4. Afterload: increased SVR and PVR. Increased 
systolic, diastolic and mean arterial pressure.

 5. Heart rate (HR): varies, depending on blood pres-
sure. Positive chronotropy is usually offset by 
reflexive increase in vagal tone in response to 
increased blood pressure. Heart rate may increase if 
hypotension persists.

 6. Cardiac output: increased or unchanged (depending 
on HR)

 2. Common clinical use: peripheral vasoconstrictor. Agent 
of choice in septic shock and other states where normal 
sympathetic tone is lost. Short-term hemodynamic 
support in nonhypovolemic shock.

 3. Administration: via central venous line, typical 
starting dose 0.03 mcg/kg/min via controlled infusion 
device.

 4. Adverse effects: peripheral vasoconstriction reduces 
peripheral organ perfusion and risks ischemia. May 
precipitate arrhythmias or coronary vasospasm. May 
worsen pulmonary hypertension.

 5. Warnings and contraindications: Contraindicated as a 
sole therapy in hypovolemic patients.

Dopamine
Dopamine is an endogenous catecholamine, a precursor to 
epinephrine and norepinephrine, found in the adrenal 
medulla and peripheral nerve terminals. It has effects on 
alpha, beta, and dopaminergic (DA) receptors. At the lowest 
doses (1–3 mcg/kg/min) its dopaminergic effects are domi-
nant, resulting in the dilation of the cerebrovascular, renal, 
and mesenteric vascular beds. In low to moderate dose ranges 
its β1-adrenergic effects are predominant, resulting in 
increased heart rate, increased contractility, and increased 
cardiac output. At high doses (greater than 10–20 mcg/kg/
min) its α1-agonist effects predominate: high-dose dopamine 
increases SVR, PVR, and decreases peripheral perfusion. It is 
an effective mixed inotrope and vasoconstrictor; however, it 
is not recommended as first-line therapy in the treatment of 
septic shock due to the side effects associated with its use. 
Dopamine has positive chronotropic effects in all dose 
ranges, and in higher dose ranges it may induce arrhythmias 
due to increased excitability and conduction. It does not have 
significant β2 effects. Dopamine causes less increase in O2 
consumption than isoproterenol.
 1. Hemodynamic effects: Direct agonist on α1, β1, β2, and 

DA-receptors. Indirectly, it increases norepinephrine 
levels by its conversion into norepinephrine and by 
inducing norepinephrine release from storage sites. In 
low doses, it redistributes blood flow from skeletal 
muscle to the kidneys and mesentery.
 1. Preload: dopamine increases venous return.
 2. Contractility: augmented.
 3. Lusitropy: as a β1-agonist, dopamine enhances early 

diastolic filling by accelerating relaxation, augment-
ing filling, and reducing end-systolic ventricular size.

 4. Afterload: increases SVR and PVR. Dopamine 
usually widens pulse pressure by increasing systolic, 
and to a much less extent, the diastolic pressure. At 
low doses, dopamine produces renal and mesenteric 
vasodilation. At high infusion rates, renal perfusion 
is decreased.

 5. Heart rate: increased,
 6. Cardiac output: augmented,

 2. Common clinical use: treatment of  hypotension due to 
low SVR or cardiac output. May be the first choice for 
temporizing hypotension until intravascular volume is 
restored. Current evidence discourages its use to treat 
kidney insufficiency or failure as it provides no mortality 
benefit or risk reduction.

 3. Administration: IV only, preferably via central venous 
line via controlled infusion device, typical dose range 
1–20 mcg/kg/min,

 4. Adverse effects: Dopamine increases myocardial work 
without compensatory coronary vasodilation, and 
increases the size of myocardial ischemia; increases risk 
of arrhythmia.

 5. Warnings and contraindications: In patients with prior 
history of occlusive peripheral vascular disease, dopamine 
may elicit peripheral circulatory insufficiency. 
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Monoamine oxidase (MAO) inhibitors may potentiate 
and prolong the effects of dopamine. Extravasation may 
result in skin necrosis. Contraindications to dopamine’s 
use include hypersensitivity to dopamine, uncorrected 
tachyarrhythmias, ventricular fibrillation, uncorrected 
hypovolemic shock, and pheochromocytoma.

Dobutamine
Dobutamine is a synthetic derivative of dopamine that does 
not affect endogenous norepinephrine release. It is a racemic 
mixture of enantiomers of (−) dobutamine with vasocon-
strictor (α1- agonist), and (+) dopamine with vasodilator (α1- 
antagonist) properties. It is a myocardial β1-agonist with a 
predominant positive inotropic effect. Its β2 and α1 effects are 
limited, and it completely lacks α2 effects. In the heart, it aug-
ments myocardial contractility and O2 consumption, and 
increases cardiac output by increasing heart rate and stroke 
volume. Increased myocardial work is compensated by 
increased coronary blood flow. On all systemic vascular beds 
and pulmonary blood vessels it acts as a vasodilator and may 
cause hypotension. This is primarily mediated by its mild β2 
effects, which are partially unopposed by dobutamine’s α1 
effects.
 1. Hemodynamic effects:

 1. Preload: Dobutamine decreases venous resistance 
and mean systemic filling pressure. Left ventricular 
end diastolic pressure is decreased.

 2. Contractility: augmented.
 3. Lusitropy: dobutamine increases early peak diastolic 

filling rate in normal-weight patients, and this 
increase is linearly related to the increased heart rate. 
In obese patients, the correlation between heart rate 
and diastolic filling rate is lost as the rate of relaxation 
is significantly lower, suggesting that baseline relax-
ation reserve is impaired in obesity, and this impaired 
diastolic function is not resolved during stress.

 4. Afterload: decreased SVR and PVR. SVR may 
increase in the presence of β-adrenergic blockade.

 5. Heart rate: increased.
 6. Cardiac output: augmented.

 2. Common clinical use: short-term inotropic support in 
low cardiac output states, especially in right ventricular 
failure, afterload reduction in left and/or right systolic 
heart failure (pulmonary congestion, cardiogenic shock; 
drug of choice in right heart failure), stress echocar-
diography. May be combined with dopamine to aug-
ment preload, contractility and systemic vascular 
resistance.

 3. Administration: IV or IO, central venous administration 
is preferred via controlled infusion device. Typical dose 
range: 0.5–20 mcg/kg/min.

 4. Common side effects: dose-dependent tachycardia 
and arrhythmias (less likely to induce tachycardia at 
therapeutic doses than dopamine or isoproterenol), 
angina pectoris, exaggerated hypertension (espe-
cially in patients with pre-existing hypertension), 
hypokalemia.

 5. Warnings/contraindications: Contraindications to the 
use of dobutamine include hypersensitivity to dobuta-
mine, dynamic left ventricular outflow tract obstruction 
such as in idiopathic hypertrophic subaortic stenosis/
hypertrophic obstructive cardiomyopathy, pre-existing 
tachydysrhythmias or hypertension, acute coronary 
syndrome with ventricular irritability. Contraindicated 
as sole therapy in severely hypovolemic patients: 
Hypovolemia should be corrected before administration. 
May provoke atrial fibrillation with rapid ventricular 
response in patients with pre-existing atrial fibrillation.

Dopexamine
Dopexamine is a synthetic dobutamine-analogue with posi-
tive inotropy, positive chronotropy and peripheral vasodila-
tor action, as well as minimal alpha-receptor activity. It is a 
potent agonist of DA1-receptors (and thus decreases reno-
vascular resistance). It is indicated for treatment of low car-
diac output states. It is widely used in Europe, but it is not 
approved by the Food and Drug Administration (FDA) in 
the United States.

Ephedrine
Ephedrine is an alkaloid-derivative with sympathomimetic 
effects. It has mild direct agonist on α1-, β1-, and β2-receptors, 
and leads to indirect norepinephrine- release from the neu-
rons. It is an easily titratable pressor and inotrope with a 
short duration of action that does not reduce placental blood 
flow, and is therefore safe to administer in pregnancy.
 1. Hemodynamic effects

 1. Preload: increased due to β1 effects on venous 
capacitance vessels.

 2. Contractility: increased.
 3. Lusitropy: likely enhances early diastolic filling by 

reducing end-systolic ventricular size.
 4. Afterload: increased.
 5. Heart rate: increased.
 6. Cardiac output: increased.

 2. Common clinical use: correction of drug- induced 
hypotension and bradycardia under general anesthesia, 
or drug-induced sympathectomy with resultant relative 
hypovolemia and low SVR after placement of neuraxial 
block. May be used to temporize blood pressure in hypo-
volemia until intravascular volume is restored.

 3. Administration: may be administered as an IV bolus via 
a peripheral vein. Typical dose: 5–10 mg titrated to 
target blood pressure. May be administered intramuscu-
larly, subcutaneously, or by mouth.

 4. Adverse effects: Its efficacy diminishes with the 
depletion of endogenous norepinephrine. The use of 
ephedrine increases the risk of malignant hypertension 
when used with cocaine or MAO-inhibitors. 
Tachyphylaxis may develop with repeated doses.

 5. Warnings/contraindication: hypersensitivity to ephed-
rine. Overdose may manifest as convulsions, mydriasis, 
pulmonary edema, visual disturbances, pyrexia, hyper-
tension, and tachycardia.
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Phenylephrine
Phenylephrine is a synthetic noncathecolamine with nearly 
selective postsynaptic α1 and minimal β effects. Due to its 
vasoconstrictor effects on resistance vessels, it is widely used 
for the treatment of intraoperative drug-induced hypoten-
sion. Its vasoconstrictor potency is less than that of epineph-
rine and norepinephrine. It is a direct α-agonist with short 
duration of action. It raises both systemic and pulmonary 
vascular resistance. Phenylephrine constricts coronary blood 
vessels and augments coronary blood flow. It constricts cere-
bral and renal vessels, but does not compromise blood flow 
to these organs. Phenylephrine may reduce renal, skeletal 
muscle, mesenteric, and skin blood supply. Myocardial O2 
requirement is usually unchanged unless hypertension is 
present. Vagally mediated reflex bradycardia commonly 
occurs as a response to increased vascular resistance and 
usually responds well to atropine; this response can be 
blocked by atropine. Its effects on cardiac output appears to 
be determined by preload-dependency.
 1. Hemodynamic effects:

 1. Preload: Direct α1-stimulation decreases venous 
capacitance and minimally increases venous return.

 2. Contractility: no direct effect.
 3. Lusitropy: unchanged.
 4. Afterload: increased SVR and PVR.
 5. Heart rate: unchanged or reflex bradycardia due to 

the aortic baroreceptor reflex. Phenylephrine is the 
adrenergic agonist least likely to elicit tachycardia.

 6. Cardiac output: unchanged in preload- independent 
patients, or decreased in preload-dependent patients.

 2. Common clinical use: low SVR states, iatrogenic 
hypotension, nonhypovolemic shock, treatment of 
hypotension on patients with coronary artery disease, 
aortic stenosis, tetralogy of Fallot to counteract right-to-
left shunting, or idiopathic hypertrophic subaortic 
stenosis. Although not harmful, phenylephrine is not the 
drug of choice in septic shock due to its decreased 
potency relative to norepinephrine.

 3. Administration: IV, may be administered peripherally 
via the vein of the antecubital fossa via controlled 
infusion device; intramuscular (IM), subcutaneous (SC), 
intranasal.

 4. Adverse effects: hypertension, reflex bradycardia, 
pulmonary edema, metabolic acidosis. An increased 
SVR may decrease stroke volume, subsequently decreas-
ing the cardiac output.

 5. Warnings/contraindications: Contraindications to the 
use of phenylephrine include hypersensitivity to 
phenylephrine or sulfites, severe coronary disease, severe 
hypertension, ventricular tachycardia, and close-angle 
glaucoma. Rarely it may provoke spasm of a coronary 
artery or a coronary bypass graft.

Isoproterenol
Isoproterenol is a pure direct β1- and β2-receptor agonist. It 
increases cardiac output by increasing heart rate, augment-
ing myocardial contractility as well as by afterload reduc-

tion. When inhaled, β2-receptors mediate its bronchodilator 
effects.
 1. Hemodynamic effects:

 1. Preload: increased.
 2. Contractility: augmented.
 3. Lusitropy: enhances early diastolic filling by reducing 

end-systolic ventricular size.
 4. Afterload: reduced SVR and PVR.
 5. Heart rate: increased.
 6. Cardiac output: increased due to increased heart rate 

and reduced afterload.
 2. Common clinical use: bradycardia not responding to 

atropine in the absence of temporary pacemaker. 
Treatment of low cardiac output in cases when increased 
inotropy and chronotropy is needed; for example, in the 
denervated heart, in pediatric patients with fixed stoke 
volume, or ventricular aneurysm resection. Treatment of 
pulmonary hypertension. Status asthmaticus (continu-
ous cardiac monitoring is required). β-blocker overdose. 
Heart block.

 3. Administration: PO or IV: safe to administer via 
peripheral veins.

 4. Adverse effects: tachycardia, arrhythmias, hypokalemia, 
dyspnea, pulmonary edema, angina pectoris.

 5. Warnings/contraindications: Isoproterenol is contrain-
dicated in digitalis intoxication, angina, preexisting 
ventricular arrhythmias. Not to be used for asystolic 
arrest. Isoproterenol may increase size of myocardial 
infarction, and may cause transient hyperglycemia.

 Non-Adrenergic Vasoconstrictors: Vasopressin

Vasopressin
Vasopressin is a naturally occurring antidiuretic nonapeptide 
synthetized as a pro-hormone primarily in the supraoptic, 
and secondarily in the paraventricular nuclei of the posterior 
hypothalamus. After binding to carrier protein neurophysin, 
it is transported via the supraoptic hypophyseal tract to the 
posterior hypophysis, where it is stored and released into the 
circulation when plasma osmolality is higher than 
 physiologic, or when profound hypovolemia is present. 
Normal plasma concentrations are less than 4  pg/ml. The 
half-life of endogenous vasopressin is 10–35  min, and it is 
metabolized via renal and hepatic pathways. Due to trypsin 
activity in the gastrointestinal tract it must be administered 
parenterally or intranasally. In concentrations higher than 
required for its antidiuretic effect, it acts as a non-adrenergic 
vasoconstrictor on peripheral vascular beds. It completely 
lacks beta- adrenergic effects; therefore, it produces less 
tachycardia compared to adrenergic agonists. In severe shock 
states, or in conditions where refractory vasoplegia is pres-
ent, a deficiency in vasopressin levels may necessitate restora-
tion of its physiological concentration by administration of 
low-dose exogenous vasopressin.

The effects of vasopressin are mediated by a family of 
G- protein coupled vasopressin receptors. V1a and V1b are Gq 
protein-linked, whereas V2 is Gs protein-linked receptors.
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V1a is located primarily on the vascular smooth muscle of 
the systemic, coronary, splanchnic, and renal vessel bed, 
mediating pressor response by increasing peripheral vascular 
resistance. Intra-arterial infusion of vasopressin constricts all 
major celiac artery branches except the hepatic artery. A less 
well appreciated aspect is vasopressin’s pulmonary vasodila-
tory effect by inducing constitutive endothelial nitric oxide 
synthase and increasing nitric oxide production. Vasopressin’s 
vasodilatory effects are mediated by endothelial oxytocin 
receptors. V1a is also expressed in diverse tissues such as 
hepatic, central neuronal, and myometrial tissues, as well as 
platelets. V1a receptors are Gq-protein linked, activate phos-
pholipase C, and ultimately increase intracellular calcium, 
leading to vasoconstriction. V1b receptors activate adreno-
corticotropic hormone (ACTH) release from the anterior 
pituitary gland.

V2 receptors are located primarily in the distal tubules 
and collecting ducts of the kidneys, and play a role in the 
homeostatic regulation of plasma volume and preservation 
of serum osmolality. These receptors are Gs-protein-linked, 
and activate adenylate cyclase to ultimately increase intracel-
lular cAMP levels. This in turn leads to mobilization of aqua-
porin 2 channels and their insertion into the luminal surface 
of the collection tubules, and the subsequent increase of 
water reabsorption. V2 receptors are also expressed in endo-
thelial cells, where they are involved in the release of von 
Willebrand factor (VWF) and factor VIII (F VIII). VWF pro-
tects F VIII from breakdown, and plays an important role in 
binding platelets to the site of bleeding.
 1. Hemodynamic effects: adrenergic- independent direct 

peripheral vasoconstriction via V1a receptors without 
affecting chronotropy or inotropy. Redistributes blood to 
the coronaries and the cerebral vasculature without 
β1-induced increase in myocardial O2 consumption.
 1. Preload: Vasopressin increases blood volume and 

venous return via constriction of capacitance 
vessels.

 2. Contractility: unchanged.
 3. Lusitropy: unchanged.
 4. Afterload: increased SVR; elevated systolic and 

diastolic pressures.
 5. Heart rate: unchanged.
 6. Cardiac output: unchanged or decreased due to 

increased SVR.
 2. Common clinical uses: The 2015 AHA guidelines no 

longer recommend the use of vasopressin during 
advanced cardiac life support, and vasopressin has been 
removed from the adult cardiac arrest algorithm. 
Vasopressin is still recommended for the treatment of 
vasoplegia refractory to maximal catecholamine 
replacement such as in septic shock, vasoplegic 
 syndrome after separation from cardiopulmonary 
bypass, residual ACE inhibitors/ARBs effect under 
general anesthesia.

 3. Administration: In vasoplegic states: second- line agent, 
typical dose 0.02–0.04 units/minute via controlled 
infusion device.

 4. Side effects: pallor, angina pectoris, bronchoconstric-
tion, abdominal cramping, nausea, vomiting, uterine 
contractions, decreased platelet count, lactic acidosis.

 5. Warnings/contraindications: Treatment is contraindi-
cated in patients with hypersensitivity to vasopressin. In 
patients with coronary artery disease, peripheral 
vascular disease, heart failure, angina pectoris, migraine, 
and renal failure, vasopressin should be used with 
caution.

 Phosphodiesterase-3 Enzyme Inhibitors

Milrinone
Milrinone is a noncatecholamine and nonglycoside inodilator 
with potent positive inotropic and vasodilator properties. It 
acts as a competitive inhibitor of phosphodiesterase-3 (PDE-
3) in the cardiac and vascular smooth muscle cells, indepen-
dently of β-adrenergic mechanisms. PDE-3 is an enzyme that 
hydrolyses intracellular cAMP into its inactive metabolite. 
Inhibition of the cAMP-breakdown allows for the cAMP lev-
els to remain elevated. This in turn increases the Ca2+ influx 
into the myocardium, and increases Ca2+ efflux from the vas-
cular smooth muscle, an effect translating into increased inot-
ropy in the heart, and vasodilation of the peripheral arteries 
and veins. In the myocardium, milrinone augments contrac-
tility, facilitates diastolic relaxation, enhances automaticity, 
and shortens AV-nodal conduction time. Afterload reduction 
in the peripheral vessels usually has little effect on chronot-
ropy. Overall, milrinone improves myocardial contractility, 
cardiac output, and ejection fraction. Myocardial O2 con-
sumption is unchanged or slightly increased.
 1. Hemodynamic effects:

 1. Preload: decreased.
 2. Contractility: augmented.
 3. Lusitropy: augmented.
 4. Afterload: decreased SVR and PVR. Milrinone is 

primarily an afterload reducer.
 5. Heart rate: no direct effect; may induce supraven-

tricular and ventricular arrhythmias or increase 
ventricular response rate in atrial fibrillation or 
flutter.

 6. Cardiac output: increased.
 2. Common clinical uses: short-term treatment of low 

cardiac output syndrome, especially when the pulmo-
nary capillary wedge pressure/left ventricular end 
diastolic pressure is elevated; may be considered as 
first-line therapy in decompensated congestive heart 
failure and evidence of pulmonary hypertension; 
depressed right ventricular function. Retains hemody-
namic effects in the presence of beta-blockade.

 3. Administration: by mouth, or through a central vein. 
When administered intravenously, milrinone should be 
administered with a loading dose (50 mcg/kg) over 
10 min followed by slow continuous infusion by central 
intravenous line via controlled infusion device. Typical 
maintenance rate is 0.375–0.75 mcg/kg/minute. In renal 
impairment, the maintenance dose should be reduced.
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 4. Adverse effects: ventricular arrhythmias, supraventricu-
lar arrhythmia, hypotension, angina, rarely hypokalemia, 
bronchospasm, elevated liver enzymes, thrombocytopathy.

 5. Warnings/contraindications: hypersensitivity to milri-
none or inamrinone. Hemodynamics should be closely 
monitored. Liver function should be monitored during 
treatment with milrinone. Milrinone should be used with 
caution in patients with atrial fibrillation or flutter, due to 
positive dromotropy. It precipitates furosemide when 
administered in the same intravenous line.

Inamrinone
Inamrinone (formerly, amrinone; a selective competitive 
PDE-3 inhibitor) is another example of β-independent, non-
catecholamine nonglycoside inotropes. It is a potent inodila-
tor; its mechanism of action is similar to that of milrinone. It 
decreases preload and afterload, and enhances cardiac out-
put. Generally, if any, there is little change in the myocardial 
O2 consumption; the decreased ventricular wall tension and 
end-diastolic left ventricular pressure offsets the increased 
MVO2 resulting from increased cardiac output. This agent is 
losing popularity to milrinone due to milrinone’s less pro-
nounced effect on platelet function.
 1. Hemodynamic effects:

 1. Preload: decreased. Inamrinone is primarily a 
preload reducer.

 2. Contractility: augmented.
 3. Lusitropy: augmented.
 4. Afterload: decreased. Mean arterial pressure (MAP) 

may or may not change, as the decrease in SVR and 
PVR may be offset by an augmented cardiac output.

 5. Heart rate: little or no change. At high doses, milri-
none may potentiate atrial or ventricular arrhythmias.

 6. Cardiac output: increased.
 2. Common clinical uses: severe decompensated conges-

tive heart failure refractory to conventional therapy with 
diuretics, vasodilators, and inotropic agents. Effective in 
the presence of β(beta)-adrenergic blockade.

 3. Administration: central IV infusion via controlled 
infusion device. Typical loading dose is 0.75–1.5 mg/kg, 
maintenance rate is 5–20 mcg/kg/minute. Incompatible 
with furosemide.

 4. Adverse effects: arrhythmia (low risk), thrombocytope-
nia/thrombocytopathy, hypotension, hepatotoxicity with 
chronic administration.

 5. Warnings/contraindications: hypersensitivity to 
inamrinone, milrinone or bisulfite preservatives. 
Inamrinone should be used with caution in patients with 
recent myocardial infarct, hypotension, severe aortic or 
pulmonic stenosis, or renal impairment. Inamrinone is 
not dialyzable.

Levosimendan
Levosimendan is a PDE-3 inhibitor that acts as an intracel-
lular calcium-sensitizer to troponin C. It improves contrac-
tility in a calcium-dependent manner by binding to cardiac 
troponin C and stabilizing its calcium-induced conforma-

tional changes, and has vasodilatory effects by opening ATP- 
sensitive potassium (KATP) channels of the vascular smooth 
muscle. KATP channels close as intracellular ATP concentra-
tion increases, their selective blockade results in arteriolar 
vasoconstriction. Activation of KATP channels may also 
account for its anti-stunning effects without increasing intra-
cellular calcium concentrations or energy consumption in 
the myocardium. The effects of levosimendan are greatest 
during systole when intracellular calcium levels are the high-
est, and diminish along with the decreasing intracellular cal-
cium availability during diastole. Levosimendan acts 
independently of cAMP and has been used in beta-blocked 
patients. It does not increase myocardial oxygen consump-
tion. It does not impair the baseline diastolic function and is 
tolerated without arrhythmogenicity. It is a systemic and 
coronary vasodilator used for treatment of acute decompen-
sated congestive heart failure. The Levosimendan Infusion 
versus Dobutamine (LIDO) study demonstrated a significant 
survival benefit of levosimendan over dobutamine, and 
smaller studies described its benefits for pulmonary hyper-
tension complicated by right ventricular failure. It is not 
FDA-approved for clinical use in the United States.

 Papaverine
Papaverine is a nonspecific phosphodiesterase inhibitor, 
derived from opium; however, as a benzyl-isoquinolon, it is 
structurally and functionally unrelated to opioid alkaloids. It 
is used by surgeons to treat and prevent spasm of the internal 
mammary artery during cardiac surgery.

11.2.5  Antihypertensive Agents

Hypertension is a major risk factor for cardiovascular mor-
bidity and mortality; essential hypertension accounting for 
the vast majority of adult cases. Based on recommendations 
of the Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High 
Blood Pressure (JNC-7), the classification of blood pressure 
(BP) for adults has been as follows:

 5 Normal: Systolic lower than 120 mm Hg, diastolic lower 
than 80 mm Hg

 5 Prehypertension: Systolic 120–139 mm Hg, diastolic 
80–89 mm Hg

 5 Stage 1: Systolic 140–159 mm Hg, diastolic 90–99 mm Hg
 5 Stage 2: Systolic 160 mm Hg or greater, diastolic 100 mm 

Hg or greater.

Antihypertensive pharmacotherapy is indicated when life-
style modifications (weight loss; smoking cessation; limiting 
alcohol consumption; reducing dietary saturated fat and 
sodium intake; maintaining adequate dietary calcium, mag-
nesium, and potassium intake; engaging in moderate inten-
sity aerobic exercise for 30 min on most days) fail to achieve 
adequate blood pressure control. The updated eighth report 
of the JNC recommends treating to 150/90 mm Hg in patients 
over age 60 years; for everybody else, the goal BP is 140/90.
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Diuretics, beta-blockers, angiotensin converting enzyme 
(ACE) inhibitors/angiotensin receptor blockers (ARBs), 
calcium channel blockers (CCBs), and aldosterone antago-
nists are mainstays of pharmacologic management of essen-
tial hypertension. Specific antihypertensive classes target 
specific end-organ damage, hence the difference in drug 
combinations when coexisting risk factors are taken into 
consideration:

 5 Heart failure: diuretics, beta-blockers, ACE inhibitors/
ARBs, aldosterone antagonists

 5 Post-myocardial infarction: beta-blockers, ACE inhibi-
tors, aldosterone antagonists

 5 High coronary disease risk: diuretics, beta-blockers, 
ACE inhibitors, CCBs

 5 Diabetes: Diuretics, beta-blockers, ACE inhibitors/
ARBs, CCBs

 5 Chronic kidney disease: ACE inhibitors/ARBs
 5 Recurrent stroke prevention: diuretics, ACE inhibitors

This section will focus on drugs used in the management of 
systemic hypertension, pulmonary hypertension, and heart 
failure.

 Management of Systemic Hypertension
The primary determinants of blood pressure are cardiac 
output and peripheral vascular resistance. Cardiac output is 
maintained by heart rate and stroke volume. Stroke volume 
is determined by preload, contractility, and afterload, as well 
as the left ventricular and vascular compartmental size. 
Modulation of these factors by controlling input from vaso-
active hormones, neurotransmitters, and local endothelium- 
derived factors will bring about a change in blood pressure: 
peripheral resistance is decreased by peripheral α-1 block-
ers, central α-2 agonists, angiotensin converting enzyme 
inhibitors, angiotensin receptor blockers, calcium channel 
blockers, diuretics, or direct vasodilators. Heart rate is mod-
ulated by beta-blockers, calcium channel blockers, or the 
novel agent ivabradine. Stroke volume is reduced by 
preload- reducer diuretics and venodilators, negative inot-
ropy of calcium channel blockers, or afterload-reducing 
agents.

Peripheral α1 Receptor Blockers
 5 Labetalol – Labetalol is a nonselective beta-blocker with 

selective α1 receptor blocking properties. The potency of 
β-blockade is approximately 7-fold greater than α1 
blockade. Its partial β2 agonism promotes peripheral 
vasodilation. Labetalol can be considered a peripheral 
vasodilator not triggering reflex tachycardia. In a 
dose-related fashion it decreases heart rate and periph-
eral vascular resistance, leaving the stroke volume and 
cardiac output unchanged. After oral administration 
labetalol is completely absorbed. Its significant first-pass 
metabolism produces inactive metabolites.

 5 Phentolamine – Phentolamine is a reversible nonselec-
tive competitive antagonist at the adrenergic α1 and α2 
receptors, as well as at serotonin receptors. Its main 

action is arterial vasodilation with minimal venodilation. 
SVR and PVR is therefore decreased. Heart rate and 
contractility drastically increases due to both the 
baroreceptor reflex and phentolamine’s direct effect on 
central presynaptic α2 receptors, allowing for increased 
norepinephrine release and decreased reuptake. This 
results in unopposed β effects that may provoke arrhyth-
mias and myocardial ischemia, and respond well to 
β-blockers. In patients pre-treated with phentolamine, 
administration of epinephrine may result in hypotension 
due to unopposed β2 effects. Phentolamine is a gastroin-
testinal stimulant, may lower blood glucose, and causes 
histamine release. It is used for the diagnosis of pheo-
chromocytoma (a drop in SBP >35 mm Hg and 
DBP >25 mm Hg is diagnostic for pheochromocytoma), 
management of hypertensive episodes associated with 
the resection of pheochromocytoma, as well as local 
treatment of skin necrosis associated with norepineph-
rine extravasation.

 5 Phenoxybenzamine – Phenoxybenzamine is a nonse-
lective, noncompetitive adrenergic α1- and α2-
antagonist at postganglionic synapses in smooth 
muscle and exocrine glands. Its main action is arterial 
vasodilation with minimal venodilation. It decreases 
SVR and PVR. Heart rate and contractility are 
increased due to both the baroreceptor reflex and 
phentolamine’s direct effect on central presynaptic α2 
receptors, allowing for increased norepinephrine 
release and decreased reuptake. This results in unop-
posed β effects that may provoke arrhythmias and 
myocardial ischemia, and respond well to β-blockers. 
Phenoxybenzamine is available in PO form only. It is 
used for treatment of pheochromocytoma; it is started 
10–14 days preoperatively to allow for expansion of 
blood volume. To avoid unopposed alpha-stimulation 
and life-threatening hypertensive episodes, β-blockers 
are not introduced until after adequate alpha- blockade. 
Due to its side effects—for example, orthostatic 
hypotension and tachycardia—especially after 
 administering the initial dose, its dose should be 
increased slowly. Alpha- and beta-blockers should be 
continued until the morning of surgery.

 5 Prazosin, Doxazosin, Terazosin, Tamsulosin – 
Prazosin, doxazosin, terazosin and tamsulosin are 
selective α1-antagonists. Their main cardiovascular 
action is decreasing SVR and PVR with only minimal 
increases in heart rate. Prazosin acts on arteries and 
veins. Prazosin and doxazosin are indicated for 
treatment of chronic hypertension. Terazosin blocks 
vascular α1B, as well as α1A receptors in the prostate and 
bladder neck. It is used for treatment of benign prostate 
hypertrophy (BPH) and hypertension. Tamsulosin is a 
selective α1A receptor blocker used for symptomatic 
BPH and to help with passage of kidney stones. 
Orthostatic hypotension with syncope may occur with 
the use of peripheral α-blockers, especially after the 
first dose.
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 5 Tolazoline – Tolazoline is a nonselective competitive 
α-adrenoceptor antagonist, structurally similar to 
phentolamine. It acts as a sympathomimetic and also 
stimulates muscarinergic ACh-receptors and causes 
histamine release. It decreases systemic and pulmonary 
vascular resistance. It markedly increases heart rate and 
may provoke arrhythmias due to its sympathomimetic 
effects and the reflex sympathetic activation associated 
with its use. Although it is used to treat persistent 
pulmonary hypertension in neonates, it is not a selective 
pulmonary vasodilator, and may worsen the SVR/PVR 
ratio when fixed pulmonary hypertension is present.

Central α2 Receptor Agonists
Central α2 receptor agonists reduce sympathetic outflow by 
stimulating bulbar α2 activity and reducing peripheral nor-
epinephrine release without eliciting reflex tachycardia and 
increased contractility. These agents potentiate the effects of 
anesthetics and may substantially reduce anesthetic and nar-
cotic requirements. Central α2 receptor agonists may exacer-
bate depression and are contraindicated for management of 
hypertension in patients treated with monoamine oxidase 
inhibitors.

 5 Clonidine – Clonidine is a centrally acting α-agonist 
with near selectivity on α2-receptors (220:1 α2 to α1 
effect). As a partial agonist- antagonist, it elicits sub-
maximal response on central pre-and post-junctional 
α2-receptors while blocking the effects of other agonists. 
It is a coronary vasodilator and acts as a sympatho-
lytic—a property utilized to manage withdrawal 
symptoms in opioid and alcohol addicts. Clonidine 
effectively reduces SVR, PVR, and renal vascular 
resistance. Its half-life is 12 hours.

 5 Clonidine blocks pain signal transmission in the brain. It 
may potentiate opioid effects on the central nervous 
system and has local anesthetic properties. When 
administered epidurally, it produces dose-dependent 
analgesia not reversed by opioid antagonists—an effect 
utilized in the treatment of cancer pain. It doubles the 
duration of intermediate-duration local anesthetics 
when used as adjunct to peripheral nerve blocks. Due to 
risk of hypotension and bradycardia, epidural clonidine 
is not recommended in the perioperative, obstetric, and 
postpartum setting. It causes sedation in a dose- 
dependent manner. Due to lack of adequate data, it 
should not be administered above the C4 dermatome.

 5 Clonidine should not be discontinued abruptly, as 
rebound hypertension is frequently triggered. Its 
immediate-release oral formulations should be discon-
tinued within 4 hours before surgery and resumed as 
soon as possible in the early postoperative period.

 5 Methyldopa – Methyldopa is a centrally acting antihy-
pertensive. Its mechanism of action is not fully eluci-
dated. Its antihypertensive effects are most likely due to 
its metabolism to α-methyl-norepinephrine, which 
stimulates central inhibitory α-receptors and lowers 
blood pressure by false neurotransmission and possibly 

by reducing plasma renin activity. It has no direct effect 
on cardiac and renal function. Reversible thrombocyto-
penia and leukopenia, hemolytic anemia, a positive 
Coombs test, and liver dysfunction including fatal liver 
necrosis has been reported with the use of methyldopa. 
Despite these adverse effect, methyldopa is still com-
monly used for the treatment of pregnancy- induced 
hypertension due to the lack of adverse effects of 
long-term treatment on the fetus.

 5 Guanabenz – Guanabenz is an oral antihypertensive 
active on central α2-receptors. Its action is mediated by 
bulbar α2 activation, leading to attenuated sympathetic 
outflow at the level of the brain stem. It effectively 
controls blood pressure without significant effects on 
renal function. It frequently causes sedation; therefore, 
additive sedative effects should be considered when used 
with other centrally acting depressants. Its abrupt 
discontinuation may rarely result in an increased 
production of endogenous catecholamines and subse-
quent rebound hypertension. In patients with coexisting 
liver and kidney disease, careful monitoring of blood 
pressure is recommended.

 5 Guanfacine – Guanfacine is a selective oral central 
postsynaptic α2A–receptor agonist with a duration of 
action longer than that of clonidine. It reduces sympa-
thetic outflow and with resultant decrease in heart rate 
and vasomotor tone. Guanfacine preferentially binds 
postsynaptic α2A–receptors in the prefrontal cortex, and 
modulates behavioral responses. Its immediate release 
form is used for management of hypertension, whereas 
its extended release form is used for treatment of 
attention deficit/hyperactivity disorder as monotherapy 
or as adjunct to central nervous system stimulants. Its 
dose should be reduced with concomitant use with 
CYP3A4 inhibitors, and slowly increased with the use of 
CYP3A4 inducers.

 5 Dexmedetomidine – Dexmedetomidine is a selective 
central α2A and peripheral α2B–agonist with sedative and 
anesthetic properties. Centrally, it reduces sympathetic 
outflow and inhibits norepinephrine release at regular 
doses. At high doses, it activates peripheral α2B receptors 
with resultant vasoconstriction, increased SVR, PVR, 
pulmonary artery occlusion pressure, and central 
venous pressure. Its use is indicated for procedural 
sedation for awake fiberoptic intubation, as well as 
sedation of intubated and mechanically ventilated 
patients in the intensive care unit. Its initial loading dose 
is 1 mcg/kg over 10 min, followed by a maintenance rate 
of 0.2–0.7 mcg/kg/hour, administered via a controlled 
infusion device, and titrated to effect. No dose adjust-
ments are required in patients with severe renal impair-
ment. In patients with severe hepatic impairment, dose 
reduction is recommended. It may cause episodes of 
hypotension, bradycardia, or sinus arrest. These adverse 
effects are enhanced in the presence of beta-blockers 
and antihypertensive agents, as well as in patients with 
advanced age, diabetes mellitus, pre- existing heart 
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block, bradycardia, hypovolemia, or depressed ventricu-
lar function. Limited information is available regarding 
its use in pregnancy. Dexmedetomidine is expected to 
cross the placenta.

Perioperative Management
Perioperative continuation of α2 agonists are not recom-
mended for prevention of major adverse cardiac events.

 Angiotensin Converting Enzyme Inhibitors
When the circulating blood volume is low and renal perfu-
sion is reduced (the afferent glomerular arteriolar pressure is 
decreased), the renal juxtaglomerular apparatus converts 
proenzyme prorenin into renin, which is then released into 
the circulation. Upon entering the circulation, renin cleaves a 
decapeptide from plasma protein angiotensinogen to pro-
duce angiotensin I, precursor to the potent vasoconstrictor 
angiotensin II. Angiotensin II (AT-II) is the primary vasoac-
tive hormone of the renin-angiotensin system. It is generated 
from angiotensin I by the proteolytic action of angiotensin 
converting enzyme (ACE). It also stimulates aldosterone 
secretion by the adrenal cortex.

AT-II is therefore a potent vasoconstrictor of arteries and 
veins. It is responsible for increased aldosterone secretion 
and sympathetic nervous system stimulation. Angiotensin II 
normally binds to the AT1 receptor that ultimately leads to 
the increased release of calcium from sarcoplasmic reticulum 
to produce vasoconstriction. Besides its effects on vasomotor 
tone, AT II also mediates alveolar permeability and lung 
injury: excessive ACE inhibition is related to worse lung 
injury, an important consideration in the management of 
critically ill patients. Decreased generation of angiotensin II 
(for example, by inhibition of ACE) results in decreased 
vasoconstrictive effects, usually without eliciting reflex tachy-
cardia or an increase in cardiac output. In addition, decreased 
concentrations of plasma aldosterone results in decreased 
sodium and water retention. ACE inhibitors block the AT-I 
to AT-II conversion, as well as the breakdown of bradykinin, 
an endogenous vasodilator substance, which contributes to 
the antihypertensive effects of these drugs. ACE inhibitors 
reduce activation of low density lipoprotein (LDL) receptors 
and decrease the concentrations of LDL cholesterol. If the 
concentration of LDL is already sufficiently low, ACE inhibi-
tors may no longer be effective in reducing the rate of cardio-
vascular events.

ACE inhhibitors can be classified according to the struc-
tural element that interacts with the zinc ion of the enzyme, 
as well as the form in which the drug is administered (pro-
drug or active). Administration of ACE inhibitors (for 
example, benazepril, fosinopril, ramipril, or quinapril) as 
prodrugs increases the bioavailability prior to their hepatic 
metabolism to the active drug. Enalapril is the prodrug of 
the active ACE inhibitor enalaprilat, and its conversion may 
be altered in patients with hepatic dysfunction. Captopril, 
enalaprilat, and lisinopril are not prodrugs. The major dif-
ference among the clinically used ACE inhibitors is in dura-
tion of action.

In the absence of contraindications, ACE inhibitors and 
angiotensin receptor blockers are recommended in patients 
with systolic heart failure to reduce morbidity and mortality. 
They may be preferred in hypertensive patients with chronic 
kidney disease and/or diabetes mellitus. Unless contraindi-
cated, ACE inhibitors are prescribed together with a beta 
blocker. Contraindications to the use of ACE inhibitors are 
prior life-threatening reactions (angioedema) and known or 
planned pregnancy. Caution should be used in the presence of 
low baseline blood pressure, elevated levels of serum potassium, 
increased serum creatinine, or bilateral renal artery stenosis.

Side Effects
Common side effects are cough, upper respiratory conges-
tion, rhinorrhea, and allergic-like symptoms. It is speculated 
that these airway responses reflect potentiation of the effects 
of kinins due to drug-induced inhibition of peptidyl- 
dipeptidase activity and subsequent breakdown of bradyki-
nin. If respiratory depression develops, prompt injection of 
epinephrine is advised. Angioedema is a potentially life- 
threatening complication of treatment with ACE inhibitors. 
Decreases in glomerular filtration rate may occur. For this 
reason, ACE inhibitors are used with caution in patients with 
preexisting renal dysfunction and are not recommended for 
patients with renal artery stenosis. Hyperkalemia is possible 
due to decreased production of aldosterone. The risk of 
hyperkalemia is greatest in patients with recognized risk fac-
tors (congestive heart failure with renal insufficiency). 
Measurement of plasma concentrations of potassium may be 
indicated in treated patients. ACE inhibitors are to be avoided 
in pregnancy due to their potential to induce oligohydram-
nios, other fetal developmental abnormalities, or fetal demise.

Perioperative Management
Although recent perioperative guidelines have suggested 
continuing ACE inhibitors/ARBs before non-cardiac sur-
gery, adverse circulatory effects during anesthesia have been 
recognized in patients chronically treated with ACE 
 inhibitors/ARBs, leading to the recommendation that these 
drugs be discontinued 24 hours before anesthesia and major, 
low-risk, urgent, or emergent surgery. Prolonged hypoten-
sion has been observed in patients undergoing general anes-
thesia for minor surgery in whom ACE inhibitor therapy was 
maintained until the morning of surgery. Surgical procedures 
with major fluid shifts have also been associated with hypo-
tension in patients treated with ACE inhibitors.

Treatment with ACE inhibitors does not increase the 
incidence of hypotension after the induction of anesthesia in 
patients with infarction-induced myocardial dysfunction. 
Exaggerated hypotension attributed to continued ACE inhib-
itor therapy has been responsive to crystalloid fluid infusion 
and/or administration of sympathomimetics such as ephed-
rine or phenylephrine. If hypotension is refractory to treat-
ment, treatment with vasopressin is usually effective. ACE 
inhibitors may increase insulin sensitivity and hypoglycemia, 
which is a concern when these drugs are administered to 
patients with diabetes mellitus.

 M. Bauer



217 11

 5 Captopril – Captopril is an oral vasodilator that inhibits 
the formation of angiotensin II in the lung. The subse-
quent decrease in plasma AT-II levels leads to decreased 
arterial and venous vasomotor tone, generally without 
eliciting tachyphylaxis or reflex hemodynamic changes.

In common with all ACE inhibitors, captopril 
reduces preload and afterload on the heart. It promotes 
renal excretion of sodium and water, reducing the 
circulating blood volume. Treatment with captopril is 
associated with survival benefit after myocardial 
infarction, congestive heart failure, or hypertension. 
Captopril may delay the development of renal disease in 
patients with diabetes mellitus, and counteracts ven-
tricular remodeling after myocardial infarction.

 5 Also in common with all ACE inhibitors, captopril may 
reversibly reduce kidney perfusion and decrease kidney 
function. Patients with bilateral renal artery stenosis are 
at risk for kidney failure. Due to suppressed aldosterone 
activity, hyperkalemia may occur. A common side effect 
is chronic nonproductive cough, secondary to the 
inhibition of the breakdown of bradykinin. Angioedema, 
a life-threatening condition potentially causing airway 
obstruction, is a rare adverse effect.

 5 Enalapril and Enalaprilat – Enalapril is an oral ACE 
inhibitor used for the treatment of hypertension and 
congestive heart failure. The therapeutic and side effects 
of enalapril are very similar to those of captopril. As an 
inactive prodrug, it first must undergo hepatic metabo-
lism into its active form, enalaprilat.

 5 Enalaprilat is an intravenous ACE inhibitor, used 
primarily to treat severe hypertension. Its therapeutic 
and side effects are similar to those of captopril. It has a 
duration of action longer than nitrates, eliminating the 
need for continuous infusion. Enalaprilat decreases 
peripheral vascular resistance without eliciting reflex 
tachycardia, an increase in cardiac output and myocar-
dial oxygen consumption.

 5 Lisinopril and Ramipril – Lisinopril and ramipril are 
oral ACE inhibitors—prodrugs used for the treatment of 
hypertension. They must first undergo hepatic metabo-
lism into their active form. Their therapeutic and side 
effect profile is very similar to that of captopril. In renal 
insufficiency, dose adjustment is required.

 5 Fosinopril – Fosinopril is an oral ACE inhibitor used for 
the treatment of hypertension. It must be converted into 
an active metabolite in the liver and the gastrointestinal 
tract. It is eliminated by biliary excretion, therefore, 
unlike other ACE inhibitors, it does not need dose 
adjustment in patients with kidney insufficiency.

 5 Perindopril, Trandolapril, Moexipril – Perindopril, 
trandolapril, and moexipril are oral ACE inhibitors used 
for management of left ventricular dysfunction after 
myocardial infarct, as well as treatment of hypertension. 
These prodrugs must be hydrolyzed in the liver into 
their active metabolites. Their action and side effect 
profile is similar to that of captopril.

 Angiotensin II Receptor Blockers
Angiotensin II levels may increase and maintain elevated blood 
pressure despite adequate treatment with ACE inhibitors, due 
to AT-II production via non-ACE-dependent pathways. 
Angiotensin II receptor blockers produce antihypertensive 
effects by blocking the vasoconstrictive actions of AT II with-
out affecting ACE activity. Because these drugs do not inhibit 
ACE, they do not cause an increase in bradykinin, which con-
tributes to some of the side effects, for example, dry cough and 
angioedema, of ACE inhibitors. Their effects and indications 
(hypertension, post-myocardial infarction and heart failure, 
prevention of renal insufficiency in diabetics) and are similar 
to angiotensin converting enzyme inhibitors.

ARBs are preload-and afterload-reducers, they down- 
regulate sympathetic activity by blocking AT-II effect on 
peripheral norepinephrine release and reuptake, they act as 
diuretics and natriuretics by blocking aldosterone secretion, 
and counteract cardiac remodeling associated with hyperten-
sion, heart failure and myocardial infarction. ARBs may be 
preferred to ACE inhibitors in hypertensive patients with 
heart failure, ischemic heart disease, and/or post-myocardial 
infarction. Angiotensin receptor blockers are generally well 
tolerated with a low incidence of side effects and drug inter-
actions. In common with ACE inhibitors, ARBs are contrain-
dicated in pregnancy.

In the presence of bilateral renal artery stenosis, AT-II con-
stricts the efferent glomerular arteriole more than the afferent 
arteriole, allowing for adequate glomerular capillary pressure 
and filtration. ACE inhibitors and ARBs eliminate this effect of 
AT-II. In the presence of at least 1 unaffected kidney, sufficient 
filtration can still be maintained even after AT-1 receptors are 
blocked; however, when a solitary kidney or bilateral renal 
artery stenosis is present, kidney function may worsen.

 5 Losartan – Losartan is an oral ARB indicated for the 
treatment of hypertension and lowering fatal and nonfatal 
cardiac and cerebrovascular events, especially when left 
ventricular hypertrophy is present. Both losartan and its 
first metabolite are active and effectively antagonize AT-II 
action on the AT-1 receptor. Volume and salt deficit 
should be corrected before treatment with losartan. In the 
presence of liver and kidney disease, or in patients whose 
kidney function depends on the activity of the renin-
angiotensin-aldosterone system, dosage adjustment, 
withholding, or discontinuation may be required, and 
periodic monitoring of kidney function and potassium is 
necessary. It is contraindicated in pregnancy.

 5 Valsartan – Valsartan is an ARB used as monotherapy 
or in combination with amlodipine and/or hydrochloro-
thiazide for the initial management of hypertension and 
heart failure with reduced ejection fraction. It conveys 
morbidity and mortality benefit in clinically stable 
patients with symptomatic heart failure or left ventricu-
lar dysfunction after MI. Valsartan may be given as part 
of the standard post-MI regimen, along with aspirin, 
beta-blockers, statins, and thrombolytics. It is contrain-
dicated in pregnancy.
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 5 Irbesartan – Irbesartan is an oral ARB. Its indications, 
therapeutic and side effect profile is similar to that of 
losartan and valsartan.

 5 Olmesartan, Candesartan, Telmisartan, Eprosartan – 
Olmesartan and candesartan are taken as prodrugs, and 
are metabolized into their active form during their 
absorption from the gastrointestinal tract. Candesartan 
is the only ARB depending on its metabolism for clinical 
effect. Dose adjustment is required in the presence of 
kidney disease.

 5 Olmesartan, telmisartan, and eprosartan do not require 
dose adjustment in the presence of mild to moderate 
kidney disease.

 Beta Receptor Blockers
Beta blockers have been shown to reduce mortality after 
myocardial infarction, congestive heart failure, hypertension, 
and chronic angina. The properties of these antiarrhythmic 
agents have been discussed previously. This section will 
briefly review the role of beta blockers in the treatment of 
hypertension and congestive heart failure.

Beta adrenoceptor antagonists blunt the effect of sympa-
thetic stimulation on the cardiovascular system. The magni-
tude of this effect depends on the density of receptors at the 
effector sites, and the availability and relative concentration 
of both the agonist catecholamines, and the antagonist recep-
tor blockers. Beta blockers inhibit myocardial and peripheral 
vascular β1-receptors to reduce heart rate, contractility, and 
myocardial O2 consumption. By decreasing heart rate, beta 
blockers increase diastolic filling time, and improve O2 and 
substrate delivery to the left ventricle. By decreasing contrac-
tility, beta blockers reduce left ventricular ejection velocity 
and decrease shear forces on the aorta in the presence of dis-
section, and reduce dynamic ventricular outflow tract 
obstruction; for example, in hypertrophic obstructive cardio-
myopathy or the tetralogy of Fallot. SVR may increase due to 
inhibition of β2 vasodilation; beta blockers should therefore 
be used with caution in patients with peripheral vascular dis-
ease. Beta blockers are generally not preferred as a first-line 
agent for initial management of hypertension, but may be 
considered as add-on therapy in patients who do not respond 
adequately to treatment with other drug classes. They can 
precipitate congestive heart failure, especially when used 
with other myocardial depressants; for example, calcium 
channel blockers. Abrupt perioperative discontinuation of 
beta blocker therapy may produce rebound tachycardia and 
hypertension.

Traditionally, beta-receptor antagonists are classified on 
the basis of their relative selectivity for β1- and β2- receptors, 
the presence or absence of intrinsic agonistic (sympathomi-
metic) activity and their pharmacokinetic features.

Cardioselectivity
The first generation of beta blockers (propranolol) nonselec-
tively blocked both β1- and β2-receptors. Second- generation 
cardioselective beta blockers have greater affinity for β1- than 

for β2-adrenoceptors, and are less likely to produce undesired 
side effects (bronchoconstriction, increased SVR). β1-
selectivity is dose-dependent; therefore, caution should be 
exercised when administering a beta-blocker to a patient 
with reactive airway disease.

Examples of cardioselective beta blockers: metoprolol, 
atenolol, bisoprolol, esmolol, betaxolol, and acebutolol.

Examples of nonselective beta blockers: labetalol, 
carvedilol, nadolol, timolol, sotalol, and propranolol. Timolol 
eye drops can produce systemic beta blockade.

 5 Labetalol – Labetalol is a long-acting nonselective 
beta-receptor blocker with selective alpha1-receptor 
blocking properties. Its alpha1 to beta receptor blocking 
ratio is 1:3 when administered by mouth, and 1:7 when 
administered intravenously. It produces dose-related 
vasodilation without eliciting reflex tachycardia. 
Labetalol decreases blood pressure and systemic vascular 
resistance. Heart rate may slightly increase; stroke 
volume and cardiac output remain unchanged. Due to 
its long duration of action, it is usually not preferred for 
intraoperative minute-to-minute control of hemody-
namic variables.

 5 Carvedilol – Carvedilol is a nonselective beta-adrenergic 
blocking agent with selective activity on peripheral 
alpha1 receptors. It is used for management of hyperten-
sion, either as monotherapy or in combination with 
other agents. Carvedilol has demonstrated survival 
benefit and is now also part of the standard treatment 
regimen for clinically stable patients who have survived 
the acute phase of MI and have a left ventricular ejection 
fraction of less than 40%. In hypertensive patients with 
left ventricular dysfunction (those who depend on 
beta-adrenergic stimulation in order to maintain 
cardiovascular compensation), the usual (lower) heart 
failure dosage applies (instead of that for hypertension). 
Contraindications to the use of carvedilol include 
high-degree atrioventricular block, bronchial asthma or 
other reactive airway disease, cardiogenic shock, 
decompensated congestive heart failure (CHF) requiring 
inotropes, severe liver dysfunction, and history of severe 
hypersensitivity reactions. Abrupt discontinuation of 
carvedilol may precipitate cardiac ischemia or malignant 
ventricular arrhythmias, as well as thyroid storm in 
patients with thyrotoxicosis.

Intrinsic Sympathomimetic Activity
Certain beta blockers may act as a competitive partial 
agonist- antagonist on peripheral β-receptors, and elicit a 
submaximal response at maximal occupancy. This phenom-
enon is referred to as intrinsic sympathomimetic activity, or 
ISA. These agents will prevent a beta-agonist from binding to 
its receptor, and will decrease blood pressure and systemic 
vascular resistance while resulting in less resting bradycardia 
and maintaining resting cardiac output than is observed with 
beta-blockers without ISA. Long-term treatment with agents 
with ISA result in a decrease of blood pressure due to 
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decreased vascular resistance, rather than decreased cardiac 
output. These agents may be useful in patients who are unable 
to tolerate excessive bradycardia resulting from treatment 
with beta blockers. Agents with ISA have not been shown to 
be beneficial after myocardial infarction and are not included 
in standard post-MI treatment regimens. They are less effec-
tive than other beta blockers in the treatment of angina and 
tachycardia.

Examples of beta blockers with ISA: pindolol and acebu-
tolol.

Perioperative Management
Perioperative cardiac complications are not uncommon, 
with 2% of patients suffering major cardiac complications, 
and 8% showing evidence of significant myocardial injury. 
According to the 2014 ACC/AHA Perioperative Clinical 
Practice Guideline, continuation of long-standing beta 
blocker therapy is recommended. Beta blockers should not 
be started on the day of surgery in beta-blocker-naïve 
patients. In patients with intermediate or high periopera-
tive risk, or in patients with at least 3 Revised Cardiac Risk 
Index (RCRI) risk factors, it may be reasonable to initiate 
beta blocker therapy at least 24 h prior to surgery. It may 
also be reasonable to initiate perioperative beta blocker 
therapy long enough in advance to assess safety and toler-
ability; however, it is uncertain whether starting beta 
blockers benefits those with long-term indications, but no 
other RCRI risk factors. In the perioperative setting, beta 
blockers have been confirmed to reduce the incidence of 
postoperative atrial fibrillation when started before or 
immediately after surgery. Initiation of beta blocker ther-
apy prior to surgery is currently reserved for patients with 
significant coronary artery disease undergoing surgical 
coronary revascularization.

 Calcium Channel Blockers: Dihydropyridines
Calcium channel blockers have a multifaceted profile of 
therapeutic effects. Calcium channel blockers are used pri-
marily as anti-ischemic agents for treatment and prevention 
of stable angina pectoris. Common to all calcium channel 
blockers, but to a different extent in each class, they act as 
peripheral vasodilators without eliciting reflex tachycardia, 
they induce coronary vasodilation, they are negative ino-
tropes, and have electrophysiologic depressant properties. 
The non- dihydropyridine diltiazem and verapamil are used 
for rate control in acute cardiac ischemia, when beta block-
ers are contraindicated. Most importantly, calcium channel 
blockers are first-line agents as potent coronary vasodila-
tors in the treatment of Prinzmetal (variant, vasospastic) 
angina.

As discussed previously, dihydropyridines act on the 
peripheral arteriolar beds, and produce marked peripheral 
vasodilation with direct and indirect effect on heart rate, AV 
conduction, and inotropy. Examples are the rapid-acting 
antianginal nifedipine, the long-acting vasodilator nicardip-
ine, the highly lipid-soluble nimodipine (favoring cerebral 
vessels), amlodipine, felodipine, or isradipine.

 5 Nifedipine – Nifedipine is primarily indicated in the 
management of Prinzmetal angina. Only its extended- 
release formulations are recommended for the treatment 
of hypertension, as well as the management of Raynaud’s 
disease. Conventional (immediate-release) formulations 
are contraindicated in the management of acute myocar-
dial infarction due to its negative inotropy and reflex 
sympathetic activation.

 5 Nicardipine – Nicardipine is a highly potent peripheral 
vasodilator that inhibits calcium influx into the myocar-
dium and vascular smooth muscle. Nicardipine has no 
effects on the SA node and AV node. It produces 
clinically insignificant negative inotropy, and may be 
combined with a beta-blocker for the treatment of 
angina. This drug has the greatest vasodilating effects of 
all the CCBs, with vasodilation being particularly promi-
nent in the coronary arteries. Because of all the antiangi-
nal drugs dihydropyridines produce the greatest 
peripheral vasodilation, either nifedipine or nicardipine 
may be useful in patients who have residual hyperten-
sion despite adequate beta-adrenergic blockade. 
Nicardipine produces dose-related decrease in both 
systolic and diastolic blood pressure. Nicardipine is 
frequently used as a tocolytic. When administered, it 
binds to the inside of the myometrial L-channels causing 
them to remain closed, and inhibiting uterine contrac-
tions. Pulmonary edema has been reported when 
nicardipine was used as tocolytic. Its use is contraindi-
cated in patients with severe aortic stenosis: A decrease 
in diastolic pressure may worsen myocardial oxygen 
balance.

 5 Nimodipine – Nimodipine is a highly lipid-soluble 
analogue of nifedipine. This high degree of lipid solubil-
ity facilitates its penetration into the central nervous 
system, where it blocks the influx of extracellular 
calcium necessary for contraction of large cerebral 
arteries. This is especially valuable during the treatment 
and prevention of cerebral vasospasm after subarach-
noid hemorrhage. Nimodipine has minimal negative 
inotropic effect on the myocardium.

 5 Amlodipine – Amlodipine is a dihydropyridine calcium 
antagonist only available in oral form, with minimal 
cardiodepressant effects. Its anti-ischemic effects are 
comparable to beta-blockers in patients with acute 
coronary syndrome. The combination of amlodipine and 
a beta blocker is more effective in the treatment of 
myocardial ischemia than either drug alone. Its actions 
are resembling those of nifedipine. It is used primarily 
for oral treatment of hypertension.

 5 Felodipine – Felodipine is primarily a peripheral 
vasodilator with no clinically significant negative 
inotropy. Its actions are resembling those of nifedipine. 
It is used for oral treatment of hypertension.

 5 Isradipine – Isradipine is a peripheral vasodilator with 
no clinically significant negative inotropy. Its actions are 
resembling those of nifedipine. It is used for oral 
treatment of hypertension.
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 Direct Vasodilators: Hydralazine, 
Nitroglycerine, Nitroprusside

 5 Hydralazine – Hydralazine is a direct systemic arteriolar 
vasodilator, with minimal venodilator (preload and 
postural) effects. Its mechanism of action is not fully 
understood. It appears to interfere with calcium move-
ments within the cell that initiate and maintain the 
contractile state. Hydralazine decreases systemic blood 
pressure (systolic less than diastolic). Hydralazine may 
produce reflex sympathetic nervous system stimulation: 
It increases renin and AT-II activity, which leads to 
aldosterone stimulation and sodium reabsorption; 
tachycardia and increased myocardial contractility 
results in an increase in cardiac output, and may provoke 
angina. Patients with coronary artery disease should be 
monitored for myocardial ischemia. The use of hydrala-
zine to treat pulmonary hypertension is not recom-
mended since the associated systemic vasodilation may 
result in systemic hypotension. Hydralazine has a 
relatively slow onset of action with peak effect occurring 
by 20 min. With chronic PO use, a lupus-like reaction 
may occur.

 5 Nitroglycerine – Nitroglycerine is a direct coronary 
vasodilator with greater effects on the venous than on 
the arterial system. Its mechanism of action and effects 
are described in a previous section.

 5 Nitroprusside – Sodium nitroprusside (SNP) is a 
direct-acting, nonselective vasodilator. It is indicated for 
rapid correction of hypertensive emergencies. It pro-
duces vasodilation by directly increasing intracellular 
nitric oxide levels; its effects on arteries and veins are 
balanced. Nitroprusside lacks effect on nonvascular 
smooth muscle and the myocardium; however, reflex 
tachycardia and increased inotropy may occur, making it 
an undesirable drug of choice for the treatment of aortic 
dissection, where shear forces should be minimized. Its 
immediate onset of action and short duration allows for 
IV infusion and precise titration of dosage.

As nitroprusside interacts with oxyhemoglobin (HbFe2+), it 
dissociates immediately and forms methemoglobin (HbFe3+) 
while releasing nitric oxide (NO) and the highly toxic free 
cyanide ions. In contrast to the organic nitrates (for example, 
nitroglycerin), nitroprusside does not require the presence of 
sulfhydryl compounds to generate NO, instead it spontane-
ously produces them and therefore acts as a prodrug. Nitric 
oxide is the active mediator in the vasodilating effects of SNP: 
It activates the guanylate cyclase present in vascular smooth 
muscle and increases cGMP, which in turn decreases Ca2+ 
entry into the cell and intracellular Ca2+ concentration.

Nitroprusside’s degradation products are rapidly cleared 
via non-enzymatic pathways. Each SNP molecule releases 5 
cyanide ions. Cyanide ions undergo sulfurilation by the 
hepatic and kidney enzyme rhodanase (also known as thio-
sulfate sulfurtransferase, indicating that thiosulfate must be 

available for the trans-sulfuration to take place) to form thio-
cyanate, and are excreted in the urine. Availability of thiosul-
fate is the rate-limiting step in cyanide detoxification. Excess 
cyanide ions immediately react with methemoglobin to form 
cyanmethemoglobin. When sulfur donors and methemoglo-
bin are exhausted, unscavenged free cyanide radicals may 
accumulate and bind to tissue cytochrome oxidase, to inhibit 
mitochondrial oxidative phosphorylation. This leads to tis-
sue hypoxia despite adequate levels of available oxygen.

The most common adverse effect of SNP is hypotension 
and dysrhythmias. Tachyphylaxis may occur, requiring 
adjustments in dosage for the necessary effect. Thiocyanate 
toxicity is infrequent, and presents with nausea, abdominal 
pain, hyperreflexia, tinnitus, seizures, and changes in mental 
status. Thiocyanate clearance can be facilitated by dialysis. 
Rarely, cyanide toxicity ensues.

Signs and symptoms of cyanide toxicity are hypertension 
(secondary to tachyphylaxis), arrhythmias, ST segment 
changes, altered mental status, seizures, coma, elevated 
mixed venous pO2 (due to inhibition of cellular O2 utiliza-
tion), increasing base deficit, and metabolic acidosis. No cya-
nosis is seen; SpO2 remains high.

Treatment includes immediate discontinuation of nitro-
prusside, mechanical ventilation with 100% oxygen, and cor-
rection of acidosis with bicarbonate. Mild toxicity (stable 
hemodynamics with discontinuation of SNP, base deficit less 
than 10) can be treated with thiosulfate (150 mg/kg IV bolus 
over 15 min). Severe toxicity (worsening hemodynamics even 
after discontinuation of SNP, base deficit greater than 10) is 
treated with 3% sodium nitrite (4–6  mg/kg over 5  min). 
Sodium nitrite converts oxyhemoglobin to methemoglobin, 
which competes with cytochrome oxidase for the cyanide ions. 
Hydroxocobalamin is an alternative to thiosulfate or sodium 
nitrite. It binds cyanide to form cyanocobalamin, which acts as 
a nontoxic reservoir and is excreted by the kidneys.

 Ganglionic Blockade: Trimethaphan
Trimethaphan dilates peripheral arteries by blocking cholin-
ergic transmission on nicotinergic autonomic ganglia by 
binding to the postsynaptic ACh-receptor. It is a short-acting 
competitive acetylcholine-antagonist with both sympatho-
lytic and parasympatholytic effects. It causes vasodilation 
and tachycardia. Common side effects are mydriasis, urinary 
retention, and ileus. Its use is very limited; it has been used 
for inducing controlled hypotension during surgery, reduc-
tion of blood pressure during hypertensive emergencies (for 
example, in patients with a dissecting aortic aneurysm), or 
for the emergency treatment of pulmonary edema.

11.2.6  Considerations for Treatment 
of Pulmonary Hypertension

Pulmonary hypertension—sustained elevated pressure within 
the pulmonary artery—is a heterogenous and frequently 
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 progressive disorder of the pulmonary vasculature that ulti-
mately leads to increased pulmonary vascular resistance, 
right heart failure, and death, due to constrained pulmonary 
blood flow and vascular remodeling of the resistance arteries. 
Multiple pathways of pathogenesis have been implicated in 
the development of pulmonary arterial hypertension; exces-
sive cell proliferation, reduced apoptosis, endothelial dys-
function, and an imbalance of the vasoconstrictor/vasodilator 
milieu appearing to be the predominant cause. Based on the 
etiology, the World Health Organization (WHO) classifies 
pulmonary hypertension into 5 groups:
 1. Idiopathic pulmonary arterial hypertension, familial 

arterial hypertension, and pulmonary arterial hyperten-
sion associated with connective tissue disorders, portal 
hypertension, human immunodeficiency virus (HIV) 
infection, congenital left-to-right shunt, or venous or 
capillary involvement

 2. Pulmonary arterial hypertension with left heart disease
 3. Pulmonary arterial hypertension associated with 

hypoxia and/or lung disease
 4. Pulmonary arterial hypertension caused by chronic 

thrombotic and/or embolic disease
 5. Pulmonary arterial hypertension due to miscellaneous 

causes

Treatment is geared toward symptomatic relief, enhance-
ment of functional capacity, improvement of quality of life, 
slowing disease progression, and prolongation of survival. 
Basic management strategies involve lifestyle modifications 
including physical activity appropriate to functional capacity, 
oxygen supplementation when chronic hypoxemia develops, 
diuresis for right ventricular preload reduction, avoidance of 
pregnancy, and oral anticoagulant therapy to decrease risk of 
venous thromboembolism. The optimal management of pul-
monary hypertension is always individualized.

 Calcium Channel Blockers
Based on the American College of Cardiology Foundation 
(ACCF)/AHA 2009 Expert Consensus Document on 
Pulmonary Hypertension, vasodilator testing (administra-
tion of a pulmonary vasodilator to assess pulmonary vascular 
reactivity) should be performed in patients with idiopathic 
pulmonary arterial hypertension, and chronic responders 
should be considered for long-term treatment with calcium 
channel blockers. Commonly used agents are long-acting 
nifedipine, diltiazem, or amlodipine. Verapamil should be 
avoided.

 Endothelin-Receptor Antagonists
Endothelin-1 (ET-1) is a proinflammatory mediator—a 
direct vasoconstrictor that stimulates pulmonary vascular 
smooth muscle cell proliferation and induces fibrosis. Its 
effects are mediated through the ETA receptors that mediate 
vasoconstriction and smooth muscle proliferation, and the 
ETB receptors that induce production of nitric oxide and 

prostacyclin, and mediate ET-1 clearance. Clearance of ET-1 
is diminished in pulmonary hypertension.

 5 Bosentan – Bosentan is an orally active dual ETA and 
ETB antagonist. It is approved for treatment of WHO 
group 1 pulmonary hypertension to slow clinical 
deterioration and enhance functional capacity in 
patients who are not candidates for treatment with 
calcium channel blockers.

 5 The use of bosentan increases the risk of severe hepatic 
injury, liver cirrhosis, and liver failure. Liver function 
should be monitored monthly while taking bosentan. 
Bosentan may cause serious birth defects. Pregnancy 
should be ruled out prior to initiation of treatment and 
monthly thereafter. It should be avoided in patients with 
elevated transaminases and is contraindicated in 
pregnancy. Angioedema, fluid retention, and possible 
dose-related decreases in hemoglobin and hematocrit 
has been reported.

 Prostaglandin Analogues
Prostacyclin (prostaglandin I2, PGI2, PGX) and thromboxane 
A2 are the main metabolites of arachinoid acid with opposing 
effects on the vascular smooth muscle. Thromboxane A2 
induces vasoconstriction and promotes platelet activation, 
whereas PGI2 is a vasodilator with platelet inhibitor effects. In 
pulmonary arterial hypertension, their physiologic balance is 
shifted toward thromboxane A2. This promotes smooth mus-
cle cell proliferation, vasoconstriction, and thrombogenesis. 
The activity of prostacyclin synthase is decreased in pulmo-
nary hypertension, leading to low levels of the vasodilator 
and antiproliferative PGI2. Restoring the balance between 
vasodilating and vasoconstricting factors, including the 
administration of prostacyclin analogues, is a mainstay of the 
medical management of pulmonary hypertension.

 5 Epoprostenol – PGI2-analogue epoprostenol is used for 
the long-term treatment of idiopathic pulmonary 
hypertension, and pulmonary hypertension associated 
with scleroderma spectrum diseases. It improves 
functional class, exercise tolerance, and hemodynamics. 
Its 2 main pharmacological actions are: (1) direct 
pulmonary and systemic vasodilation, and (2) platelet 
inhibition. It is an afterload reducer for both the left and 
the right ventricle. It produces dose-related decreases in 
pulmonary vascular resistance; it increases stroke 
volume and cardiac output.

Epoprostenol is usually administered as a continuous 
infusion into a central vein. Dosing must be individual-
ized; however, optimal dose range for long-term therapy 
is believed to be 25–40 ng/kg/minute, when used as 
monotherapy. Alternatively, it may be delivered as an 
inhaled aerosol, for example for the treatment of acute 
right ventricular failure in the intraoperative or early 
postoperative setting. Common side effects are head-
ache, flushing, nausea, diarrhea, and musculoskeletal 
pain. Contraindications to its chronic use include 
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congestive heart failure due to severe left ventricular 
systolic dysfunction, pulmonary edema during initial 
treatment, or known hypersensitivity to epoprostenol or 
structurally related agents. Abrupt withdrawal or sudden 
dose adjustments should be avoided. Its use should be 
limited to centers experienced with its administration 
and with systematic follow-up with patients.

 5 Iloprost – Iloprost is a stable prostacyclin-analogue 
delivered as an inhaled aerosol to patients with idio-
pathic pulmonary hypertension, pulmonary hyperten-
sion associated with scleroderma spectrum diseases or 
appetite suppressants, or pulmonary hypertension 
related to chronic thromboembolic disease. In the acute 
setting, iloprost decreases pulmonary vascular resis-
tance; with long-term use, in addition to its pulmonary 
vasodilator effects it suppresses pulmonary vascular 
smooth vessel proliferation.

Iloprost is delivered as an inhaled aerosol. It is 
approved for functional class III and IV to relieve 
symptoms, enhance exercise tolerance, and diminish 
disease progression. Its adverse effects are similar to 
those of epoprostenol. Its use should be avoided in 
pre-existing hypotension. It may induce bronchospasm 
in patients with reactive airway disease. Caution should 
be used with its administration in the presence of 
increased risk of bleeding, anticoagulation, or other 
bleeding disorders. Abrupt withdrawal or sudden dose 
adjustments should be avoided. The use of iloprost 
should be limited to centers experienced with its 
administration and with systematic follow-up with 
patients.

 5 Treprostinil – Treprostinil is a stable prostacyclin- 
analogue that can be taken by mouth, administered into 
a central vein, or subcutaneously (preferred). Its main 
actions are pulmonary arterial vasodilation and inhibi-
tion of platelet aggregation. It is approved to decrease 
exercise-related symptoms and diminish clinical 
deterioration.

Treprostinil may induce symptomatic hypotension. It 
may increase risk of bleeding. There appears to be an 
increased risk of Gram-negative bloodstream infections, 
especially in patients receiving intravenous treatment via 
a chronic indwelling catheter. Its side effects are similar 
to those of epoprostenol. Abrupt withdrawal or sudden 
dose adjustments should be avoided. Its use should be 
limited to centers experienced with its administration 
and with systematic follow-up with patients.

 Phosphodiesterase-5 Inhibitors
Phosphodiesterase-5 (PDE-5) is the intracellular enzyme 
responsible for degrading cyclic nucleotide monophosphates. 
It limits signal transduction by cAMP and cGMP—second 
messengers implicated in pathogenetic pathways leading to 
pulmonary hypertension. cGMP is involved in mechanisms 
of pulmonary vasodilation; its rapid hydrolysis by PDE-5 sig-
nificantly limits its effect on vasomotor tone.

 5 Sildenafil – Sildenafil is a PDE-5 inhibitor initially 
indicated for treatment of erectile dysfunction. It 
enhances the effect of nitric oxide in the corpus caverno-
sum and the pulmonary arterial smooth muscle. It is 
approved for treatment of WHO group 1 pulmonary 
hypertension to improve functional capacity and delay 
disease progression; its unlabeled indication is treatment 
of pulmonary hypertension after recent left ventricular 
assist device placement.

Common side effects associated with the use of 
sildenafil are headache, flushing, dyspepsia, epistaxis, 
and disturbances of color discrimination. It may 
potentiate the effects of antihypertensive agents. The use 
of sildenafil for pulmonary hypertension should be 
avoided with strong CYP3A4 inhibitors. The use of 
sildenafil is contraindicated with concurrent use of 
organic nitrates and guanylate cyclase stimulant rio-
ciguat.

 5 Tadalafil – Tadalafil is a longer-acting PDE-5 inhibitor 
approved for treatment of erectile dysfunction, benign 
prostate hypertrophy, and WHO group 1 pulmonary 
hypertension in patients who are not candidates for 
treatment with calcium channel blockers. Its mechanism 
of action is similar to that of sildenafil. It is taken by 
mouth as a once-daily dose. It may be considered for 
combination therapy with a prostacyclin analogue or 
ET-1 receptor antagonist.

Its side effects are similar to those of sildenafil. It may 
potentiate the effects of antihypertensive agents.

Its use is not recommended in patients with recent 
myocardial infarction or stroke within 6 months; 
uncontrolled arrhythmias, hypotension, uncontrolled 
hypertension, heart failure, or unstable angina. It should 
be avoided when severe aortic stenosis or dynamic left 
ventricular outflow tract obstruction is present. 
Concomitant use of organic nitrates is contraindicated.

 Nitric Oxide
Nitric oxide (NO) is a potent, endothelium-derived, cGMP- 
dependent direct vasodilator generated from the terminal 
guanidine nitrogen of L-arginine. It is produced by 3 iso-
forms of nitric oxide synthase (NOS) in response to hypoxia, 
pulsatile flow, and flow-induced sheer stress on the arterial 
wall. It exists in the gaseous form and is administered as an 
inhalational agent. Once inhaled, it diffuses to target cells 
and activates guanylate cyclase to increases cGMP produc-
tion: an increased cGMP concentration subsequently leads to 
vasorelaxation. NO diffuses across the pulmonary capillary 
endothelium into the circulation. Once in the circulation, it 
avidly binds to the iron of heme-based proteins; it is rapidly 
inactivated by hemoglobin.

In pulmonary arterial hypertension decreased NOS3 
activity is present, resulting in decreased NO-induced pul-
monary vasodilation. The use of nitric oxide is favored in the 
treatment of pulmonary hypertension for its selective pulmo-
nary  vasodilator and antiproliferative effects. It vasodilates 
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the well-ventilated areas, and improves V/Q matching. It 
inhibits platelet activation, aggregation, and adhesion. It is 
synergistic with PGI2, allowing the endothelium to maintain 
its antithrombotic properties.

Nitric oxide is used to treat persistent pulmonary hyper-
tension of the newborn. As with inhaled prostaglandin ana-
logues, it does not appear to improve clinical outcomes in 
acute respiratory distress syndrome (ARDS).

11.2.7  Drug Therapy for Heart Failure

Heart failure is a constellation of clinical symptoms (primar-
ily fatigue and dyspnea) secondary to impaired left ventricu-
lar systolic (reduced ejection fraction) or diastolic (preserved 
ejection fraction) function, and/or elevated intracardiac 
pressures. The 2013 AHA/ACC guidelines classify the syn-
drome by its evolution from asymptomatic preclinical stages 
to progression to advanced structural heart disease and 
symptomatology at rest, refractory to maximal medical man-
agement. These guidelines also complement the widely 
accepted functional classification of symptomatic heart fail-
ure by the New York Heart Association (NYHA I-IV).

Chronic heart failure is a condition characterized by 
vasoconstriction, volume overload, and neurohormonal acti-
vation. The goal of its pharmacological management is to 
reduce vascular tone, reduce sympathetic activation, and 
improve cardiac function. Conventional treatment options 
include angiotensin-converting enzyme inhibitors, angioten-
sin II receptor blockers, aldosterone antagonists, beta block-
ers, and the combination of isosorbide dinitrate and 
hydralazine and diuretics. Novel approaches are now the use 
of ivabradine and angiotensin receptor-neprilysin inhibitor/
ARB combinations.

 Nesiritide
Nesiritide is a recombinant human B-type natriuretic pep-
tide with vasodilatory properties. It binds to vascular endo-
thelial and smooth muscle A- and B-type natriuretic peptide 
receptors. It increases cGMP levels. cGMP serves as a second 
messenger to produce arterial and venous dilation. Much like 
endogenous natriuretic peptides, it suppresses the sympa-
thetic nervous system, the renin-angiotensin-aldosterone 
system, and endothelin. Based on the results of initial trials 
and the observed reduction of pulmonary capillary wedge 
pressure and symptomatic relief, it was first approved for 
treatment of patients with acute decompensated heart fail-
ure; however, the Acute Study of Clinical Effectiveness of 
Nesiritide in Decompensated Heart Failure (ASCEND-HF) 
demonstrated that nesiritide did not convey advantage over 
standard treatment of acute decompensated heart failure.

 Ivabradine
Ivabradine is a novel sinoatrial modulator used for the treat-
ment of chronic stable angina pectoris and heart failure with 
an ejection fraction lower than 35% inadequately controlled 

by beta blockers, in patients with native sinus rhythm. It 
reduces the heart rate by inhibiting cardiac pacemaker 
inward “funny” current in the sinoatrial node, which, unlike 
beta-blockers or calcium channel blockers, produces selec-
tive heart rate control without affecting ventricular repolar-
ization or myocardial contractility. It may prove beneficial for 
the treatment of heart failure with reduced ejection fraction. 
It is contraindicated in sick sinus syndrome, as well as con-
comitant use of CYP3A4 inhibitors; for example, azole anti-
fungals, macrolides, and protease inhibitor antiretrovirals. It 
is contraindicated with the concomitant use of verapamil or 
diltiazem.

 Angiotensin Receptor-Neprilysin  
Inhibitors (ARNI)

Sacubitril/Valsartan
ARNI combinations have been shown to convey mortality 
benefit in patients with chronic heart failure, a condition in 
which neurohormonal activation, volume overload, and 
vasoconstriction play important roles. Natriuretic peptides 
are potent vasodilators with natriuretic properties. They 
reduce sympathetic tone and inhibit the renin-angiotensin- 
aldosterone (RAAS) axis. Neprilysin is an endopeptidase that 
degrades vasoactive and natriuretic peptides. Sacubitril is a 
neprilysin inhibitor, therefore it increases the concentration 
of natriuretic peptides. Its combination with a RAAS- 
inhibitor angiotensin receptor blocker conveys cardiovascu-
lar and renal protection. The PARADIGM-HF (Prospective 
Comparison of ARNI with ACEI to Determine Impact on 
Global Mortality and Morbidity in Heart Failure) trial dem-
onstrated significant reduction in cardiovascular and all- 
cause mortality, as well as heart failure-related hospital 
readmissions in patients with Class II-IV heart failure and 
reduced ejection fraction when treated with sacubitril/val-
sartan compared to enalapril alone. It should be avoided in 
pregnancy and it should not be administered concomitantly 
with ACE inhibitors.

The updated 2016 ACC/AHA/Heart Failure Society of 
America (HFSA) Guidelines for Management of Heart 
Failure include the addition of ivabradine and sacubitril/val-
sartan to the list of treatment options for patients with heart 
failure and reduced ejection fraction.

11.2.8  Digitalis

Digitalis is a cardiac glycoside that selectively and reversibly 
inhibits the integral membrane protein Na+/K+ ATPase ion 
transport system: the Na+/K+ ATPase maintains gradients for 
Na+ and K+ that determine myocardial excitability and action 
potential. Digoxin is the only commercially available digitalis 
preparation available in the United States. It binds on the 
external alpha subunit, increases intracellular Na+ concentra-
tion, decreases Ca2+ efflux, and augments inotropy by releasing 
calcium from the sarcoplasmic reticulum into the cytoplasm, 
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making more calcium available to generate contraction. 
Digoxin makes resting potential less negative with a resultant 
increase in myocardial excitability. MVO2 is decreased due to its 
effects on wall tension, preload, and afterload.

 Electrophysiologic Effects
 1. Inhibits Na efflux during phase 0
 2. Shortens duration of phase 2. This results in decreased 

duration of the action potential.
 3. Decreases the slope of phase 3 depolarization. This 

results in digoxin’s characteristic effect on the ST- 
segment of the EKG.

 4. Increases the slope of phase 4 repolarization. This leads 
to increased automaticity and ectopic beats.

 5. Shortens AV conduction time. Shortens the refractory 
period in the atria and the ventricles.

 ECG Changes
 1. Increases the PR interval due to delayed AV-conduction.
 2. Characteristic scaphoid ST segment depression due to 

decreased slope of phase 3 depolarization.
 3. Flat or inverse T-waves. The diminished amplitude or 

negative deflection does not correlate with serum levels.
 4. Shortens QT interval. This leads to a more rapid 

ventricular repolarization. This is independent of 
parasympathetic activity.

 Hemodynamic Effects
 1. Preload: decreased
 2. Contractility: augmented, ejection fraction increased
 3. Lusitropy: increased
 4. Afterload: decreased
 5. Heart rate: Digoxin reduces ventricular response rate in 

atrial fibrillation or flutter. It sensitizes arterial barore-
ceptors in the carotid sinus, increases parasympathetic 
activity by activating the vagal nuclei and the ganglion 
nodosum with resultant decreases in SA node activity, 
prolonged effective refractory period and AV conduc-
tion time, resulting in slowed heart rate. Digoxin may 
trigger any type of arrhythmia.

 6. Cardiac output: increased.

Common Clinical Uses Treatment of supraventricular 
tachyarrhythmias, ventricular rate control for atrial fibrillation 
with rapid ventricular response. It has been used for treatment 
of paroxysmal supraventricular tachycardia due to AV-nodal 
reentry or AV- reentry. Historically, it is used for the treatment 
of symptomatic heart failure associated with left ventricular 
dysfunction. Treatment may be initiated in patients who have 
not yet responded to the conventional treatment regimen with 
an ACE inhibitor or a beta-blocker. Digoxin does not provide 
overall mortality benefit, but alleviates symptoms and decreases 
heart failure related hospital admissions. Digoxin does not 
appear to have significant effect on disease progression in 
asymptomatic individuals.

Administration PO or IV. Assuming normal renal function, 
the loading dose for an adult is typically 0.25–0.5 mg incre-
ments IV or IM for a total of 1–1.25 mg. Maintenance dose is 
0.125–0.250 mg/day, based on serum levels and clinical effect.

Adverse Effects dizziness, mental disturbances, diarrhea, 
nausea, vomiting, cardiac dysrhythmias, heart block, and 
visual disturbances.

Warning/Contraindication Administration of digoxin is not 
recommended for asymptomatic (NYHA class I) patients. 
Digoxin is contraindicated when dynamic LVOT obstruction 
is present and in pre- excitation arrhythmias. Caution should 
be used with concomitant use of beta-blockers, calcium chan-
nel blockers, or calcium. Digoxin has a very low therapeutic 
index with a nonlinear dose response. Dose should be reduced 
in hypokalemia, hypothyroidism, extensive myocardial or 
renal damage, and in geriatric patients.

 Digitalis Toxicity
Due to its very narrow therapeutic range, increased latency of 
onset and long duration of action, careful dosage determina-
tion is essential to avoid digitalis toxicity. In addition to drug 
pharmacokinetics and pharmacodynamics, patient character-
istics—for example, age, cardiac and renal functional status, 
other medical comorbidities and their pharmacotherapy—
should be considered. Doses should be individualized. Digoxin 
toxicity has a relatively high mortality rate.

Therapeutic digoxin levels fall between 0.5–2.5  ng/ml. 
Levels of lower than 0.5 ng/ml are non-toxic. Levels higher 
than 3 ng/ml are definitely toxic. Infants and children appear 
to be more tolerant of higher digoxin levels without mani-
festing signs and symptoms of toxicity.

Signs of toxicity include extracardiac (primarily central 
nervous system and gastrointestinal) and cardiac effects. 
Extracardiac manifestations are similar in both acute and 
chronic intoxication.

In pediatric patients, drowsiness, nausea, and vomiting 
are common signs of early toxicity, and may present before or 
after the manifestation of cardiotoxicity. In neonates and 
infants, sinus bradycardia is a premonitory sign of digitalis 
cardiotoxicity.

In adults, early gastrointestinal effects include nausea, 
vomiting, and anorexia. These may present before or after the 
manifestation of cardiotoxicity. Central nervous system effects 
include headache, drowsiness, generalized weakness, visual 
disturbances (color vision is commonly affected), disorienta-
tion, confusion, delusions, hallucinations, delirium, or amne-
sia. Cardiovascular toxicity may develop in the absence or 
presence of other signs and symptoms of toxicity, and includes 
new arrhythmias, especially those that exhibit features of 
increased automaticity and AV-block, premature atrial and 
ventricular beats, and malignant ventricular arrhythmias.

Acute toxicity is usually associated with hyperkalemia, 
whereas chronic toxicity is associated with hypokalemia or 
normokalemia.
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Factors that predispose to toxicity are electrolyte derange-
ments such as hypokalemia, hypomagnesemia, or hypercal-
cemia, diuretic use, alkalosis or acidosis, impaired kidney 
function, hyperventilation, hypocapnia, arterial hypoxemia, 
treatment with quinidine, and decreased muscle mass. 
Hypokalemia increases myocardial binding of glycosides; 
binding of cardiac glycosides to the Na+/K+ ATPase enzyme 
complex is inhibited by elevated potassium levels.

Treatment of Digitalis Toxicity immediate discontinuation of 
digoxin, correction of predisposing factors, treatment of car-
diac dysrhythmias (phenytoin, amiodarone, beta-blockers), 
and temporary pacing. Supplemental K decreases the binding 
of digitalis to myocardial tissue. Digoxin Fab is a special 
digoxin-binding antidote that prevents and reverses toxic 
effects and enhances elimination; as there is no comparable 
alternative treatment, it should be promptly administered to 
patients with digitalis toxicity.

11.2.9  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. You are taking care of a patient undergoing mitral 

annular valvuloplasty for severe mitral regurgitation. 
Shortly after separation from cardiopulmonary bypass, 
ST-segment elevations are noted in lead V5 with recip-
rocal ST-segment depression in lead II. The hypokinetic 
region of the left ventricle most likely reflects compro-
mised flow through which coronary artery?
 A. Left anterior descending artery
 B. Left circumflex artery
 C. Left main stem
 D. Right coronary artery

 2. Common ECG findings of hypercalcemia are:
 A. Slightly prolonged PR interval, shallow or bipha-

sic T-waves, prominent U-waves, ST-segment 
depression

 B. Wide or flat P wave, prolonged PR interval, wide 
QRS, prolonged QT, peaked T-waves, ventricular 
fibrillation

 C. Prolonged QTc (lengthened ST segment), third-
degree AV-block, torsades de pointes, ventricular 
tachycardia

 D. Short PR or QT interval (shortened ST segment), 
flattened T-wave, Osborn-waves

 3. For a chronic beta blocker user patient with recent 
history of percutaneous myocardial revasculariza-
tion with a bare metal stent 10 days prior to his non-
emergent noncardiac surgery, the recommended 
course of action is:
 A. Continue beta blockers and proceed to surgery 

in 10 days.
 B. Wait at least 30 days after bare metal stent place-

ment before undergoing non-emergent non-
cardiac surgery, continue beta blockers in the 
perioperative period.

 C. Wait at least 365 days after bare metal stent 
placement, hold beta blockers preoperatively.

 D. Start clonidine for perioperative cardiac risk 
reduction.

 4. Through what mechanisms does propofol affect 
blood pressure?
 A. Propofol decreases systemic vascular resistance 

and directly depresses the myocardium in the 
absence of significant cardiovascular disease.

 B. At standard induction doses, propofol maintains 
baseline mean arterial pressure by augmenting 
inotropy in response to vasodilation.

 C. At high doses, propofol maintains baseline car-
diac output by proportionally increasing the 
heart rate for a given decrease in SVR and mean 
arterial pressure.

 D. Propofol does not affect systemic vascular resis-
tance or cardiac output.

 5. Through what mechanisms does ketamine change 
blood pressure?
 A. Ketamine enhances cardiac output by directly 

stimulating the sympathetic nervous system; it 
causes tachycardia and acts as a vasoconstrictor 
by increasing peripheral arteriolar resistance.

 B. Ketamine augments myocardial contractility in 
patients with depleted sympathetic reserves.

 C. In patients with adequate myocardial and cate-
cholamine reserve, ketamine decreases baseline 
mean arterial pressure as a result of vasodilation 
and myocardial depression.

 D. Ketamine does not have significant cardiovascu-
lar effects at standard induction doses.

 6. Which statement about the hemodynamic effects of 
etomidate is correct?
 A. Etomidate causes significant cardiorespiratory 

depression in the presence of cardiac and pul-
monary disease.

 B. Etomidate causes significant cardiorespiratory 
depression in the absence of cardiac and pulmo-
nary disease.

 C. Etomidate may cause a small increase in heart 
rate and cardiac output, and may decrease sys-
temic vascular resistance and mean arterial pres-
sure regardless of pre-existing cardiopulmonary 
reserves.

 D. Etomidate does not have any cardiovascular 
effects.

 7. An 82-year-old patient presents for laparoscopic 
cholecystectomy. His medical history is significant 
for severe aortic stenosis with an estimated orifice 
area of 1 cm2. The goals of induction are:
 A. Ensure full preload to maintain adequate left ven-

tricular end diastolic pressure and forward stroke 
volume, maintain normal sinus rhythm, avoid 
extremes of heart rate, maintain adequate coro-
nary perfusion by avoiding any significant drop 
in cardiac output or systemic vascular resistance.
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 B. Decrease afterload to promote forward flow.
 C. Allow the heart rate to increase above 90 beats 

per minute to raise aortic diastolic pressure.
 D. Minimize IV hydration to avoid volume overload.

 8. The preferred agent to treat drug-induced hypoten-
sion in the patient from question 7 is
 A. Ephedrine
 B. Phenylephrine
 C. Epinephrine
 D. Norepinephrine

 9. In patients with an intact circulation, rapid infusion 
of intravenous amiodarone leads to
 A. Rapid restoration of native sinus rhythm and 

hemodynamic stability
 B. Shortened refractory period
 C. Hypotension and bradycardia
 D. Increased speed of conduction in the sinoatrial 

node
 10. Which of the following statements about the cardio-

vascular effects of norepinephrine is correct?
 A. The primary effect of norepinephrine is direct 

β(beta)2-agonism.
 B. Norepinephrine increases cardiac output to a 

greater extent than phenylephrine.
 C. Norepinephrine augments renal and mesenteric 

blood flow.
 D. The arrhythmogenicity of norepinephrine is 

significantly greater than that of epinephrine, 
dobutamine, dopamine or isoproterenol.

 v Answers
 1. B. Left circumflex artery. ST elevation in the septal 

(V1, V2) and anterior (V3, V4) leads reflect com-
promised flow across the left anterior descending 
artery. ST-changes in the high (I-aVL) and low (V5, 
V6) lateral leads reflect compromised flow through 
the left circumflex artery. The inferior wall (leads II, 
III, and aVF) is supplied by the right coronary artery 
in 80–90% of the cases, and by the left circumflex 
artery in the remaining 10%. A recognized immedi-
ate surgical complication of mitral valve surgery is 
left circumflex coronary injury, due to the proximity 
of the left circumflex artery to the mitral valve annu-
lus: Any suture placed during mitral annuloplasty, or 
changes in coronary caliper as a result of a posterior 
leaflet plication may result in compromised blood 
supply to the lateral wall of the left ventricle. ST-seg-
ment elevations in leads V1-V6, I, and aVL indicate 
an extensive anterior myocardial infarct, and would 
most likely result from compromised flow through 
the left main coronary artery.

 2. D. Electrolyte abnormalities may cause ECG changes 
due to altered ion fluxed across the membrane 
resulting in altered transmembrane potentials. The 
cardiac effects of hypercalcemia (usually at levels 
greater than 15 mg/dL) are shortened PR or QT inter-
val with or without widening of the QRS complex, 

flattened T-wave, or the Osborne-waves, typically 
seen in hypothermia. Treatment is hydration with 
normal saline to decrease plasma calcium levels by 
dilution, administration of non-thiazide diuretics, 
and avoidance of thiazides. Non-depolarizer muscle 
relaxant doses should be decreased in patients with 
hypercalcemia and muscle weakness. The cardiac 
effects of hyperkalemia are peaked T-waves at mildly 
elevated potassium levels (6–7 mEq/L), and wide or 
flat P wave, prolonged PR interval, wide QRS, pro-
longed QT, ventricular fibrillation, and asystole at 
higher serum potassium levels (10–12 mEq/L). Treat-
ment is: (1) temporary membrane stabilization with 
IV calcium (commonly administered dose: 500 mg 
CaCl2 or 1 g Ca-gluconate), (2) inducing intracel-
lular K + −shift by administering intravenous insulin 
and glucose (commonly administered dose: 25 to 
50 g intravenous dextrose along with 5 to 10 units 
of insulin), and (3) promoting excretion (diuretics, 
hemodialysis, resins). Slightly prolonged PR interval, 
shallow or biphasic T-waves, prominent U-waves, 
and ST-segment depression reflects hypokalemia; 
whereas prolonged QTc, third degree AV-block, 
torsades de pointes or ventricular tachycardia may 
reflect hypocalcemia.

 3. B. According to the most recent ACC/AHA guide-
lines, there is Class I recommendation for continuing 
beta blocker therapy in patients using beta blockers 
chronically. It may be reasonable to start beta block-
ers in patients with 3 or more RCRI risk factors; how-
ever, beta blockers should not be started on the day 
of surgery. Alpha-2 agonists are not recommended 
for risk reduction of major adverse cardiac events. It 
is a Class I recommendation to wait at least 14 days 
after percutaneous myocardial revascularization 
with balloon coronary angioplasty, 30 days after 
bare metal stent placement, and 365 days after drug 
eluting stent placement.

 4. A. Propofol is a GABAergic agent. It causes central 
nervous system inhibition by decreasing the rate of 
dissociation of GABA from its receptor, and prolong-
ing the GABA-mediated chloride influx into the cell, 
causing membrane hyperpolarization. Its induction 
dose for a normovolemic adult patient with normal 
cardiac function is 2–2.5 mg/kg. Propofol decreases 
mean arterial pressure by producing direct myo-
cardial depression and decreasing SVR. It alters the 
baroreceptor reflex and causes a disproportionally 
small compensatory increase in heart rate relative to 
the decrease in blood pressure. It decreases cerebral 
metabolic rate of oxygen consumption, cerebral 
blood flow, and ICP; however, at high doses, it may 
significantly decrease cerebral perfusion pressure. 
Propofol may trigger histamine release, and allergic 
reactions are therefore possible. It is not associated 
with increased incidence of postoperative nausea 
and vomiting.
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 5. A. Ketamine is a phencyclidine derivative interact-
ing with numerous receptors: primarily, it acts as a 
glutamate-antagonist at both NMDA and non-NMDA 
receptors; additionally, it is an opioid receptor ago-
nist (opioid-sparing effects) and an M2 muscarinergic 
acetylcholine receptor antagonist (bronchodilation). 
It interacts with nicotinergic and monoaminergic 
receptors, as well as with voltage- dependent Na+- 
and L-type Ca2+ channels. Its actions on the NMDA-
receptors account for its psychomimetic, analgesic, 
and amnestic effects. The incidence of emergence 
delirium may be reduced by concomitant admin-
istration of a benzodiazepine and by minimizing 
external stimulation during emergence. Ketamine 
produces centrally mediated sympathetic activation: 
It increases plasma epinephrine levels, heart rate, 
and mean arterial pressure. It is the only anesthetic 
that increases peripheral arteriolar tone. In catechol-
amine-depleted patients, or in those with limited 
inotropic reserve, its intrinsic cardiodepressant 
properties predominate, and may cause hypoten-
sion. Absolute contraindications to the use of ket-
amine are hypersensitivity to ketamine or chemically 
related agents, significantly elevated blood pressure, 
stroke, intracranial hemorrhage, active delirium or 
psychosis, porphyria, pregnancy, and preeclampsia.

 6. C. Etomidate is a lipid-soluble nonbarbiturate hyp-
notic and anesthetic without analgesic effects. It is 
a carboxylated imidazole, structurally unrelated to 
other intravenous anesthetics. It is frequently used 
for rapid intravenous induction of anesthesia at 
standard doses of 0.2–0.3 mg/kg. Its short duration 
of action is subsequent to its rapid redistribution 
to peripheral compartments. Etomidate causes 
minimal cardiorespiratory depression even in the 
presence of cardiac and pulmonary disease. It may 
increase heart rate and cardiac output by 3% to 4%, 
and may produce a 10–15% decrease in systemic 
vascular resistance and mean arterial pressure. It 
decreases cerebral blood flow, CMRO2, and ICP. Even 
a single induction dose of etomidate suppresses 
cortisol production by inhibiting the activity of 
11-β(beta)-hydroxylase. Etomidate causes pain on 
injection and it is associated with increased inci-
dence of postoperative nausea and vomiting. There 
are no absolute contraindications to the use of 
etomidate as an induction agent.

 7. A. Aortic stenosis, congenital or acquired, is the 
most common valvular disease in the United States. 
Most common etiologies are senile degeneration 
and congenital bicuspid aortic valve. Asymptom-
atic patients even with severe aortic stenosis carry 
a small risk of sudden cardiac death, whereas the 
occurrence of symptoms are ominous signs of poor 
outcome. The classic triad of symptomatic aortic 
stenosis are angina pectoris (life expectancy is about 
5 years, unless the aortic valve is replaced), syncope 

(average life expectancy: 3–4 years), and congestive 
heart failure (average life expectancy: 1–2 years). 
Treatment is surgical.

As the severity of the stenosis progresses, a pres-
sure gradient develops between the left ventricle and 
the aorta, causing the left ventricular wall tension to 
increase (fixed increase in LV afterload). This leads to 
a compensatory increase in wall thickness. Accord-
ing to the law of Laplace, the wall tension within a 
sphere filled to any given pressure depends on the 
thickness of the sphere: Pressure = (2 * wall thickness 
* wall tension)/radius. Consequently, at a constant 
pressure, wall tension can be decreased by increasing 
the thickness of the sphere’s wall: left ventricular wall 
tension = (LV pressure * radius)/2* LV wall thickness. 
Wall stress is a major determinant of myocardial O2 
demand. Concentric left ventricular hypertrophy with 
an increasing wall thickness but unchanged chamber 
size therefore reduces wall stress and O2 demand. 
Chamber size, contractility, and stroke volume are 
usually preserved until late in the disease process.

The increasing LV wall thickness will eventu-
ally lead to impaired left ventricular relaxation and 
decreased compliance, and eventually a fixed stroke 
volume. To maintain an adequate stroke volume, 
preload augmentation is necessary.

A thick, noncompliant heart has an increased 
basal myocardial O2 consumption. In the hypertro-
phied left ventricle, capillary density does not adapt 
to the increased wall thickness, and any decrease 
in coronary perfusion pressure will compromise 
myocardial O2 supply. Maintenance of adequate 
afterload to ensure adequate systemic diastolic and 
coronary perfusion pressure is essential in prevent-
ing hypotension and the resultant risk of subendo-
cardial ischemia.

Extremes of heart rate are poorly tolerated in 
patients with hemodynamically significant aortic 
stenosis. Maintenance of normal rate and sinus 
rhythm is essential, as a noncompliant left ventricle 
is unable to augment stroke volume to maintain 
cardiac output during bradycardic episodes to 
restore cardiac output, and excessive tachycardia 
will reduce coronary perfusion during diastole. Atrial 
contraction contributes up to 30% to 40% of the 
left ventricular filling, maintenance of sinus rhythm 
is essential, and any supraventricular arrhythmias 
should be aggressively treated.

 8. B. Patients with concentric LVH and a hemodynami-
cally significant aortic stenosis are unable to aug-
ment cardiac output in response to any sudden 
decrease in systemic vascular resistance. Admin-
istration of an α1- adrenergic agent—for example, 
phenylephrine—improves coronary perfusion pres-
sure without adding to the already existing fixed 
afterload, and increasing myocardial work. Concomi-
tant venoconstriction increases venous return and 
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augments preload. Reflex bradycardia may improve 
myocardial O2 consumption. It is essential not to 
delay treatment of hypotension, as the thick myo-
cardium is at risk for ischemia, further worsening 
cardiac output and coronary perfusion, leading to 
sudden death. Agents with the potential to increase 
heart rate or myocardial O2 consumption are not 
first choices for treatment of hypotension in this 
patient with severe aortic stenosis.

 9. C. Amiodarone is a class III antiarrhythmic agent 
used for the treatment of atrial and ventricular 
arrhythmias. It is used during cardiac arrest to aid 
defibrillation of recurrent or refractory ventricular 
fibrillation. Amiodarone has Na+, K+, Ca2+ − chan-
nel, as well as alpha- and beta-adrenergic recep-
tor blocker properties. Its rate-dependent (rapid) 
administration may cause profound hypotension 
and bradycardia. Treatment is volume expansion, 
administration of vasoconstrictors and positive 
chronotropes, or temporary pacing.

 10. B. Norepinephrine is an endogenous catecholamine 
with peripheral post-synaptic α1- and β effects. Its 
peripheral α effects predominate over its myocardial 
β1 effects. The effects of norepinephrine mediated 
by β2-receptors are not clinically significant. Norepi-
nephrine is a potent vasoconstrictor (MAP and SVR 
are increased) with mild positive inotropy. It does 
increase myocardial O2 requirements. Its β-induced 
positive chronotropy is counteracted by the reflex 
bradycardia resulting from the α-mediated increase 
in afterload. Norepinephrine does not significantly 
increase cardiac output; an effect different from that 
of phenylephrine (phenylephrine may decrease car-
diac output). Norepinephrine is less likely to induce 
tachyarrhythmias than epinephrine, dobutamine, 
dopamine, or isoproterenol.
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Key Points
 5 Medications used to manage the pulmonary 

“pathologic triad” include bronchodilators and 
anti- inflammatory medication. Bronchodilators 
include beta 2 adrenergic receptor agonists and 
cholinergic/muscarinic acetylcholine receptor 
antagonists. Anti- inflammatory medications 
include leukotriene modifier drugs, mast cell 
stabilizers, and immunoglobulin E blockers.

 5 Bronchodilators are essential in the treatment of 
airway disorders. They are a mainstay treatment 
for the management of chronic obstructive lung 
disease (COPD) and are critical in the symptomatic 
management of asthma.

 5 There is a uniform distribution of β(beta)-
adrenoreceptors on the alveolar wall with 2:1 ratio 
of β(beta)1/β(beta)2 receptors.

 5 β(beta) 2 adrenergic agonists should be used with 
caution in patients with hyperthyroidism and 
cardiovascular disease due to the potential for QT 
prolongation and arrhythmias.

 5 Airway tone is mainly controlled by parasympa-
thetic nerves carried by the vagus nerve.

 5 There are 5 different subtypes of muscarinic 
acetylcholine receptors (M1-M5), which are 
expressed in almost every cell type of the airway 
and lung tissue, including airway and vascular 
smooth muscle, different glandular and surface 
epithelium cells, endothelial cells, and inflamma-
tory cells.

 5 Steroids are considered first-line medications in 
the treatment of asthma. Using the inhaled rather 
than intravenous forms can reduce their side 
effects.

 5 Low-dose inhaled steroids in regular daily doses 
are highly effective in reducing asthma symptoms 
and reducing the risk of asthma-related exacerba-
tions, hospitalization, and death.

 5 Headache is a common side effect in patients 
receiving leukotriene-modifying drugs.

 5 The use of the immunoglobulin E blocker 
omalizumab can reduce the requirements for 
steroids and improve quality of life in asthmatic 
patients with frequent asthma exacerbation. Its 
use is reserved for severe uncontrolled asthmatic 
patients despite best available therapy.

 5 Combination therapy combines a medication 
from 2 or more classes. Combination therapy, by 
using a lower dose of medication from each class, 
can reduce systemic side effects.

12.1  Introduction

The pathological triad of pulmonary disease consists of: 
bronchospasm, airway inflammation, and retained secretion. 
Respiratory pharmacology deals with agents used to treat 
this “pathological triad.” Medications used to treat these con-
ditions can be divided into different categories based on their 
mechanism of action. They include bronchodilators, anticho-
linergics, corticosteroids, mucolytics, and decongestants just 
to name a few. Other agents used to treat pulmonary disease 
such as oxygen, antibiotics, local anesthetics, respiratory 
stimulants, and muscle relaxers are beyond the scope of this 
chapter.

12.2  Bronchodilators

Bronchodilators are essential in the treatment of airway dis-
orders. They are the primary treatment for the management 
of chronic obstructive pulmonary disease (COPD) and are 
critical in the symptomatic management of asthma. 
Bronchodilators work through a direct relaxation effect on 
airway smooth muscle cells. Three major classes of broncho-
dilators exist at the present time: β(beta)2-adrenoreceptor 
(AR) agonists, cholinergic receptor antagonists, and xan-
thines. This chapter will discuss the first 2 treatments, which 
can be used individually or in combination, as is currently 
preferred in order to minimize systemic effects. Fast- and 
short-acting agents are best used for acute symptom relief, 
whereas long- acting agents are best for maintenance therapy. 
Treatment adherence has been improved by new formula-
tions that allow once-daily administration.

Understanding the neurological innervation of the air-
way is key to understanding how bronchodilators work. 
Airway tone is mainly controlled by parasympathetic nerves 
carried by the vagus nerve. Postganglionic parasympathetic 
cholinergic and non-noradrenergic noncholinergic (NANC) 
fibers innervate airway smooth muscles (ASM), providing 
the dominant control of the muscle tone and airway caliber 
as well as airway glands and microvasculature.

There is no direct sympathetic innervation of ASM, but 
there is innervation of the airway vasculature. Acetylcholine 
(ACh) is the classic neurotransmitter of the parasympathetic 
nervous system at both the ganglionic and neuroeffector 
junctions, which then activate the cholinergic/muscarinic 
receptors.

Five different subtypes of muscarinic receptors (mAChRs) 
have been identified (M1-M5), and they are expressed in 
almost every cell type of the airway and lung tissue, including 
airway and vascular smooth muscle, different glandular and 
surface epithelium cells, endothelial cells, and inflammatory 
cells.
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β(beta)-ARs are present in high concentrations in lung 
tissue and are divided into 3 types: β(beta)1, β(beta)2, and 
β(beta)3. The majority of pulmonary β(beta)-ARs are of the 
β(beta)2-AR subtype, localized in the ASM, epithelium, vas-
cular smooth muscle, and submucosal glands. They are more 
prevalent in small airways than large airways but are also 
expressed on many inflammatory and immune cells, whereas 
β(beta)1-ARs are located in the gland and alveoli. There is a 
uniform distribution of β(beta)-ARs on the alveolar wall 
with a 2:1 ratio of β(beta)1/β(beta)2.

β(beta)2-ARs are coupled to Gs (part of the G protein- 
coupled receptors), where stimulation by β(beta)2-AR 
 agonist activate the adenyl cyclase and increase cyclic ade-
nosine monophosphate (cAMP) levels, which in turn 
increase protein kinase A (PKA) activity. This reduces the 
intracellular calcium level and activates large conductance 
potassium channels leading to relaxation of airway smooth 
muscle.

12.3  β(beta)-Adrenergic Receptors Agonists

Ephedrine from the plant ephedra equisetina was used for 
more than 2000 years for the short-term treatment of respira-
tory symptoms. The discovery of epinephrine and isoproter-
enol followed, but due to the fact that these drugs were 
non-selective alpha- and beta-adrenergic receptor agonists, 
they caused unwanted side effects and warranted the need of 
selective β(beta)-AR receptors agonist.

12.3.1  Short-Acting β(beta)2-Adrenergic 
Receptors Agonists

Short-acting β(beta)2-AR agonists (SABA) can be divided 
into 2 groups dependent on the duration of action using con-
ventional doses: (1) very short acting, duration 1–2 h (iso-
proterenol and rimiterol); and (2) short acting, duration 
3–6 h (fenoterol, albuterol, and terbutaline).

 Albuterol
Albuterol has greater selectivity between β(beta)2 and 
β(beta)1-AR than any other product previously available. It 
also has negligible α(alpha)-AR activity. It causes maximum 
bronchodilation but with minimal cardiovascular responses 
compared to isoproterenol. After inhalation, its maximum 
effect can be seen in 15 min. However, albuterol weakly binds 
to the receptor and quickly diffuses to the microcirculation, 
which accounts for the short action of duration (4–6 h), but 
it is the drug of choice to relieve symptoms of bronchospasm. 

It also can be used intravenously if the inhalation response is 
reduced or absent.

Levalbuterol ([R]-Albuterol), an isomer of albuterol, can 
be used instead of albuterol. It may reduce hospitalization, 
have fewer adverse effects, and provide similar bronchodila-
tors effects at reduced dose, but recent studies have ques-
tioned these benefits.

 Fenoterol
Fenoterol has a similar effect to albuterol, with β(beta)2-AR 
selectivity and minimal α(alpha)-AR stimulation. The only 
difference is that it can exhibit slightly longer duration of 
action. A 200 microgram dose was required to produce a 
maximal response.

 Terbutaline
Synthetic sympathomimetic amine has a greater specificity 
for β(beta)2-AR. Due to it structure, with a dihydroxyben-
zene group at the β(beta)-carbon atom, it has a longer dura-
tion of action (4–6 h).

Terbutaline is administered by aerosol inhalation. When 
given parenterally, it loses much of its selectivity, and cardiovas-
cular effects similar to isoproterenol are observed. Compared 
to epinephrine, subcutaneous terbutaline can induce more 
bronchodilation for a longer period of time but with more side 
effects.

Bambuterol is an oral terbutaline prodrug with pro-
longed duration of bronchodilator action.

12.3.2  Long-Acting β(beta)2-Adrenergic 
Receptor Agonists

Long-acting β(beta)2-AR agonists (LABA) such as salme-
terol and formoterol provide 12-h bronchodilation.

 Salmeterol
Salmeterol binds specifically to the β(beta)2-AR via albuterol 
“head group”—the molecule of which is >10,000 times more 
lipophilic than albuterol. The process of its diffusion to reach 
the active site of the β(beta)2-AR is slow (>30  min) and 
accounts for the slow onset of action on the airway smooth 
muscle (ASM). Salmeterol does not induce desensitization or 
internalization of receptors, which may also contribute to its 
long therapeutic duration of action.

Studies have shown that salmeterol is a partial agonist, 
which may attenuate the effects of β(beta)2-AR agonist with 
greater efficacy, thus raising the possibility of pretreatment 
with this drug.

The onset of action is approximately 10  min. Maximal 
bronchodilation may take hours to achieve.
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 Formoterol
Due to its structural molecule, formoterol has greater affinity 
to the β(beta)2-AR and has the highest bronchoselectivity 
among the LABA.

Formeterol has a faster onset of action compared to sal-
meterol and has been shown in a concentration dependent to 
inhibit antigen-induced mediator release from human lung 
fragments.

Formoterol has the same effect of salmeterol at a lower 
dose (50 microgram vs 12 microgram).

12.3.3  Ultra-Long-Acting β(beta)2-
Adrenergic Receptors Agonists

Ultra-long acting β(beta)2-ARs were developed in an attempt 
to simplify the treatment to 1 dose daily so that patients can 
adhere to their treatment.

 Indacaterol
Indacaterol is a highly lipophilic drug that is retained in the 
lipid rafts of the plasma membrane, an area particularly rich 
in β(beta) receptors. This means that these receptors are 
repeatedly stimulated by this drug and for a long period of 
time, achieving an effect that lasts 24 h. Indacaterol has high 
intrinsic activity, which explains the rapid onset of action 
within 5 min of administration. Mild cough is the only sig-
nificant side effect, which may lead to discontinuation of the 
treatment.

Multiple studies have shown the superiority of daily dose 
indacaterol over formoterol, salmeterol, and tiotropium bro-
mide in improving trough forced expiratory volume 1 (FEV1). 
It also provides significant health-related quality of life.

 Olodaterol
Olodaterol is a potent β(beta)2 receptor agonist with high 
intrinsic activity. This ultra-LABA binds moderately to lipid 
rafts, although its dissociation half-life is about 18 h. It has a 
2-stage profile of dissociation from β(beta)2 receptors. Its slow 
component has a dissociation half-life of 12 h. These 2 features 
explain the fact that the bronchodilator effect lasts 24 h.

 Vilamterol
Vilamterol has greater intrinsic activity than salmeterol and 
appears to be more potent than indacaterol. All doses of 
vilamterol were associated with low incidence of treatment- 
related side effects.

 Carmoterol
Carmoterol is over 100 times more selective for bronchial 
muscle than myocardial tissue. It displays a fast onset and 
long duration of action.

Carmoterol has better improvement of trough FEV1 than 
salmeterol, and it has no side effects.

12.3.4  Intravenous β(beta)2-Adrenergic 
Receptors Agonists

 Bedoradrine
Many patients with acute exacerbation of asthma are non- 
responders to inhaled β(beta)-adrenergic agonists. 
Intravenous bedoradrine is a highly selective β(beta)2-AR 
agonist. In a recent study to show the efficacy of bedoradrine, 
there was no significant difference in % FEV1 at 3 h between 
the bedoradrine compared to the placebo groups. The dys-
pnea scores were significantly improved for patients treated 
with bedoradrine.

12.3.5  Side Effects of β(beta)2-Adrenergic 
Receptors Agonists

Because of the widespread distribution of β(beta)2-AR, a 
number of side effects are noted when β(beta)2-AR agonists 
are absorbed into the systemic circulation. The number of 
side effects is the greatest when β(beta)2-AR are adminis-
tered orally or parenterally.

Increased heart rate and palpitation are less common 
with the selective β(beta)2-AR agonists than the nonselec-
tive, but they can cause reflex tachycardia secondary to vaso-
dilation. Some of these atrial and ventricular effects could be 
the result of β(beta)2-AR receptors that may be present in the 
atria and ventricles.

All agonists should be used with caution in patients with 
hyperthyroidism or cardiovascular disease (arrhythmias, 
hypertension, QT-interval prolongation).

Transient mild decrease in partial pressure of oxygen in 
arterial blood could result from the administration of 
β(beta)2-AR agonists despite concomitant bronchodilation. 
This could be attributed to pulmonary vasodilation and 
increased blood flow to poorly ventilated lung region, which 
causes a ventilation-perfusion mismatch.

In diabetics, β(beta)2-AR agonists should be used with 
caution because of the risk of ketoacidosis. β(beta)2-AR ago-
nists stimulate liver glycogenolysis, which results in increase 
glucose blood level.

Hypokalemia is a risk secondary to stimulation of the 
Na+/K+ pump in skeletal muscle, which causes an extracel-
lular shift of sodium in exchange for potassium, thereby low-
ering potassium plasma levels.

Selective β(beta)2-AR agonists can cause fine tremors of 
skeletal muscles, particularly the hands.

β(beta)2-AR agonists can induce the mobilization of tri-
glycerides resulting in elevated blood levels of fatty acids and 
glycerol.

Albuterol, terbutaline, and fenoterol can induce mild 
appetite suppression, headache, nausea, and sleep distur-
bances due to their ability to cross the blood-brain barrier.
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12.4  Cholinergic/Muscarinic Acetylcholine 
Receptors Antagonists

Inhaled muscarinic acetylcholine receptors (mAchR) antag-
onists have been used for many years. The smoking of plant 
alkaloids was recommended in the seventeenth century for 
the treatment of asthma in India, and it was later introduced 
in the nineteenth century to Great Britain.

Atropa belladonna and Datura stramonium are rich in 
anticholinergic alkaloid, atropine, and stramonium. If dried 
and smoked, they relieve the symptoms of asthma.

Atropine is well absorbed into the systemic circulation 
and can cross the blood-brain barrier. It therefore has multi-
ple unmanned side effects, but the modification of its chemi-
cal molecule lessens the amount of mucosal absorption and 
blood-brain barrier crossing.

12.4.1  Short-Acting Muscarinic 
Acetylcholine Receptors Antagonists

Short-acting mAchR agents have duration of action of 6–8 h, 
but compared to SABAs they have a slower onset of action.

 Atropine Methonitrate
Quaternary ammonium of atropine, a more potent broncho-
dilator, reaches its peak effect in 40–60 min and duration of 
action can last up to 6 h.

 Ipratropium Bromide
Unlike atropine, ipratropium bromide has low lipid solubil-
ity, does not cross the blood-brain barrier, and is poorly 
absorbed by the mucosa or the gastrointestinal tract.

It is a nonselective antagonist of M1, M22, and M3 mChRs 
and starts acting within 15–30 min with peak concentration 
in 3 h. The duration of action is approximately 6 h when given 
as inhalation. It has little or no systemic side effects.

 Oxitropium Bromide
Oxitropium bromide’s base molecule is scopolamine. It has a 
longer duration of action than ipratropium, but peak bron-
chodilation may take 60–90 min. It has a slight clinical advan-
tage over ipratropium, but at higher doses it causes tachycardia.

12.4.2  Long-Acting Muscarinic 
Acetylcholine Receptors Antagonists

 Tiotropium Bromide
Tiotropium bromide is a long-acting AChR antagonist 
(LAMA) with higher affinity to the mAChRs than ipratro-
pium by (6- to 20-fold). It binds to all the M receptors but 

dissociates faster from the M2 receptors. Its long duration of 
action can be explained by the slow dissociation from M1-M3 
mAChRs.

It has a very long half-life of approximately 35 h, which 
allows for once-daily dose. It is rapidly absorbed into the 
circulation with peak plasma concentration within 5 min 
followed by rapid fall within 1 h to a steady state and a ter-
minal half-life of 5–6  days. Peak onset occurs between 1 
and 3  h with improvement in FEV1 for more than 24  h. 
Recently, tiotropium bromide has been shown to be more 
effective than salmeterol in preventing COPD exacerba-
tion.

12.4.3  Novel Long-Acting Muscarinic 
Acetylcholine Receptors Antagonists

 Glycopyrronium Bromide
Glycopyrronium bromide is an mAChR antagonist and has a 
fast onset that is sustained over 24 h. Fifty micrograms of gly-
copyrronium bromide once daily produces immediate and 
significant improvement in exercise tolerance from day 1. It 
also improves inspiratory capacity and trough FEV1  in 
patients with COPD.

 Aclidinium Bromide
Aclidinium bromide exhibits M3/M2 selectivity. Its action is 
related to its inhibition of M3 receptors with resultant bron-
chodilation. The major route of metabolism of aclidinium 
bromide is hydrolysis, which occurs both chemically and 
enzymatically by esterases.

It has a faster onset and shorter duration of action than 
tiopropium bromide.

 Umeclidinium Bromide
Umeclidinium bromide is a long-acting muscarinic antago-
nist (LAMA) that blocks action of acetylcholine at musca-
rinic receptors (M1–M5) in the bronchial airways (M3) by 
preventing increases in intracellular calcium concentration. 
This leads to relaxation of airway smooth muscle, improved 
lung function, and decreased mucous secretion. It dissociates 
slowly from M3 muscarinic receptors, extending its duration 
of action.

Primary metabolic routes for umeclidinium are oxidative 
(hydroxylation, O-dealkylation) followed by conjugation (eg, 
glucuronidation) to inactive metabolite. It is mostly secreted 
in the feces.

 Trospium
Trospium is currently used as a urinary antispasmodic drug, 
but when used as inhaler it induces a fast onset of bronchdi-
lation with an onset of 15 min and duration of 24 h.
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12.4.4  Side Effects of Muscarinic 
Acetylcholine Receptors Antagonists

All of the mChR antagonists are very well tolerated because 
they are very poorly absorbed after inhalation.

If these agents contact the eye, they can cause papillary 
dilation and blurred vision. In patients with glaucoma, they 
can cause an acute angle-closure glaucoma.

In patients with prostatic hyperplasia, they should be 
used with caution, since the risk of further increase and acute 
urinary retention can follow.

Patients with moderate to severe renal impairment should 
be monitored under the treatment of tiotropium bromide 
because it is mainly excreted by the kidneys.

Bad breath or dry mouth is another side effect of the 
treatment, though usually well tolerated in the long-term 
treatment.

Paradoxical bronchoconstriction could occur with these 
drugs. One possible cause is the blockade of prejunctional 
M2 mChRs on airway cholinergic nerves, which normally 
inhibits the release of ACh.

Recent systemic reviews and meta-analyses showed that 
tiotropium bromide inhaler is associated with increased risk 
of cardiovascular morbidity and mortality. A possible 
 explanation is that new formulation and device may lead to 
greater systemic absorption.

12.5  Steroids

Corticosteroids are very useful when the common broncho-
dilators are less effective. Previously they were used as rescue 
medication, but presently they are considered a first-line 
medication for asthma.

Corticosteroid are primarily anti-inflammatory by reduc-
ing the numbers of inflammatory cells in the airway, such as 
eosinophils, T lymphocytes, mast cells, and dentritic cells. 
Corticosteroids inhibit the recruitment of inflammatory cells 
by reducing chemotaxis and adhesion, phagocytosis, and the 
production of inflammatory mediators such as cytokines and 
eicosanoids. Corticosteroids also increase the expression of 
2-adrenergic receptors in the lung and prevent their down- 
regulation and uncoupling in response to 2-agonists.

The primary effects of corticosteroids are at the genetic 
level, activating transcription of anti-inflammatory gene 
while repressing pro-inflammatory genes. The steroid hor-
mone is initially taken up by the target cell before binding to 
specific cytoplasmic receptor proteins. This “steroid-receptor 
complex” is then transported to the nucleus of the cell. There 
it binds to a specific acceptor site on the DNA molecule. 
Messenger RNA is then formed from the DNA. The messen-
ger RNA is transported to the cytoplasm where it causes new 
protein synthesis along the ribosomes. The new protein then 
gives a cellular response to the steroid, promoting vasocon-
striction in areas of inflammation and decreasing capillary 
permeability. This decreases edema fluid in the airway, which 
will decrease the wall thickness, increase lumen size, and 

decrease airway resistance. Steroids stabilize cell membranes 
resulting in a decrease in synthesis, storage, and release of 
histamine. This makes it useful in preventing allergic bron-
chospasm.

Steroids are administered orally, intravenously, or aero-
solized for respiratory symptoms. Intravenous formulations 
include hydrocortisone or methylprednisolone. Oral choices 
are prednisone or prednisolone. Aerosolized steroids are 
beclomethasone dipropionate, flunisolide, triamcinolone 
acetone, and fluticasone. It may take 4–6 h to have a notice-
able improvement in asthmatic symptoms.

Between 10% and 60% of inhaled corticosteroid (ICS) is 
deposited in the lung, where it is absorbed into the circula-
tion and cleared by the liver. The remainder of the dose is 
deposited in the oropharynx and may cause local side effect.

Oral steroid undergoes absorption into the portal circula-
tion and undergoes first-pass elimination.

 5 Hydrocortisone is administered parenterally and rarely 
aerosolized. The dose ranges from 300 to 2000 mg.

 5 Prednisone has 3–4 more inflammatory potency than 
hydrocortisone, ineffective when aerosolized.

 5 Prednisolone is a synthetic steroid, rarely aerosolized. 
Its half-life is 2–4 h and its duration of action can be up 
to 36 h.

 5 Methylprednisolone is 4–5 times more potent than 
prednisone. It has little effect on electrolyte balance. It is 
used for severe shock, persistent asthma, acute respira-
tory distress syndrome (ARDS), and aspiration pneumo-
nia. Onset is fast, and its half-life is 78–188 min, with 
duration of action lasting up to 36 h.

 5 Dexamethasone – With 30 times the anti-inflammatory 
potency than hydrocortisone, it is as effective as an 
aerosolized steroid but does not potentiate the effect of 
β(beta)2 agonists. It also may cause adrenal insufficiency.

 5 Triamcinolone – As a synthetic steroid, it may cause 
sodium and water diuresis. It has a similar potency to 
methylprednisolone. Its half-life is 3 h, and duration can 
last up to 48 h. Prolonged use can cause muscle weak-
ness and depression.

 5 Beclomethasone Dipropionate – This is 100 times 
more potent that hydrocortisone. The major side effect is 
fungal infection of the oropharynx. The maximum adult 
daily dose is 840 mcg. Pediatric dosing is half of that.

 5 Flunisolide is several hundred times more potent than 
hydrocortisone. Maximum dose is 2 mg, and pediatric 
dosage is half that dose.

 5 Fluticasone – The highest recommended dose is 440 
mcg daily, which may be doubled if the patient is taking 
oral steroid.

12.5.1  Side Effects of Steroid Treatment

Usually, side effects are more common with systemic ste-
roids than with inhaled agents. These side effects can be 
improved with reducing the dosage or treatment duration, if 
possible.
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Long-term use can be associated with weight gain, 
increase susceptibility to infection secondary to immuno-
suppression, osteoporosis, and growth retardation in kids.

Bone health is adversely affected in systemic steroid utili-
zation, and it is related to daily use, prolonged duration of 
use, and high cumulative lifetime dose. This can be mani-
fested as osteoporosis, osteoporotic fractures, and avascular 
osteonecrosis. These complications are seen with doses as 
low as 5–7.5 mg/day of prednisone.

Adrenal insufficiency is another side effect from systemic 
steroid. This risk seems minimal with inhaled steroidal 
agents. Morning cortisol level suppression does occur with 
inhaled steroid, but it is clinically not significant.

When a systemic steroid is prescribed in higher doses and 
for a prolonged period of time, it carries a risk for 
Pseudomonas, Pneumocystis infections, tuberculosis, and 
herpes zoster. This is all secondary to immunosuppression.

Inhaled steroids can cause deposition of the drug in the 
oropharynx, which in turn can increase the risk of fungal 
infection, such as oral candidiasis. Rinsing the mouth after 
taking the medication may reduce the incidence of fungal 
infection. Inhaled steroid may cause dysphonia.

The TORCH (Towards a Revolution in COPD Health) 
trial found an increased frequency of pneumonia among 
patients receiving inhaled steroids. Proper education of 
patients in the utilization of the inhaled steroid and washing 
of the mouth after use can reduce the side effects mentioned 
previously.

Patients also should be referred for routine ophthalmo-
logic exams, as secondary glaucoma or cataracts may develop 
while on chronic use of systemic steroids. Routine checkups 
for cardiovascular side effects are also recommended to 
monitor for hypertension, hyperglycemia, and hyperlipid-
emia.

Bone density measurements should be done routinely in 
patients on chronic steroid therapy, and they should be 
encouraged to perform weight-bearing exercise and take cal-
cium supplements with vitamin D.

Avoidance of nonsteroidal anti-inflammatory drugs 
(NSAIDs) is appropriate in patients receiving steroid therapy, 
due to increase risk of stomach ulcer and gastrointestinal 
bleeding.

Psychiatric symptoms should be monitored, if any, and 
they should be managed by reducing the dose or adding an 
additional treatment targeting the psychiatric symptoms.

12.6  Leukotriene Modifier Drugs

Leukotrienes are formed from arachidonic acid that is 
released from the cell-membrane phospholipid bilayer by 
phospholipase A2 (PLA2). The liberated arachidonic acid 
may then be metabolized by one of several pathways: the 
cyclooxygenase pathway, to generate prostaglandins, throm-
boxanes, and prostacyclin; or the 5-lipoxygenase pathways, 
to generate the cysteinyl leukotrienes C4, D4, and E4. In 
humans, 5-lipoxygenase is present only in myeloid cells (ie, 

monocytes, eosinophils, basophils, alveolar macrophages, 
and mast cells).

Leukotrienes can impair mucociliary clearance, enhance 
mucus secretion, chemotactically attract leukocytes to the 
airways, and cause edema by facilitating pulmonary vascular 
permeability. Inhaled leukotrienes C4 and D4 can cause air-
flow obstruction 1000 times more potently than histamine in 
normal subjects. In patients with asthma, the airways are 100 
to 1000 times more sensitive to inhaled leukotrienes D4 and 
E4 than are the airways of normal subjects.

Two approaches have been developed to decrease the 
action of leukotrienes. One is by enzyme inhibition to block 
leukotriene synthesis, and the other is by blocking the bind-
ing of a leukotriene to its receptor.

Inhibitors of leukotriene synthesis block the formation of 
both the cysteinyl leukotrienes and leukotriene B4. These 
inhibitors can be grouped on their site of action into 2 groups. 
Inhibitors of 5-lipoxygenase prevent the formation of leukot-
riene A4, which is the unstable intermediate. Zileuton is a 
representative 5-lipoxygenase inhibitor.

Alternatively, leukotriene synthesis can be inhibited by 
blocking the action of the 5-lipoxygenase-activating protein. 
These agents are still under investigation.

Leukotriene modifiers also work as competitive antago-
nists of the leukotriene B4 receptor.

12.6.1  Zafirlukast

Zafirlukast (Accolate®) is a synthetic peptide leukotriene- 
receptor antagonist recommended for children 7 years of age 
and older. It is used for the management of mild, persistent 
asthma, a step-up therapy for moderate persistent asthma, 
treatment of exercise-induced asthma, and management of 
allergic rhinitis. It inhibits the binding of leukotrienes that 
are responsible for smooth muscle constriction and hyper- 
responsiveness after contact with an allergen challenge 
including exercise. The dose is 10 mg for 7–12 years old twice 
a day. For older patients it is 20 mg BID.

Headache is the major side effect. Nausea, abdominal 
pain, diarrhea, rash, and elevated liver functions tests (LFTs) 
have occurred in clinical trials. Patients on warfarin treat-
ment should be monitored closely because this drug may 
affect the warfarin level and increase prothrombin time.

12.6.2  Montelukast

Montelukast (Singulair®) is also a leukotriene-receptor antag-
onist. It is used for the long-term management of children 
with asthma over the age of 2 years. Montelukast is recom-
mended as an alternative medication to inhaled corticoste-
roids or as adjunctive therapy for the treatment of mild and 
moderate persistent asthma.

The rapid onset, safety of the drug in children, ease of 
administration, once daily dose, and chewable tablets are all 
advantages to using this drug. Headaches are the major side 
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effect affecting 18–19% of patients. Cough, abdominal pain 
and increased LFTs, diarrhea, and rash are other side effects 
of this drug.

12.6.3  Zileuton

Zileuton (Zyflo®) is a 5-lipoxygenase inhibitor. Zyflo is indi-
cated for children greater than 12 years of age for the treat-
ment of chronic asthma. Headaches are a side effect 
experienced by 25% of patients taking zileutin. Additional 
reported side effects include unspecified pain, dyspepsia, 
nausea, and abdominal pain. Increase in LFT is reported, so 
it is contraindicated in children with liver disease or elevated 
LFTs.

Leukotriene modifiers drugs are effective treatment 
against exercise-induced bronchospasm and aspirin-induced 
asthma. They are not recommended in acute exacerbations of 
asthma, but should be continued during acute episodes.

12.7  Mast Cell Stabilizer

Mast cell stabilizing drugs inhibit the release of allergic medi-
ators from mast cells and are used clinically to prevent aller-
gic reactions to common allergens.

Mast cells play a fundamental role in the occurrence and 
maintenance of allergic disease in response to substances that 
induce an allergic reaction.

This allergic reaction begins with the allergen interacting 
with immunoglobulin E (IgE) complex, expressed on the 
surface of the sensitized mast cell, through complex signaling 
cascade. It leads to calcium influx and release of preformed 
chemical mediators such as histamine from mast cells, which 
induces the production of cytokine and chemokines. The 
effect of these mediators on surrounding cells and tissues are 
responsible for the symptoms and the severity of an allergic 
reaction.

Mature mast cell are widely distributed throughout the 
body where they reside in vascularized tissue, including 
nerves, smooth muscle cells, mucus production glands, and 
hair follicles. They are also found in sites that are directly 
exposed to the environment including the skin, airway, and 
gastroenterology tract.

Mast cells are classified into 2 subtypes depending on 
their location: (1) connective tissue mast cells, which reside 
in tissue such as skin, small bowel submucosa, and peritoneal 
cavity; and (2) mucosal mast cells, which mature in mucosal 
tissue such as the intestine and in the airways.

An allergic reaction may be prevented or attenuated by 
interfering with certain signaling molecules within the sig-
naling cascade of the mast cell. Agents that prevent mediator 
release from the mast cells are termed mast cell stabilizers. 
They can be natural, semisynthetic, and synthetic products.

12.7.1  Cromolyn Sodium

One of the earliest mast cell stabilizers, cromolyn sodium 
inhibits release of histamine, leukotrienes, and slow-reacting 
substance of anaphylaxis from mast cells by inhibiting 
degranulation following exposure to reactive antigens.

Peak onset is 15 min with duration of action of 6 h and 
half- life 80–90 min.

Multiple side effect have been reported, most of which are 
diarrhea, headache, angioedema, and neutropenia. Inhalation 
of cromolyn sodium has side effects including cough, nasal 
congestion, nausea, and wheezing.

12.7.2  Nedocromil Sodium

Nedocromil sodium has been shown to inhibit the activation 
of, and mediator release from, a variety of inflammatory cell 
types associated with asthma, including eosinophils, neutro-
phils, macrophages, mast cells, platelets, and monocytes. In 
humans, nedocromil sodium has been shown to inhibit acutely 
the bronchoconstriction response to several kinds of allergens.

At higher concentrations, nedocromil sodium showed 
more effective inhibition of histamine release from mast cells 
isolated from the lung, and tonsillar and adenoid tissues than 
cromolyn sodium.

Systemic absorption of nedocromil sodium administered 
as an inhaled aerosol is low.

Studies have shown that nedocromil sodium improved 
symptom control and pulmonary function when it was added 
to an as-needed inhaled beta 2-adrenergic bronchodilator 
regimen, and a beneficial effect could be detected within 
2 weeks.

12.7.3  Ketotifen

Ketotifen is another mast cell stabilizer drug, but is currently 
not available in the United States.

The aforementioned drugs are used mainly as prophy-
laxis, and they cannot be used in the acute phase of any bron-
choconstriction events.

12.8  Immunoglobulin E Blockers

In recent years, evidence suggests that bronchial asthma and 
other allergic conditions have become more common world-
wide, in both developed and developing countries.

It is estimated that more than 50% of asthma is related to 
allergy and the majority of patients with severe asthma have 
allergic-atopic asthma. Immunoglobulin E(IgE) antibodies, 
allergen type 2 helper T cells derived cytokines and  eosinophils 
play a major role in the development of chronic airway 
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 disease, even in mild forms of the disease. This airway inflam-
mation is the pathogenesis of bronchial asthma, which causes 
an increase in airway responsiveness to many trigger factors 
such as aeroallergens alone or in combination with other trig-
gers such as air pollution and viruses.

Elevated levels of specific IgE toward common environ-
mental allergens are the main component in the pathogenesis 
of allergic asthma. IgE antibodies cause chronic airway 
inflammation through effector cells activated by 2 IgE recep-
tors: high affinity and low affinity.

Corticosteroids have been the main treatment for asth-
matic patients, suggested by the Global Initiative for Asthma 
(GINA), but there are asthmatic patients who continue to 
have severe symptoms with multiple regimen treatments. 
These patients have increased recurring hospitalizations and 
mortality within 1 year of initial hospitalization. These con-
ditions also have high economic and social costs.

Anti-IgE monoclonal antibody (omalizumab) binds IgE 
at the same site where the antibody binds, resulting in the 
inhibition of IgE effector function. This means that in allergic 
subjects, omalizumab prevents the activation of cellular 
response and the occurrence of asthma symptoms.

Treatment with omalizumab reduces airway wall thick-
ness in patients with severe persistent asthma treated with 
conventional treatment. The use of omalizumab also has 
resulted in decreased corticosteroid use and improved qual-
ity of life in asthmatic patients.

Omalizumab treatment is reserved for the severe uncon-
trolled asthmatic patients despite best available therapy. 
 Multiple studies have shown that adding omalizumab reduces 
asthma exacerbation, total emergency visits, hospitalizations, 
and steroid utilization, thus improving quality of life.

Omalizumab is very safe with few side effects. The most 
frequent side effects are nasopharyngitis and sinusitis. No 
data exist about patients with renal or hepatic dysfunction 
prior to starting omalizumab, thus caution should be used in 
administering this drug in these patients.

12.9  Combination Therapy

Combination therapy is used when airway symptoms are not 
controlled by maintenance monotherapy. Moreover, combin-
ing 2 or more classes allows the use of lower doses to achieve 
the same result. Combination therapy with a long-acting beta 
agonist (LABA) and inhaled corticosteroid (ICS) is an essen-
tial approach to patients with frequent exacerbation.

The combinations present in clinical use are:
 1. Combining β(beta)2-adrenergic receptors agonist and 

muscarinic acetylcholine receptor antagonists
 2. Combining β(beta)2-adrenergic receptor agonists and 

inhaled corticosteroid
 3. Combining muscarinic acetylcholine receptor antago-

nists and inhaled corticosteroid

12.10  Conclusion

Inhaled bronchodilators are the primary drugs for the man-
agement of COPD, and they are critical in the symptomatic 
management of asthma.

According to the guidelines for the management of COPD 
by the British National Institute for Health and Clinical 
Excellence (NICE), the treatment choice after initial SAMA or 
SABA bronchodilators for persistent breathlessness or exacer-
bations is determined by the level of post bronchodilator FEV1.

International guidelines on asthma management recom-
mend the utilization of rapid onset inhaled β(beta)2-AR ago-
nists alone for symptom relief and pretreatment of exercise 
induced asthma.

The field of obstructive lung disease treatment is cur-
rently undergoing major development in pharmacogenetic 
studies, which could target the use of specific medications in 
populations most likely to benefit.

12.11  Questions and Answers

 ?Questions (Choose the Most Appropriate Answer)
 1. Airway tone is mainly controlled by which of the 

following
 A. Parasympathetic nerves carried by the vagus nerve
 B. Parasympathetic nerves carried by the phrenic nerve
 C. Sympathetic nerves carried by the vagus nerve
 D. Sympathetic nerves carried by the phrenic nerve

 2. How many subtypes of muscarinic receptors are 
present in the airways?
 A. 3
 B. 4
 C. 5
 D. 6
 E. 7

 3. Levalbuterol has advantage over albuterol in which 
category
 A. Duration
 B. Side effect
 C. Hospitalization
 D. All of the above

 4. Side effects of B2 adrenergic receptors agonists 
include all of the following EXCEPT
 A. Tachycardia
 B. Transient increase in partial pressure of oxygen
 C. Risk of ketoacidosis in patients with diabetes 

mellitus
 D. Hypokalemia
 E. Fine tremor

 5. Which of the following is a side effect of muscarinic 
acetylcholine receptors antagonists?
 A. Dry mouth
 B. Urinary retention
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 C. Paradoxical bronchoconstriction
 D. Blurred vision
 E. All of the above

 v Answers
 1. A. Airway tone is mainly controlled by 

parasympathetic nerves carried by the vagus nerve.
 2. C. There are 5 subtypes of muscarinic receptors in the 

airways.
 3. D. Levalbuterol may reduce hospitalization, have fewer 

adverse side effects, and provide similar bronchodilators 
effects at reduced dose compared to albuterol.

 4. B. Transient mild decrease (rather than an increase) in 
partial pressure of oxygen in arterial blood could 
result from the administration of β(beta)2-AR 
agonists despite concomitant bronchodilation.

 5. E. All are side effects:
 5 Bad breath or dry mouth is a side effect, though 
usually well tolerated in long-term treatment.

 5 In patients with prostatic hyperplasia, these agents 
should be used with caution, since the risk of 
further increase and acute urinary retention can 
follow.

 5 Paradoxical bronchoconstriction could occur with 
these drugs. One possible cause is the blockade of 
prejunctional M2 mChRs on airway cholinergic 
nerves, which normally inhibits the release of ACh.

 5 If these agents contact the eye, they can cause 
papillary dilation and blurred vision.
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Key Points
1. The effect of a diuretic depends on the volume of the 

extracellular fluid.
2. Chronic diuretic administration to a patient with a 

fixed sodium intake initially causes a loss in total-
body Na+, but, with time, renal compensatory 
mechanisms balance the Na+ excretion to Na+ intake. 
This phenomenon is known as diuretic braking.

3. Diuretics may be detrimental and patients receiving 
higher doses have worse outcomes.

4. The failure to initiate an adequate response to a 
diuretic would need addition or substitution from a 
different class of diuretic in order to obtain a 
response.

5. Loop and thiazide diuretics increase the expression 
of the transporters they inhibit. This leads to 
decreased efficacy, and when the administration of 
diuretics is terminated, there is a rapid increase in 
NaCl reabsorption.

6. The use of dopamine for potential renoprotective 
effects is not warranted, especially in light of several 
large-scale trials that have shown lack of benefit.

13.1  Part 1: Diuretics

13.1.1  What Are Diuretics?

The term diuretic describes a drug that increases urinary sol-
ute and water excretion thus affecting the extracellular vol-
ume status of the individual. Its primary action is by affecting 
the absorption of sodium resulting in natriuresis. Some pro-
duce kaliuresis (preferential loss of potassium) while others 
act as aquaretics (preferential loss of free water  – 
antivasopressin- like action). Most of the diuretics bring 
about their action by affecting the Na+ transport at one or 
more nephron segments, irrespective of their chemical class.

In addition, diuretics alter the excretion of other cations 
such as K+, H+, Ca++, and Mg++ and anions such as Cl−, HCO3

−, 
and H2PO4

−, and uric acid. Thus, they have a significant effect 
on the body’s electrolyte balance. The time course of natriuresis 
is finite as renal compensatory mechanisms bring Na+ excre-
tion in line with Na+ intake—a phenomenon known as “diuretic 
braking.” These include activation of the sympathetic nervous 
system, the renin–angiotensin–aldosterone axis, induction of 
renal cell hypertrophy, and increased expression of the trans-
porter mechanisms that alter the renal hemodynamics.

13.1.2 Classification of Diuretics

Historically, the classification of diuretics can be based on:
 1. Site of primary action

 1. Osmotic diuretics
 2. Carbonic anhydrase inhibitors

 3. Loop diuretics
 4. Distal tubules
 5. Potassium sparing diuretics

 2. Efficacy
 1. High-ceiling diuretics
 2. Moderate-ceiling diuretics
 3. Low-ceiling diuretics

 3. Chemical nature
 1. Polysaccharides
 2. Sulfonamide and its derivatives
 3. Benzothiadiazine or its derivatives
 4. Steroid pyrazine carboxamides, pteridine derivative

 4. Effect on K+ excretion
 1. Potassium sparing

13.1.3  Factors Affecting Diuretic Efficacy

Following administration of a diuretic, the effect can be vari-
able. This depends on:
 1. The absorption and delivery of the drug to its effector 

site.
 2. The primary segment of the nephron at which it has 

its effect. Most of the diuretics, except the potassium- 
sparing diuretics, mediate their effect via the solute reab-
sorptive pumps. These are located on the luminal surface 
of the nephron. Hence, these drugs have to be secreted 
into the lumen of the tubules in order to produce their 
effects.

 3. The secondary effects of action of the drug on the pri-
mary site: e.g., when a loop diuretic is administered to a 
patient, it will cause a decreased absorption in the thick 
loops of Henle. This will cause an increased delivery of 
Na+ and water to distal segments.

 4. The volume status.

13.2  Osmotic Diuretics

Osmotic diuretics are all small molecules. These agents are 
freely filtered at the glomerulus, but are poorly reabsorbed. 
The osmotic diuretics exert their action by increasing the 
osmotic pressure and are effective only on the most perme-
able portions of the renal tubules: proximal tubule and the 
thin descending limb of the loop of Henle. Through osmotic 
effects, they also oppose the action of antidiuretic hormone 
(ADH) in the collecting tubule.

Normally about 65–70% of the filtered sodium is pas-
sively absorbed in the proximal tubules. The presence of the 
osmotic diuretic interferes with the passive reabsorption of 
water. The reabsorption of sodium, however, continues nor-
mally in the thick ascending loop of Henle. The net effect is 
therefore only a mild natriuresis (10–25% net loss of Na) [1].

Osmotic agents do not act directly on any of the Na trans-
port pathways. The osmotic diuretics increase the excretion 
of sodium, potassium, calcium, magnesium, chloride, and 
bicarbonate.
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The commonest agents considered in this class of  diuretics 
include mannitol, urea, sorbitol, and glycerol. Hyperglycemia 
can also cause an osmotic diuresis. The prototypical osmotic 
diuretic is mannitol, which is an alcohol produced by the 
reduction of mannose.

13.2.1  Pharmacokinetics

Mannitol is poorly absorbed by the gastrointestinal (GI) 
tract. When administered orally, it causes osmotic diarrhea 
rather than diuresis. For its diuretic effects, therefore, it must 
be given intravenously. The usual dose is 0.25–1  g/kg. 
Following an IV infusion, it is slowly distributed into the 
extravascular compartment. Mannitol is not metabolized 
and is excreted unchanged by glomerular filtration within 
30–60 min. About 10% is reabsorbed in the loop of Henle but 
a similar amount is metabolized by the liver [1].

13.2.2  Pharmacodynamics

Mannitol tends to mobilize the fluid from the extravascular 
compartment and expand the intravascular volume. It 
increases the renal blood flow by causing the release of renal 
prostaglandins that decrease the renal vascular resistance, 
increase the release of atrial natriuretic peptide (ANP), and 
decrease in the hematocrit and blood viscosity [1]. This 
increase in renal blood flow results in washout of the med-
ullary tonicity that further decreases reabsorption of water 
from the tubules. It also acts as a free-radical scavenger and 
reduces the harmful effects of free radicals during ischemia- 
reperfusion injury. This latter property may have a protec-
tive effect following an ischemic insult to the kidneys by 
reducing the tubular endothelial swelling and maintaining 
tubular patency. Mannitol does not alter urinary pH.

13.2.3 Uses of Osmotic Diuretics

Osmotic diuretics are used for the following purposes [2]:
 1. Reduction in raised intracranial pressure

 1. Mannitol is often administered to reduce intracranial 
pressure (ICP) following a closed head injury when 
the blood-brain barrier is still intact.

 2. There is some evidence that hypertonic saline is 
effective at reducing raised ICP resistant to mannitol 
and that it has a more favorable effect than mannitol 
on mortality after traumatic brain injury (TBI) [3].

 2. Preservation of perioperative renal function following:
 1. Major intra-abdominal surgery
 2. Cardiac surgery
 3. Aortic surgery
 4. Renal transplantation

 3. Promotion of urinary excretion of toxic materials:

 1. Following rhabdomyolysis secondary to crush inju-
ries and compartment syndrome

 2. Jaundice
 3. Incompatible blood transfusions

 4. They can be used orally for bowel preparation before 
colorectal surgery, colonoscopy, and barium enemas.

13.2.4  Side Effects

Side effects include [2]:
 1. Fluid and electrolyte imbalance

 1. Rapid initial volume expansion resulting in increased 
risk of heart failure, pulmonary congestion

 2. Progressive loss of volume resulting in delayed hypo-
volemia and hypotension. In large doses, it can also 
cause renal failure because of intra-renal vasocon-
striction and intravascular volume depletion

 3. Metabolic acidosis
 4. Hypernatremia and hypokalemia

 2. Repeated administration may result in very high serum 
osmolality

 3. Allergic reactions
 4. Thrombophlebitis
 5. Skin necrosis should accidental extravasation occur
 6. Rebound increase in ICP

13.3  Carbonic Anhydrase Inhibitors

Carbonic anhydrase is present in many nephron sites, but the 
predominant location of this enzyme is the epithelial cells of 
the proximal convoluted tubules, where it catalyzes the dehy-
dration of H2CO3 to CO2 at the luminal membrane and rehy-
dration of CO2 to H2CO3 in the cytoplasm:

H HCO H CO CO H+ - ++ « « +2 2 2 2

By blocking the carbonic anhydrase, these inhibitors decrease 
the reabsorption of NaHCO3 by 25–30% and cause diuresis.

They have a weak natriuretic effect due to compensatory 
mechanisms that come into play following chronic adminis-
tration [1]. The prototypical carbonic anhydrase inhibitor is 
acetazolamide.

13.3.1  Pharmacokinetics

The carbonic anhydrase inhibitors are well absorbed after 
oral administration. There is an increase in urine pH from 
HCO3− and diuresis is apparent within 30 min and maximal 
at 2 h. The effect persists for 12 h after a single dose. Excretion 
of the drug is by secretion in the proximal tubule S2 segment. 
Therefore, dosing must be reduced in renal insufficiency.
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13.3.2  Uses of Carbonic Anhydrase 
Inhibitors

Carbonic anhydrase inhibitors are used for the following:
 1. Glaucoma – The reduction of aqueous humor formation 

by carbonic anhydrase inhibitors decreases the intraocu-
lar pressure.

 2. Urinary Alkalization – Uric acid and cysteine are relatively 
insoluble and may form stones in acidic urine. Thus by 
alkalization of the urine they prevent their precipitation.

 3. Metabolic Alkalosis: When the alkalosis is due to 
excessive use of diuretics, acetazolamide can be useful 
in correcting the alkalosis as well as producing a small 
additional diuresis for correction of volume overload.

 4. Acute Mountain Sickness: By decreasing cerebral spinal 
fluid (CSF) formation and by decreasing the pH of the 
CSF and brain, acetazolamide can increase ventilation 
and diminish symptoms of mountain sickness. This is 
also useful in the treatment of sleep apnea.

 5. Miscellaneous:
 1. Hypokalemic periodic paralysis
 2. CSF leak
 3. Severe hyperphosphatemia

13.3.3  Side Effects

Side effects include:
 1. Hyperchloremic metabolic acidosis
 2. Renal stones. There is a higher incidence of calcium and 

phosphate stones as they are insoluble in an alkaline pH.
 3. Hypokalemia
 4. Drowsiness and paresthesia
 5. Hypersensitivity reactions (fever, rashes, bone marrow 

suppression, and interstitial nephritis)

13.3.4  Contraindications

Carbonic anhydrase inhibitors are contraindicated in patients 
with cirrhosis of liver as they may develop hyperammonemia 
and hepatic encephalopathy.

13.4  Sodium Glucose Cotransporter 2 
Inhibitors

Inhibiting this transporter will result in glucose excretion of 
30–50% of the amount filtered. Two SGLT2 inhibitors (dapa-
gliflozin and canagliflozin) are currently available.

13.4.1  Pharmacokinetics

The SGLT2 inhibitors are rapidly absorbed by the GI tract. 
The elimination half-life of dapagliflozin is 10–12 h and up to 
70% of the given dose is excreted in the urine. The drugs are 

not recommended in patients with severe renal failure or 
advanced liver disease.

13.4.2  Clinical Indications and Adverse 
Reactions

Currently, the only indication for the use of these drugs is as 
third-line therapy for diabetes mellitus. SGLT2 inhibitors 
will reduce the hemoglobin A1C by 0.5–1.0%, similar to 
other oral hypoglycemic agents.

SGLT2 inhibitors may also be used as an adjunct to 
weight loss treatment.

There is a six-fold increased incidence of genital fungal 
infection in women and a slightly higher risk of urinary tract 
infections.

13.5  Adenosine A-1 Receptor Antagonists

Adenosine A-1 receptor antagonists prevent tubuloglomeru-
lar feedback by interfering with the activation of NHE3 in the 
proximal convoluted tubules and the adenosine-mediated 
enhancement of collecting tubule K+ secretion.

Caffeine and theophylline are the prototypical agents. 
They exhibit a modest and nonspecific inhibition of these 
adenosine receptors and produce a mild diuretic effect.

13.6  Loop Diuretics

Loop diuretics act selectively on the medullary ascending 
portion of the thick loop of Henle’s and inhibit NaCl reab-
sorption. The decreased reabsorption of sodium chloride 
alters the tonicity of the normally hypertonic medullary 
interstitium and leads to a reduced urine-concentrating abil-
ity of the kidneys thus facilitating diuresis. Loop diuretics 
also lead to a loss of potassium and hydrogen ions.

The two drugs that were initially available were the sul-
fonamide derivative furosemide and phenoxyacetic acid 
derivative ethacrynic acid. The prototypical agents of this 
class are the sulfonamide derivatives furosemide, bumetanide 
and torasemide.

13.6.1  Pharmacokinetics

The loop diuretics are rapidly absorbed. Absorption of orally 
administered loop diuretics is variable. It is about 10–50% 
with furosemide but is about 80–90% for torasemide and 
bumetanide.

Approximately 90–95% of loop diuretics are bound to 
plasma proteins and its volume of distribution is relatively 
low. This protein binding is essential for the delivery of furo-
semide to the kidney, the site for its action [4].

Loop diuretics have to be secreted into the luminal side of 
the proximal tubules in order to have an effect. Medications 
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that compete for the same weak acid secretion (NSAIDs or 
probenecid) may interfere with their secretion and thus make 
it ineffective.

Thirty percent of the drug is metabolized and excreted via 
the gastrointestinal tract. It is primarily eliminated by the 
kidney by glomerular filtration and tubular secretion. Half- 
life varies from 1 to 3 h and depends on renal function and 
the dose has to be adjusted in patients with renal failure.

The diuresis lasts for 2–3 h following an oral dose of furo-
semide but lasts for about 4–6 h following use of torasemide.

13.6.2  Pharmacodynamics

Loop diuretics inhibit the luminal Na+/K+/2Cl− transporter 
in the thick ascending loop of Henle. They thus reduce the 
reabsorption of NaCl.

Loop diuretics increase the excretion of water, Na, K, Cl, 
phosphate, Mg, and Ca. In normal circumstances, this 
increased loss of calcium is counter-balanced by increased 
intestinal absorption and parathyroid hormone-induced renal 
reabsorption of Ca2+ and hypocalcemia does not develop.

Loop diuretics have also been shown to increase synthesis 
of prostaglandins. This increases renal blood flow and 
decreases the peripheral vascular tone. The latter reduces 
pulmonary congestion and left ventricular filling pressures in 
the presence of heart failure.

13.6.3  Uses of Loop Diuretics

Loop diuretics are used in treatments for the following [1]:
 1. Hyperkalemia
 2. Acute pulmonary edema
 3. Increased intracranial pressure: they can be used even in 

the presence of disrupted blood-brain barrier.
 4. Acute renal failure
 5. Edematous conditions

 1. Congestive failure
 2. Cirrhotic ascites
 3. Nephrotic syndrome

 6. Hypercalcemia
 7. Hyponatremia
 8. Toxicity due to ingestion of bromide, fluoride and iodide.

13.6.4  Side Effects

Side effects include [1]:
 1. Hyponatremia
 2. Hypokalemic metabolic alkalosis
 3. Hypomagnesemia
 4. Hyperuricemia
 5. Hypercalciuria, which can lead to mild hypocalcemia 

and secondary hyperparathyroidism
 6. Hypercalcemia in volume-depleted patients with meta-

static breast or squamous cell lung carcinoma

 7. Dehydration
 8. Ototoxicity: dose-related hearing loss that is usually 

reversible
 9. Furosemide may increase the toxicity of aminoglyco-

sides and cephalosporins.
 10. Allergic reactions: skin rash, eosinophilia, and less often, 

interstitial nephritis. Allergic reactions are much less 
common with ethacrynic acid.

 11. Direct toxic action resulting in interstitial nephritis

13.6.5  Contraindications

Furosemide, bumetanide, and torasemide may exhibit aller-
gic cross-reactivity in patients who are sensitive to other sul-
fonamides, but this appears to be very rare.

Use with caution in patients with hepatic cirrhosis, bor-
derline renal failure, or heart failure.

13.6.6  Furosemide

Furosemide can be administered orally (0.75–3 mg kg–1) or 
intravenously (0.1–1 mg kg–1). Absorption is variable after an 
oral dose and ranges from 0–100% (mean of 50%). The peak 
effect is seen 60–90  min after an oral dose. Approximately 
90% of the drug is bound to plasma proteins and its volume 
of distribution is relatively low.

About 30% of the elimination is via the GI tract while the 
rest is excreted unchanged by the kidneys by glomerular fil-
tration and tubular secretion. The elimination half-life of 
furosemide is 60–90 min.

Furosemide increases renal artery blood flow if the intra-
vascular fluid volume is maintained. It increases the blood 
flow to the inner cortex and medullary regions. This is medi-
ated through release of prostaglandins.

Loop diuretics have a high ceiling effect (i.e., increasing 
doses lead to increasing diuresis).

13.6.7  Bumetanide

The mechanism of action and its effects are similar to those of 
furosemide. Bumetanide is absorbed completely after oral 
administration. Its rate of elimination is less dependent on 
renal function. Ototoxicity may be slightly less frequent than 
with furosemide, but renal toxicity is more of a problem. 
Because it is more potent, smaller doses are required.

13.7  Thiazides

The thiazide diuretics are chemically related to carbonic 
anhydrase inhibitors. These agents inhibit the NaCl, rather 
than NaHCO3 transportation. They have their predominant 
site of action at the distal convoluted tubule and have some 
effect on the collecting ducts.
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13.7.1  Pharmacokinetics

Thiazides can be administered orally. They are highly protein 
bound like the loop diuretics. Also like the loop diuretics, 
they are secreted by the organic acid secretory system in the 
proximal tubule and compete with the secretion of uric acid 
by that system. Hence, this might result in hyperuricemia.

13.7.2  Pharmacodynamics

Thiazides inhibit NaCl reabsorption from the luminal side of 
epithelial cells in the distal convoluted tubules by blocking 
the Na+/Cl− transporter. They increase the excretion of Na, 
K, Cl, HCO3, phosphate, and urate.

Thiazides actually enhance Ca2+ reabsorption. This effect 
can be helpful in some patients to prevent calcium stones in 
patients with hypercalciuria.

13.7.3  Uses of Thiazide Diuretics

Thiazides are used to treat the following:
 1. Hypertension
 2. Heart failure
 3. Nephrolithiasis due to idiopathic hypercalciuria
 4. Nephrogenic diabetes insipidus
 5. Cirrhotic ascites
 6. Nephrotic syndrome
 7. Presence of osteoporosis or hypoparathyroidism

13.7.4  Side Effects

Side effects of thiazides include:
 1. Hypokalemic metabolic alkalosis
 2. Hyperuricemia
 3. Impaired Carbohydrate Tolerance – occurs at higher 

doses of hydrochlorothiazide (HCTZ) (> 50 mg/d) 
due to both impaired pancreatic release of insulin and 
diminished tissue utilization of glucose

 4. Hyperlipidemia – 5–15% increase in total serum choles-
terol and low-density lipoproteins (LDLs).

 5. Hyponatremia
 6. Allergic Reactions – Being sulfonamides, they share 

cross-reactivity with other members of this chemical 
group. Serious allergic reactions—such as hemolytic 
anemia, thrombocytopenia, and acute necrotizing pan-
creatitis—are extremely rare.

13.7.5  Contraindications

Use with caution in patients with hepatic cirrhosis, border-
line renal failure, or heart failure.

13.8  Potassium-Sparing Diuretics

Potassium-sparing diuretics act primarily along the 
aldosterone- sensitive distal nephron and prevent the secre-
tion of potassium by antagonizing the effect of aldosterone. 
They are weak diuretics and are usually used in combination 
with thiazides or loop diuretics.

Potassium-sparing diuretics comprise three distinct 
groups:

 5 Aldosterone antagonists (spironolactone) – Directly 
inhibit the mineralocorticoid receptor

 5 Pteridines (triamterene) – Inhibit the Na+ influx
 5 Pyrazinoylguanidines (amiloride) – Inhibit the Na+ 

influx

13.8.1  Uses of Potassium-Sparing Diuretics

Potassium-sparing diuretics are used for the following:
 1. Hyperaldosteronism
 2. Hypertension
 3. Female hirsutism (spironolactone)
 4. The Na+ channel blockers can be used as adjuncts to 

other diuretics
 5. Amiloride is used for the treatment of diabetes insipidus

13.8.2  Side Effects

Side effects include:
 1. Acidosis
 2. Hyperkalemia
 3. Azotemia
 4. Gynecomastia
 5. Libido changes (spironolactone)
 6. Nephrolithiasis (triamterene)

13.9  Aquaretics (Vasopressin Receptor 
Antagonists)

Vasopressin receptor antagonists promote the excretion of 
solute-free water, and thus are known as “aquaretics.” 
Vasopressin mediates its effects by acting on the V2 receptors 
in the distal nephron and the collecting tubules. Arginine 
vasopressin (AVP) brings about its effects by triggering the 
cAMP, which in turn stimulates the expression of the aqua-
porin-2 channels on the luminal surface of the collecting 
tubules.

The US Food and Drug Administration (FDA) has only 
approved conivaptan, for clinical use in the United States. 
There are concerns about its interactions with other drugs 
metabolized by the CYP3A4 pathway.
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13.10  Adverse Effects of Diuretics

Adverse effects of diuretics include:
 1. Large doses can cause hypovolemia, hypotension, renal 

dysfunction, and neurohumoral activation [5].
 2. Fluid and electrolyte disturbances

 1. Volume depletion
 2. Hyponatremia (more common with thiazides). It is 

commonly seen in edematous patients with heart 
failure or cirrhosis.

 3. Hypokalemia: Both the thiazide and loop diuretics 
decrease the serum K+ level. This might lead to seri-
ous ventricular arrhythmias, muscle weakness, and 
increased propensity to development of arrhythmias 
in patients taking digoxin or who have a prolonged 
QT syndrome.

 4. Hyperkalemia (K+ −sparing diuretics)
 5. Hypocalcemia and hypercalciuria (loop diuretics)
 6. Hypercalcemia (thiazide diuretics) – This increase 

affects both the total and ionized fraction. It may 
lead to renal stone formation

 7. Hypomagnesemia (thiazide and loop diuretics). The 
hypokalemia that often accompanies it cannot be 
completely reversed until the magnesium deficit is 
also treated.

 8. Hypophosphatemia (all except K+ −sparing 
diuretics)

 3. Metabolic disorders:
 1. Metabolic acidosis (Acetazolamide and K+ −sparing 

diuretics)
 2. Metabolic alkalosis (thiazide and loop diuretics)

 4. Hyperuricemia (thiazides cause both hyper-and hypou-
ricemia)

 5. Hyperglycemia (thiazides and loop diuretics)
 6. Hyperlipidemia (thiazide and loop diuretics)
 7. Hormonal

 1. Gynecomastia (mostly spironolactone)
 2. Sexual dysfunction (mostly spironolactone)

 8. Prerenal azotemia
 9. Hypersensitivity reactions
 10. Deafness
 11. Pancreatitis
 12. Interstitial nephritis

13.11  Part 2: Dopaminergic Drugs

13.11.1  Dopamine

Dopamine is an endogenous catecholamine with a broad 
range of activity on dopaminergic, beta-adrenergic, and 
alpha-adrenergic receptors [6]. “Low dose” dopamine (less 
than 3 mcg/kg/min) has long been thought to be useful as a 
renal protection agent due to its effect in producing renal 
vasodilation and producing natriuresis by blocking the tubu-
lar reabsorption of sodium [7].

The pharmacokinetics of dopamine varies between indi-
viduals by as much as 10-fold to 75-fold and can also vary in 
the same individual [8]. Therefore, dosing the drug based on 
body weight may not reflect the true plasma concentration of 
the medication. Thus, what is considered as a “low dose 
dopamine” may in fact produce beta 1 or alpha stimulation 
resulting in unwanted tachycardia and hypertension [8].

The “renoprotective” effects have not been established in 
a large randomized controlled trial, and use of dopamine 
remains controversial [9–12]. The increase in cardiac output 
that may follow its use, however, may be beneficial in improv-
ing the renal perfusion and increasing the urine output.

13.11.2  Fenoldopam

Fenoldopam is a phenolated derivative of dopamine that has 
been shown to have some advantages over the latter. It is a 
selective dopaminergic-1 receptor agonist. Its effects are simi-
lar to dopamine and it induces a dose-dependent renal vasodi-
lation, increase in renal blood flow (RBF), and natriuresis [6].

Being a selective D-1 effect, it lacks the beta- or alpha- 
adrenergic effects and hence has the potential to be safer and 
more effective as compared to dopamine as an effective reno-
protective agent without inducing some of the adverse effects 
of dopamine, including tachycardia or vasoconstriction [13].

It can produce some hypotension and a reflex increase in 
the heart rate. It can be administered by a peripheral venous 
catheter.

A meta analysis has demonstrated its usefulness in reduc-
ing the risk of acute kidney disease [14].

13.12  Questions and Answers

 ?Questions (Choose the Most Appropriate Answer)
 1. Which class of diuretics act predominantly on the 

proximal tubule?
 A. Carbonic anhydrase inhibitors
 B. Loop diuretics
 C. Potassium-sparing diuretics
 D. Thiazide diuretics

 2. You are planning on short trip to the Andes while on 
vacation. A drug that is useful in preventing high-
altitude sickness is:
 A. Acetazolamide
 B. Amiloride
 C. Demeclocycline
 D. Desmopressin
 E. Ethacrynic acid

 3. A 50-year-old patient presents to the emergency 
department with mental status changes. An electro-
lyte panel is ordered and it shows serum Ca++ of 16.5 
(normal = 8.5–10.5 mg/dL). Which of the following 
would be your first choice in the management of his 
severe hypercalcemia?
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 A. Acetazolamide plus saline infusion
 B. Furosemide plus saline infuse
 C. HCTZ plus normal saline
 D. Mannitol plus hypertonic saline

 4. You are seeing a patient with a history of traumatic 
head injury with signs suggestive of cerebral edema 
and herniation. The diuretic that would be most use-
ful in acute management of this patient would be:
 A. Amiloride
 B. Ethacrynic Acid
 C. Furosemide
 D. Mannitol

 5. You are seeing a patient with a history of hyperten-
sion for which he has been placed chronic therapy 
with Lasix (furosemide). What would be one of the 
complications of such a treatment protocol?
 A. Decreased urinary Ca++ excretion
 B. Elevation of pulmonary vascular pressure
 C. Metabolic acidosis
 D. Ototoxicity

 6. A 40-year-old patient presents with a history of 
passing renal stones. A prior analysis of his stones 
suggested that they are calcium stones. What would 
be your first choice for a diuretic for this patient?
 A. Acetazolamide
 B. Furosemide
 C. Hydrochlorothiazide (HCTZ)
 D. Mannitol

 7. A 60-year-old patient with long-standing heart 
failure has been on large doses of furosemide. His 
blood gas reveals the presence of metabolic alka-
losis. Which of the following diuretics would have a 
positive impact on his treatment?
 A. Acetazolamide
 B. Digoxin
 C. Dobutamine
 D. Spironolactone

 8. You see a patient who is complaining of gynecomas-
tia following initiation of a water pill. He does not 
have his prescription with him. Which of the follow-
ing diuretics has this effect?
 A. Hydrochlorothiazide (HCTZ)
 B. Furosemide
 C. Spironolactone
 D. Mannitol

 9. Chlorothiazide produces its action by blocking the 
sodium and chloride co-transport at the
 A. Proximal convoluted tubule
 B. Loop of Henle
 C. Distal convoluted tubule
 D. Collecting ducts

 10. Sodium bicarbonate is mostly reabsorbed at the
 A. Proximal tubule
 B. Loop of Henle
 C. Distal tubule
 D. Collecting tubule

 v Answers
 1. A. Carbonic anhydrase inhibitors act predominantly 

on the proximal tubule.
 2. A. By decreasing cerebral spinal fluid (CSF) forma-

tion and by decreasing the pH of the CSF and brain, 
acetazolamide can increase ventilation and diminish 
symptoms of high-altitude sickness.

 3. B. Furosemide plus saline infuse.
 4. D. Mannitol is often administered to reduce intra-

cranial pressure (ICP) following a closed head injury 
when the blood-brain barrier is still intact.

 5. D. Ototoxicity is a dose-related hearing loss that is 
usually reversible.

 6. C. Hydrochlorothiazide (HCTZ). Thiazides actually 
enhance Ca2

+ reabsorption. This effect can be help-
ful in some patients to prevent calcium stones in 
patients with hypercalciuria.

 7. A. Acetazolamide. When the alkalosis is due to exces-
sive use of diuretics, acetazolamide can be useful in 
correcting the alkalosis as well as producing a small 
additional diuresis for correction of volume overload.

 8. C. Spironolactone. One of the side effects of potas-
sium-sparing diuretics, such as spironolactone, is 
gynecomastia.

 9. C. The thiazide diuretics have their predominant site 
of action at the distal convoluted tubule and have 
some effect on the collecting ducts.

 10. A. Proximal tubule. Normally about 65–70% of the 
filtered sodium is passively absorbed in the proximal 
tubules.
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Key Points
1. The perioperative management of anticoagulation 

and the prevention of thrombosis and bleeding 
remain challenging and require a comprehensive 
understanding of the coagulation cascade and the 
pharmacology of anticoagulants, antithrombotics, 
and antiplatelet agents.

2. The hematologic system involves a complex and 
balanced interaction of the vascular endothelium, 
platelets, and coagulation factors.

3. Anticoagulant therapy is required to perform a num-
ber of clinical procedures including percutaneous 
coronary and transcatheter interventions, cardiovas-
cular surgeries and other surgeries, as well as dialysis. 
This therapy is also used as a treatment for a number 
of thrombotic diseases including acute coronary syn-
dromes (myocardial infarction and unstable angina), 
deep vein thrombosis, and pulmonary embolism.

4. The ideal anticoagulant possesses a fast onset and 
offset of action, few drug interactions, and little inter-
patient variability in it anticoagulant effects.

14.1  Introduction

Anticoagulant therapies, which include antiplatelet and anti-
thrombotic drugs, prevent and treat many cardiovascular 
disorders and are some of the most universally prescribed 
drugs. Rapid onset anticoagulant therapy is also required to 
perform a number of clinical procedures including percuta-
neous coronary interventions (PCI), structural heart inter-
ventions, cardiovascular surgery and other surgeries, as well 
as dialysis. This therapy is also used as a treatment for a num-
ber of thrombotic diseases including acute coronary syn-
dromes (myocardial infarction and unstable angina), deep 
vein thrombosis, and pulmonary embolism. The hematologic 
system involves a complex interaction of the vascular endo-
thelium, platelets, and coagulation factors. As long as the 
fine-tuned interplay within the system is balanced, neither 
thrombus formation or bleeding and any associated conse-
quences will take place (. Fig. 14.1).

Perioperatively, hemostasis is often challenged but per-
turbations of the integrity of the vascular endothelium and 
subsequent platelet activation may result in acute clot forma-
tion in the arteries or veins, which ultimately manifests as 
arterial or venous thromboembolism. This is where antico-
agulant drugs, including antiplatelet therapies and anti-
thrombotic agents are utilized to interfere with hemostasis.

When selecting the most appropriate anticoagulant drug, 
thorough consideration of the efficacy-to-safety ratio is war-
ranted. In addition, there are a number of pharmacological 
factors that affect a drug’s success: the absorption rate, the 
overall metabolism, an active parent drug rather than a pro-
drug that needs to be metabolized, drug interactions, inter-
patient variability in anticoagulant effects (e.g., drug, 
environment, and genetic), onset of action, pharmacokinet-

ics with a dose-dependent drug effect, elimination, and a 
direct target. The overarching goal over the last several years 
has been to develop antithrombotic, anticoagulant, and anti-
platelet drugs that carry more favorable pharmacological 
properties (e.g., faster onset of action, fewer interactions, and 
less interpatient variability in their antithrombotic effects) 
thus reducing thrombotic events without generation of unac-
ceptably high bleeding rates. Besides more original drugs 
such as unfractionated heparin (UFH), the antiplatelet agents 
aspirin and clopidogrel and the vitamin K antagonist warfa-
rin, modern treatment options now include anticoagulants 
that directly target factor IIa (bivalirudine, argatroban, dabi-
gatran) or Xa (rivaroxaban, apixaban, edoxaban) and the 
next-generation antiplatelet drugs prasugrel and ticagrelor. 
This chapter focuses on the pharmacological properties of 
the most commonly used anticoagulants, antithrombotics, 
and antiplatelet drugs.

14.2  Unfractionated Heparin, Low- 
Molecular- Weight Heparin, 
and Fondaparinux

Unfractionated heparin (UFH) is the anticoagulant of 
choice in acute settings (such as cardiovascular procedures 
or surgery) while both UFH and low-molecular-weight 
heparin (LMWH) are preferred agents in acute thrombosis. 
Heparin is an endogenously produced, linear polysaccha-
ride that consists of repeating units of pyranosyluronic acid 
and glucosamine residues. Heparins contain an active pen-
tasaccharide sequence that binds to the endogenous serin 
protease inhibitor antithrombin (AT), thus causing a con-
formational change of AT, which results in accelerated AT 
binding and inactivation of coagulation factors XIIa, IXa, 
XIa, Xa, and thrombin. Neither UFH nor LMWH have sig-
nificant intrinsic fibrinolytic activity and neither provides 
direct thrombolysis. Most important for the clinical effect of 
heparin is the accelerated inhibition of thrombin and factor 
Xa. Once a heparin molecule has formed a complex with 
AT, it can easily dissociate and bind to other AT molecules, 
thus providing a continuous anticoagulant effect. The active 
pentasaccharide sequence (e.g., high-affinity-material) 
responsible for catalyzing AT is more prevalent in the chains 
of UFH than LMWH and only 30–50% of the UFH- and 
<20% of the LMWH molecules contain the specific and 
active pentasaccharide sequence. Fondaparinux is a fully 
synthetic analog of the naturally occurring pentasaccharide 
found in heparins, which selectively and irreversibly binds 
to AT. This results in neutralization of factor Xa, which ulti-
mately inhibits thrombin formation and thrombus develop-
ment.

Unfractionated heparin is administered either intrave-
nously (IV) or subcutaneously. As with other medications, 
intravenously administered UFH achieves therapeutic plasma 
concentrations and its clinical effect more quickly compared 
to subcutaneous administration. Owing to its low bioavail-
ability, subcutaneous UFH needs to be dosed more gener-
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ously (>30,000 U/day) to reach a clinical effect. Intravenously 
administered heparin can be effectively monitored and 
adjusted based on infusion rates. To monitor the antiocoagu-
lant effect of UFH, the activated partial thromboplastin time 
(aPTT) or the anti-factor Xa essay (range 0.3–0.7 IU/mL) are 
being utilized.

The clearance of UFH from the systemic circulation is 
dose-dependent and follows 2 independent mechanisms. 
The initial clearance is rapid and depends on saturable bind-
ing of UFH to endothelial cells, macrophages, and local pro-
teins where UFH undergoes depolymerization. The second 
phase depends on renal-mediated clearance, is non- 
saturable, and results in non-linear UFH pharmacokinetics 
with anticoagulation increasing disproportionally at high 
therapeutic doses. At clinically effective doses, UFH is pri-
marily cleared via depolymerization. However, if clearance 
becomes dependent on the kidney function and especially if 

the renal function is impaired, prolonged administration of 
UFH results in a disproportionate increase in both the 
intensity and the duration of the anticoagulant effect. In 
patients with moderate (creatine clearance [CrCl] 30–50 mL/
min) to severe renal dysfunction (CrCl <30 mL/min), over-
anticoagulation occurs once saturation of reticuloendothe-
lial clearance is reached. Hospital-specific weight-based 
dosing nomograms are useful to streamline the administra-
tion of UFH and have been associated with shorter time to 
therapeutic UFH levels and no increase in bleeding events. 
Major complications of UFH therapy include bleeding and 
heparin-induced thrombocytopenia (HIT). Heparin-
induced thrombocytopenia (HIT) is a prothrombotic disor-
der caused by antibodies to macromolecular complexes of 
platelet factor 4 (PF4), a positively charged platelet protein, 
and heparin, a negatively chared carbohydrate. Diagnostic 
tests for HIT consist of the platelet count (decrease of >50% 
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       . Fig. 14.1 Illustration of the coagulation cascade with its intrinsic 
(contact activation) and extrinsic (tissue factor) pathway. Each pathway 
generates a series of reactions in which inactive circulating enzymes 
and their co-factors are activated. The key elements of the extrinsic 
pathway involve the release of tissue factor from trauma or vascular 
injury. In the presence of calcium, tissue factor forms a complex with 
factor VIIa and cleaves clotting factors X and IX to their active forms. 
The intrinsic pathway is based on contact activation where factor IXa 

binds to factor VIIIa and forms intrinsic tenase, which activates factor 
X. The interaction of factor Xa with factor Va results in the formation 
of prothrombinase, which converts factor II to IIa (thrombin). Factor IIa 
further amplifies the coagulation system, converts soluble fibrinogen 
to insoluble fibrin, and also activates platelets. Anticoagulants are 
interacting at various stages with this coagulation system and interrupt 
the enzymatic reactions (Reprinted with permission from Alquwaizani 
et al. [1])
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from baseline), immunoassays, and functional assays. 
Immunoassays identify antibodies against heparin/platelet 
factor 4 (PF4) complexes and use an enzyme-linked immu-
nosorbent assay (ELISA). Functional assays such as the 
serotonin release assay measure the platelet-activating 
capacity of PF4/heparin- antibody complexes. While func-
tional assays have greater specificity than immunoassays 
they are also time- consuming and not as widely available.

Intracranial, intraspinal, intraocular, mediastinal, or ret-
roperitoneal bleeding is typically classified as major bleed-
ing and usually results in hospitalization, transfusion, 
possible organ failure, and death. Risk factors for major 
bleeding during anticoagulation with UFH include the 
intensity of the anticoagulant effect, increased age, female 
sex, history of gastrointestinal bleeding, concomitant use of 
other anticoagulants, and duration of therapy. Patients 
receiving long-term heparin therapy are also at increased 
risk to suffer from osteoporosis and may be prone to verte-
bral fractures.

Perioperative anticoagulation management is procedure- 
dependent and informed by the patient’s risk factors for 
bleeding and thrombosis. Evidence-based guidelines for the 
perioperative management of antithrombotic therapy con-
tain specific recommendations. Bridging therapy is recom-
mended in patients at moderate to high risk of 
thromboembolism (e.g., the prevention of thromboembo-
lism outweighs the potential for increased surgical bleed-
ing). For patients at low risk for thromboembolism, no 
bridging therapy is recommended. Preoperatively, UFH is 
routinely halted for 4 h prior to the surgical procedure and 
the effect is monitored with a normalization of the 
aPTT.  Postoperatively, therapeutic UFH is restarted after 
about 12 h but will be delayed if surgical bleeding continues. 
One key advantage of UFH anticoagulation is that its effect 
may be rapidly reversed with protamine. Each mg of prot-
amine can neutralize 100  U of heparin. Importantly, prot-
amine is associated with development of a number of adverse 
effects, ranging from life-threatening anaphylactic compli-
cations in 0.16% of patients to minor reactions associated 
with systemic hypotension in 13% of patients. The incidence 
and severity of the reaction to protamine may depend on the 
rate of administration (maximum recommended adminis-
tration rate is 5 mg/min). Patients at risk for a reaction to 
protamine may be pretreated with corticosteroids and anti-
histamine medications.

Evidence-based guidelines help to provide safe regional 
anesthesia in patients receiving antithrombotic or thrombo-
lytic therapy. As long as patients receive only low-dose UFH 
subcutaneously, there is no contraindication for neuraxial 
techniques. However, in the patient that is receiving intraop-
erative (and possibly high-dose) anticoagulation with UFH, 
therapy should be started at least 1 h after the neuraxial nee-
dle placement. The removal of indwelling catheters such as 
epidural catheters should not be performed unless the UFH 
therapy has been halted for at least 2–4 h and not without 
demonstration of an effect on the level of coagulation (see 
. Table 14.1).

Low molecular weight heparin or UFH is routinely 
administered as high-dose (therapeutic), intermediate-dose, 
and low-dose (prophylactic). Prophylactic-dose LMWH is 
commonly prescribed to prevent venous thromboembolism 
(VTE) but is not sufficient in the prevention of arterial 
thromboembolism (e.g., stroke in atrial fibrillation). Due to 
the homogeneity of the polysaccharide chains, LMWHs have 
a superior pharmacodynamic and pharmacokinetic profile in 
comparison to UFHs. Other advantages of LMWH include 
the convenience of its fixed daily dosing regimens (once or 
twice), the fact that routine monitoring is not required and 
its track record of safety and efficacy in practice. The renal 

       . Table 14.1 Pre- and postoperative recommendations for 
regional anesthesia in the patient receiving antithrombotic or 
thrombolytic therapy as recommended by the American Society 
of Regional Anesthesia and Pain Medicine Evidence- Based 
Guidelines (Third Edition)

Preoperative

  Discontinue warfarin at least 5d before elective procedure

  Assess INR to 2d before surgery, if >1.5, consider 1–2 mg of oral 
vitamin K

  Reversal for urgent surgery/procedure, consider 2.5–5 mg of 
oral or intravenous vitamin K; for immediate reversal, consider 
fresh-frozen plasma

  Patients at high risk for thromboembolism

   Bridge with therapeutic subcutaneous LMWH (preferred) or 
intravenous UFH

   Last dose of preoperative LMWH administered 24 h before 
surgery, administer half of the daily dose

   Intravenous heparin discontinued 4 h before surgery

  No bridging necessary for patients at low risk for thromboem-
bolism

Postoperative

  Patients at low risk for thromboembolism

   Resume warfarin on postoperative day

  Patients at high risk for thromboembolism (who received 
preoperative bridging therapy)

   Minor surgical procedures – resume therapeutic LMWH 24 h 
postoperatively

   Major surgical procedures – resume therapeutic LMWH 
48–72 h postoperatively or administer low-dose LMWH

  Assess bleeding risk and adequacy of hemostasis when 
considering timing of the resumption of LMWH or UFH therapy

Recommendations from Douketis et al. [4]

  Not all invasive procedures/surgeries require normalization of 
the INR.

Reprinted with permission from Horlocker et al. [3]
Abbreviations: INR international normalized ratio, LMWH 
low-molecular-weight heparain, UFH unfractionated heparin
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clearance for LMWH is dose-independent and the half-life is 
longer than for UFH (17–21 h). Anti-Xa testing is optional in 
high-risk patients (renal insufficiency, pregnancy, non- 
compliance) and its interpretation is product specific.

When administered subcutaneously, fondaparinux under-
goes rapid and complete absorption and exhibits a half-life of 
17–21 h and is excreted primarily unchanged in the urine in 
patients with normal renal function. Similar to LMWH and 
UHF, fondaparinux has been proven to be safe and effective 
for treatment of DVT and pulmonary embolism (PE). When 
studied in clinical trials, fondaparinux demonstrates superior 
efficacy in reducing VTE in various orthopedic surgeries but 
its incidence of major bleeding is higher compared with 
LMWH. Of note, the timing of fondaparinux administration 
has been shown to be associated with its efficacy and out-
comes and the incidence of major bleeding. Fondaparinux 
currently does not have US Food and Drug Administration 
(FDA) approval for acute coronary syndromes.

14.3  Direct Thrombin Inhibitors

The direct thrombin inhibitors (DTIs) lepirudin and hirudin 
are naturally occurring anticoagulants derived from the sali-
vary glands of the medicinal leech and have demonstrated 
efficacy in models of thrombosis. The synthetic analogs of 
hirudin, bivalirudin, and desirudin exert their anticoagulant 
activity by direct, selective, and reversible binding to the active 
catalytic site and the anion-binding site of thrombin, which 
antagonizes the recognition and binding of fibrinogen at the 
anion binding exosite 1 of thrombin. Argatroban, which is 
derived from the amino acid arginine, is another smaller syn-
thetic thrombin inhibitor, which also binds reversibly but non-
covalently to an active thrombin site. The currently available 
DTIs vary significantly in regards to their pharmacologic pro-
files. Bivalirudin possesses a predictable, dose-dependent anti-
coagulant activity, has the shortest half- life, and therefore is the 
most suitable agent in the perioperative space. Patient-specific 
factors (age, cardiovascular function, and hepatic or renal dys-
function) dictate the choice of DTIs. Comorbidities and organ 
dysfunction in critically ill patients typically dictate lower infu-
sion rates. Standard monitoring of DTI administration follows 
the aPTT, with a goal of 1.5–2.5 times control (bivalirudin) 
and 1.5–3 times control (argatroban) while desirudin does not 
require routine monitoring. As an alternative to aPTT levels 
and because of inconsistencies in aPTT measurements, the 
plasma-diluted thrombin time can be considered.

14.4  Oral Antiplatelet Treatments

Platelets are essential to hemostasis and to the development of 
a pathological thrombus. In a multifactorial process, initial 
disruption of the endothelium exposes platelets to the adhesive 
proteins of the subendothelial matrix. Interactions between 
the matrix proteins and platelet-receptor glycoproteins enable 
platelet adhesion and subsequent activation of intracellular 

signaling pathways that trigger the release of activators such as 
ADP, serotonin, adrenaline, thrombin, and thromboxane A2. 
Via G-protein-coupled receptors, these agonists potentiate 
each other’s actions. Ultimately, the glycoprotein IIb/IIIa com-
plexes on platelets bind to fibrinogen, a process that results in 
platelet aggregation and can culminate in thrombus formation 
(. Fig. 14.2). In summary, there are multiple steps involved in 
the adhesion, activation, and aggregation of platelets and more 
recently developed  antiplatelet drugs either target platelet acti-
vating factors or associated receptors.

14.4.1  Aspirin

Aspirin (acetylsalicylic acid) is the most commonly pre-
scribed antiplatelet drug for prevention of cardiovascular 
disorders. While low doses of aspirin selectively inhibit 
cyclooxygenase (COX)-1, resulting in its antiplatelet effects, 
higher doses of aspirin inhibit both COX-1 and COX-2 lead-
ing to anti-inflammatory and analgesic effects.

Aspirin prevents the access of arachidonic acid to its 
receptor and inhibits production of thromboxane A2 by 
acetylating a serine residue near the narrow catalytic site of 
the COX-1 channel.

Repeated low doses of aspirin result in permanent and 
irreversible thromboxane A2 inhibition throughout the 
7–10 day lifetime of anucleated platelets. This is why aspirin 
can be administered once daily and still remains effective 
despite its very short half-life (15–20 min). Of note, aspirin 
also exerts other relevant (indirect) properties such as the 
reduction of inflammatory cytokines, oxygen radicals, and 
growth factors relevant.

Absorption of aspirin is rapid and mediated by passive 
diffusion through gastrointestinal membranes. Single or 
repeated oral administration of aspirin results in systemic 
bioavailability of about 45–50%, but the enteric-coated for-
mulation has a much lower bioavailability. With regular aspi-
rin, peak plasma concentrations of aspirin are reached within 
30  min after ingestion but up to 4  h after ingestion of the 
enteric-coated formulation. In patients with acute coronary 
syndrome (ACS), rapid inhibition of thromboxane A2 can be 
achieved with a recommended dose of 150–325 mg of aspi-
rin. There appears to be no evidence that patients with ACS 
benefit from higher versus lower doses of oral aspirin, but 
lower doses (81–100 mg) have been shown to result in rela-
tively less bleeding than higher doses of aspirin. Alternatively, 
lower doses of aspirin can also be given intravenously.

The return of platelet function after aspirin administra-
tion is related to the natural turnover of platelets. Assuming a 
daily generation of 10–12% new platelets from megakaryo-
cytes, near normal hemostasis can be seen within 2–3 days 
after the last aspirin dose in patients with a typical rate of 
platelet turnover. Variability in inhibition of platelet throm-
boxane A2, often termed as “aspirin resistance” can be seen 
in proinflammatory settings (such as in patients with ACS or 
diabetes) that promote a faster rate of platelet turnover and 
platelet hyper-reactivity.
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14.4.2  P2Y12 Receptor Antagonists

Dual antiplatelet therapy with aspirin and a P2Y12 receptor 
antagonist, such as clopidogrel, is considered as standard 
treatment of patients with ACS and those undergoing coro-
nary interventions with placement of intracoronary stents. 
Although the first-generation P2Y12 receptor antagonist 
ticlopidine proved to reduce the risk of stent thrombosis 
compared with standard treatments it was soon replaced 
with clopidogrel, which had fewer hematological side effects. 
Common to all PSY12 receptor antagonists is that they 
either irreversibly (clopidogrel and prasugrel) or reversibly 
(ticagrelor) block the binding of adenosine diphosphate 
(ADP) to a specific platelet receptor P2Y12, which conse-
quently inhibits the activation of the glycoprotein (GP) IIb/
IIIa complex and platelet aggregation. Improved under-
standing of the P2Y12 receptor and the pharmacology of 
antiplatelet drugs resulted in the production of prasugrel 
and ticagrelor. Compared to clopidogrel, both prasugrel and 
ticagrelor have faster onset of action and are associated with 
reduced interpatient variability in platelet inhibition (see 
. Table 14.2). Although the reasons for the significant inter-
patient variability associated with clopidogrel are likely mul-
tifactorial, they include drug, environmental, and genetic 

interactions, in addition to clinical factors such as diabetes 
and obesity.

While the thienopyridines clopidogrel and prasugrel rep-
resent prodrugs that need biotransformation involving 
CYP450 to become active, they also irreversibly inhibit the 
P2Y12 receptor. After absorption, 85% of clopidogrel is 
hydrolysed by esterases into an inactive carboxylic acid. By 
contrast, ticagrelor is the first clinically available oral cyclo-
pentyltriazolopyrimidine, which represents an active drug 
with a simpler metabolism that leads to the formation of an 
active metabolite. As a consequence, ticagrelor results in 
faster inhibition of platelet function than the 2 other com-
pounds. Unlike the thienopyridines, it reversibly binds to a 
separate site of the P2Y12 receptor and it inhibits G-protein 
activation and signaling without binding to the ADP-binding 
site.

For clopidogrel, the recommended loading dose is 
600  mg and maintenance dose is 75  mg. The loading dose 
achieves an onset of antiplatelet action within 2 h and it is 
necessary because it takes 5–7 days to achieve a steady-state 
inhibition of platelet function with maintenance dosing. The 
onset of prasugrel antiplatelet action is reported at 30  min 
after a loading dose of 60  mg for prasugrel (maintenance 
dose 10 mg). Both drugs have a similarly slow offset of action 
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       . Fig. 14.2 Platelet pathways and commonly used oral antiplatelet 
treatments such as COX-1 inhibitors, P2Y12 inhibitors and others. Fol-
lowing the disruption of the endothelium, adhesive proteins of the 
subendothelial matrix (collagen and von Willebrand factor [vWF]) are 
being exposed. These proteins then interact with platelet- receptor 
glycoproteins (GP). Intracellular signaling activation results in the 
release of platelet activators such as ADP, adrenaline, serotonin, throm-

bin, and thromboxane A2. These agonists bind to G-protein-coupled 
receptors and further potentiate the process. Ultimately, GP IIb/IIIa 
binds to fibrinogen and results in platelet aggregation. Abbreviations: 
5-HT2A serotonin receptor 2A, COX- 1 cyclooxygenase 1, PAR protease-
activated receptor, TP-R thromboxane prostanoid receptor, TXS throm-
boxane A2 synthase, G G-protein. Dotted arrows show movement of 
molecules (Adapted with permission from Franchi and Angiolillo [2])
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of 7–10  days. The recommended loading and maintenance 
doses of ticagrelor are 180 mg once and 90 mg twice per day. 
Ticagrelor’s onset of action is reported at 30 min after dosing, 
its peak effect is observed after about 2 h, and it appears to 
reach its steady state after 2–3 days.

Of note, the different mechanism of action of the P2Y12 
receptor antagonists also affects the approach to treatment 
for patients who are bleeding. While circulating ticagrelor 
and its metabolite are likely to inhibit transfused platelets, 
studies have shown that the effects of aspirin and the thieno-
pyridines can be offset with platelet transfusions.

14.5  Oral Anticoagulant Treatments

Since the concept of the coagulation cascade was initially 
introduced in 1964, there have been numerous revisions and 
refinements. The key elements of the so-called extrinsic path-
way involve the release of tissue factor from trauma or vascu-
lar injury. In the presence of calcium, tissue factor forms a 
complex with factor VIIa and cleaves clotting factors X and 
IX to their active forms (factors Xa and IXa). The intrinsic 
pathway is based on contact activation where factor IXa 
binds to factor VIIIa and forms intrinsic tenase, which acti-
vates factor X.  The interaction of factor Xa with factor Va 
results in the formation of prothrombinase, which converts 
factor II to IIa (thrombin). Factor IIa further amplifies the 
coagulation system, converts soluble fibrinogen to insoluble 
fibrin, and also activates platelets.

14.5.1  Vitamin K Antagonists

Vitamin K-dependent antagonists (VKAs), such as warfarin 
and phenprocoumon, are synthetic analogues of the natu-
rally occurring dicumarol. They produce their anticoagulant 
effect by inhibiting the vitamin K-dependent carboxylation 
of factors II, VII, IX, and X.  Warfarin has a mean plasma 

half-life of 40  h and reaches its full anticoagulant effects 
48–72 h after administration. Inactivation and metabolism of 
this drug occur via cytochrome P450 enzymes (CYP2C9, 
CYP1A2, and CYP3A4). However, dose and effects of warfa-
rin have been shown to vary greatly amongst patients. Besides 
a number of patient-specific factors such as diet, drug inter-
actions, and underlying disease states, there are genetic varia-
tions (polymorphisms) in the proteins CYP2C9 and 
VKORC1, which influence the primary metabolism and 
pharmacodynamics of warfarin and place patients at 
increased risk of bleeding. Based on this information, the 
FDA has recommended clinicians to consider a patient’s 
genotype before prescription of warfarin. In fact, despite 
more than 60 years of clinical experience with VKAs, bleed-
ing complications with warfarin remain as one of the most 
significant causes of severe adverse drug events. To achieve a 
therapeutic international normalized ratio (INR), a wide 
dosing range of warfarin is often required and, due to the 
narrow therapeutic index, frequent routine blood testing is 
required. Withholding therapy alone in the absence of a 
reversal agent takes several days until an effect is seen. Acute 
reversal of anticoagulant effects of warfarin (in patients with 
acute bleeding or in surgical patients) can be achieved by 
administration of vitamin K and/or infusion of clotting fac-
tors (fresh frozen plasma [FFP] or prothrombin complex 
concentrate [PCC]). Absolute contraindications of VKAs 
include liver failure, history of intracranial hemorrhage, 
active bleeding, and dementia.

14.5.2  Non-VKA Anticoagulants

In light of the narrow therapeutic index of VKAs, their mul-
tiple interactions, and the need for (invasive) blood monitor-
ing of patients, an intense search for new anticoagulants with 
more predictable pharmacological effects has resulted in the 
availability of numerous alternatives to warfarin. These non- 
VKA oral anticoagulants (NOACs) directly target factor IIa 

       . Table 14.2 Properties of oral P2Y12 inhibitors

Prasugel Ticagrelor Clopidogrel

Drug class Thienopyrindine Cyclopentyl-triazolopyrimidine Thienopyrindine

P2Y12 receptor blockade Irreversible Reversible Irreversible

Prodrug Yes No Yes

Onset of action 30 min – 4 h 30 min – 4 h 2–8 h

Offset of action 7–10 days 3–5 days 7–10 days

Percentage of active metabolite 85% 90–100% 15%

Interactions with CYP-targeted drugs No CYP3A4 or CYP3A5 CYP2C19

Elimination Urine (68%)
Feces (27%)

Urine (~ 30%)
Feces (~ 60%)

Urine (60%)
Feces (40%)

CYP cytochrome P450
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(dabigatran) or Xa (rivaroxaban, apixaban, and edoxaban). 
Compared to warfarin, NOACs have faster onset and offset of 
action and do not require routine blood tests. Dabigatran 
selectively inhibits thrombin (factor IIa) similar to other 
already established injectable direct thrombin inhibitors 
(DTIs) such as recombinant hirudin, bivalirudine, and arg-
atroban. Dabigatran contains a prodrug, has a half-life of 
12–17 h, has by far the lowest bioavailability of present NOACs 
(3–7%), and is up to 80% cleared by the kidneys. Therefore, 
renal function should be monitored regularly in patients tak-
ing dabigatran and most of the other NOACs. Given that renal 
clearance varies greatly amongst NOACs, every NOAC comes 
with specific dose adjustment recommendations based on 
renal function. Because NOACs have not been widely studied 
in patients with more severe disease or those on dialysis, they 
are generally avoided in patients on dialysis.

Rivaroxaban exhibits its anticoagulant effect by direct, 
selective, and reversible inhibition of factor Xa. Rivaroxaban 
does not contain a prodrug, has a half-life of 5–13 h, has the 
highest bioavailability of present NOACs (66% and ~100% 
with food) and is to 66% cleared by the kidneys.

Similar to rivaroxaban, apixaban exhibits its  anticoagulant 
effect by direct and reversible inhibition of factor Xa. 
Apixaban does not contain a prodrug, has a half-life of 
9–14 h, has a bioavailability 50%, and is up to 27% cleared by 
the kidneys.

Although the NOACs have generally fewer interactions 
with other medications than warfarin, there are a number of 
contraindicated medications and some that make a dose- 
reduction of NOACs necessary. Currently, none of the NOAC 
medications are FDA-approved for patients with valvular 
disease. For instance, a randomized trial of dabigatran com-
pared with warfarin in patients with mechanical heart valves 
demonstrated an increase in both bleeding and ischemic 
events among patients on dabigatran.

While routine monitoring of patients receiving NOACs is 
not required, there are circumstances in which measure-
ments of the anticoagulant effect are reasonable. For factor 
Xa inhibitors, the prothrombin time can be used to make a 
qualitative assessment and in the case of dabigatran, the acti-
vated partial thromboplastin time can be used. Currently, 
direct antidotes to NOACs are not available. However, the 
comparatively short half-life of NOACs versus warfarin is 
advantageous when the unwanted side effect bleeding is con-
sidered. Valid absolute and relative contraindications of 
NOACs include the following: life failure, history of intracra-
nial hemorrhage, active bleeding, renal failure (CrCl <15 ml/
min), and mechanical heart valves.

14.6  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which of the following anticoagulants contains 

the highest number of pentasaccharide sequences 
responsible for catalyzing antithrombin to inactivate 
several coagulation factors?

 A. Coumadin
 B. Unfractionated heparin (UFH)
 C. Low-molecular-weight heparin (LMWH)
 D. Desirudin

 2. Which of the following four antiplatelet drugs rep-
resents an active drug, is orally available and revers-
ibly binds to a separate site of the P2Y12 receptor?
 A. Clopidogrel
 B. Prasugrel
 C. Ticagrelor
 D. Aspirin

 3. Which statement about the so-called extrinsic path-
way of the coagulation cascade most accurately 
describes its key components?
 A. Contact activation activates factor IXa that binds 

to factor VIIIa and forms intrinsic tenase, which 
then activates factor X.

 B. In the presence of calcium, tissue factor forms a 
complex with factor VIIa and cleaves clotting fac-
tors X and IX to their active forms (factors Xa and 
IXa).

 C. Factor IIa and factor Xa convert soluble fibrino-
gen to insoluble fibrin, and also activate plate-
lets

 D. The interaction of factor Xa with factor Va results 
in the formation of prothrombinase, which con-
verts factor II to IIa.

 4. Which of the following patient scenarios would be 
best suited to receive a non-VKA oral anticoagulants 
(NOACs)?
 A. Patient with persistent atrial fibrillation who will 

require frequent lung biopsies, necessitating dis-
continuation of anticoagulation

 B. Patient with prior stroke and atrial fibrillation, 
and undergoing surgery with spinal anesthesia

 C. Patient with prior stroke, atrial fibrillation, and 
mechanical heart valves, with labile international 
normalized ratio (INR)

 D. Patient with paroxysmal atrial fibrillation and 
structurally normal heart, with labile INR

 5. Which option describes the most appropriate com-
bination of measures to reverse the anticoagulant 
effects of warfarin?
 A. Acute reversal of the anticoagulant effects can 

be achieved with intravenous administration of 
Vitamin K alone.

 B. Acute reversal of the anticoagulant effects of 
warfarin can be best achieved by administra-
tion of vitamin K and infusion of clotting factors 
(fresh frozen plasma [FFP] or prothrombin com-
plex concentrate [PCC]).

 C. Acute reversal of the anticoagulant effects of 
warfarin can be best achieved by administration 
of protamine

 D. Acute reversal of the anticoagulant effects of 
warfarin can be best achieved by administration 
of fresh frozen plasma (FFP) alone.
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 6. How many days after the last aspirin dose in patients 
with a typical rate of platelet turnover can you 
expect near normal hemostasis?
 A. After 1 day
 B. Within 4–5 days
 C. Within 9–10 days
 D. Within 2–3 days

 7. Of the currently available direct thrombin inhibitors, 
which provides the most predictable, dose-depen-
dent anticoagulant activity and has the shortest 
half-life making it the most suitable agent in the 
perioperative space?
 A. Argatroban
 B. Bivalirudin
 C. Desirudin
 D. Lepirudin

 8. Which of the following statements in regards to the 
heparin-induced thrombocytopenia (HIT) are correct?
 A. Heparin-induced thrombocytopenia (HIT) is a 

prothrombotic disorder caused by antibodies to 
complexes of platelet factor 4 (PF4) and heparin.

 B. Functional HIT assays such as the serotonin 
release essay measure the platelet-activating 
capacity of PF4/heparin-antibody complexes.

 C. All heparin administration should be immedi-
ately stopped if the diagnosis of HIT is made and 
an alternative anticoagulant should be started.

 D. All of the above
 9. From the list below, please select the anticoagulant 

or antiplatelet drug that has a direct antidote?
 A. Rivaroxaban
 B. Unfractionated heparin
 C. Bivalirudin
 D. All of the above

 10. Please select valid absolute and relative contraindi-
cations of a non-VKA oral anticoagulants (NOACs) 
from the following:
 A. History of intracranial hemorrhage
 B. Renal failure (creatine clearance <15 ml/min)
 C. Mechanical heart valve
 D. All of the above

 v Answers
 1. B. The active pentasaccharide sequence (e.g., 

high-affinity-material) responsible for catalyzing 
antithrombin is most prevalent in the chains of 
unfractionated heparin (UFH) than in low-molecular- 
weight heparin (LMWH) and only 30–50% of the 
UFH and <20% of the LMWH molecules contain the 
specific and active pentasaccharide sequence.

 2. C. Ticagrelor is the first clinically available oral cyclo-
pentyltriazolopyrimidine. Ticagrelor is an active drug 
and results in faster inhibition of platelet function 
than clopidogrel and prasugrel. Unlike the thieno-
pyridines, it reversibly binds to a separate site of the 
P2Y12 receptor and it inhibits G-protein activation 
and signaling without binding to the ADP-binding 

site. The thienopyridines clopidogrel and prasugrel 
represent prodrugs that need biotransformation 
involving CYP450 to become active and they irre-
versibly inhibit the P2Y12 receptor.

 3. B. The key elements of the so-called extrinsic pathway 
involve the release of tissue factor from trauma or vas-
cular injury. In the presence of calcium, tissue factor 
forms a complex with factor VIIa and cleaves clotting 
factors X and IX to their active forms (factors Xa and IXa).

 4. D. While NOACs have several attractive features, 
such as minimal interaction with medications and 
foods and no need for blood work to monitor the 
required dose, they also have several important limi-
tations. Currently, none of the NOAC medications 
are FDA-approved for patients with valvular dis-
ease. For instance, a randomized trial of dabigatran 
compared with warfarin in patients with mechani-
cal heart valves demonstrated an increase in both 
bleeding and ischemic events among patients on 
dabigatran. The only approved oral anticoagulant 
for patients with mechanical heart valves is warfarin. 
All 3 FDA-approved NOAC medications carry a black-
box warning to avoid discontinuation in the absence 
of adequate alternative anticoagulation, owing to 
a risk for rebound hypercoagulability and stroke. In 
addition, they should not be used in patients receiv-
ing spinal anesthesia.

 5. B. Acute reversal of anticoagulant effects of warfarin 
(in patients with acute bleeding or in surgical patients) 
can be achieved by administration of vitamin K and/or 
infusion of clotting factors (fresh frozen plasma [FFP] 
or prothrombin complex concentrate [PCC]).

 6. D. The return of platelet function after aspirin 
administration is related to the natural turnover of 
platelets. Assuming a daily generation of 10–12% 
new platelets from megakaryocytes, near normal 
hemostasis can be seen within 2–3 days after the 
last aspirin dose in patients with a typical rate of 
platelet turnover.

 7. B. The currently available DTIs vary significantly in 
regards to their pharmacologic profiles. Bivalirudin 
possesses a predictable, dose-dependent anticoagu-
lant activity, has the shortest half-life and therefore 
is the most suitable agent in the perioperative space.

 8. D. All of the statements are correctly describing the 
pathophysiology, diagnosis and treatment in cases 
of HIT.

 9. B. Unfractionated heparin is the only medication 
listed that may be rapidly reversed by an antidote. 
One mg of protamine can neutralize 100 U of hepa-
rin. Currently, direct antidotes to NOACs (rivaroxa-
ban) and to direct thrombin inhibitors (bivalirudin) 
are not available.

 10. D. Valid absolute and relative contraindications of 
NOACs include the following: life failure, history of 
intracranial hemorrhage, active bleeding, renal fail-
ure (CrCl <15 ml/min), and mechanical heart valves.
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Key Points
 1. Total body water comprises around 60% of the lean 

body mass of an adult male.
 2. Osmolarity takes into account the total concentration 

of penetrating solutes and non-penetrating solutes, 
while tonicity takes into account the total concentra-
tion of non-penetrating solutes only.

 3. Infusion of 0.9% NaCl is accompanied by a hyperchlo-
remic metabolic acidosis, especially if large volumes 
are administered.

 4. Balanced crystalloid solutions avoid the hyperchlo-
remic metabolic acidosis caused by isotonic NaCl. In 
addition, they reduce antidiuretic hormone (ADH) 
secretion, thereby reducing the typical salt and water 
retention that occurs.

 5. Hypotonic fluids should be avoided in cases of 
increased intracranial pressure and in cases of trau-
matic brain injury for fear of worsening of cerebral 
edema.

 6. Glucose-containing solutions should be avoided in 
cases of traumatic brain injury for fear of worsening 
of neurologic outcome.

 7. In large-scale prospective trials, the volume of crys-
talloid resuscitation to achieve prespecified resusci-
tation endpoints is around 1.5 to 2 times the colloid 
resuscitation volume, which is much less than the 
crystalloid to colloid resuscitation ratio (3:1) previ-
ously recommended.

 8. In patients with sepsis, the use of hetastarches is 
associated with an increased incidence of acute kid-
ney injury, the need for renal replacement therapy, 
and an increased mortality. The use of hetastarches 
should be avoided in patients with sepsis and in 
those with underlying kidney disease.

 9. Goal-directed fluid therapy aims to achieve and 
maintain a specific goal: an optimum cardiac output 
that ensures adequate delivery of oxygen to the 
tissues, thereby avoiding tissue hypoperfusion and 
the associated cascade of cellular changes that can 
ultimately result in organ dysfunction and failure.

 10. Dynamic measures of fluid responsiveness are 
indices evaluating the response to a cyclic preload 
variation and provide better prediction of fluid 
responsiveness than static measures.

15.1  Body Fluid Compartments

Total body water comprises around 60% of the lean body 
mass of an adult male. The intracellular fluid compartment 
accounts for two-thirds of the total body water, while the 
extracellular fluid accounts for the remaining one-third. The 
extracellular body water is distributed between the intersti-
tial fluid and the plasma volume in a ratio of 3:1.

For a 70 kg patient, the following total body water com-
position is applied:

Totalbody water kg L

Intracellular water volume of

= ´ =
=

60 70 42

66 4

%

% 22 28

33 42 14

L L

Extracellular water volume of L L

Interstitial wa

=
= =%

tter volume of L L

Plasma intravascular water volume

= =

( ) =
75 14 10 5% .

225 14 3 5% .of L L=

Osmolarity refers to the concentration of osmotically active 
particles in a solution expressed in milliosmoles per liter 
(mOsm/L)

Normal plasma osmolarity mOsmol L= 275 295to /

Plasma osmolarity is calculated based on the following 
osmotically active particles in plasma =

2 18 2 8Na Glucose BUN+[ ]+ +/ / .

15.1.1  Osmolarity Versus Tonicity

Both osmolarity and tonicity compare the solute concentra-
tions of 2 solutions separated by a membrane.

Osmolarity takes into account the total concentration of 
penetrating solutes and non-penetrating solutes, while tonic-
ity takes into account the total concentration of only non- 
penetrating solutes.

15.2  Crystalloids

Crystalloids are intravenous fluids containing electrolytes 
and/or dextrose dissolved in water. . Table 15.1 lists the com-
position of commonly used intravenous crystalloid solutions.

15.2.1  NaCl 0.9%

Infusion of 0.9% NaCl is accompanied by a hyperchloremic 
metabolic acidosis, especially if large volumes are adminis-
tered. Its effects on the kidneys include renal vasoconstric-
tion, reduced glomerular filtration rate (GFR), and a reduction 
in renal cortical perfusion. Observational trials showed that 
the use of isotonic normal saline could increase the incidence 
of acute kidney injury (AKI) and the requirement for renal 
replacement therapy, likely through a reduction in renal per-
fusion. In a recent randomized trial of critically ill postopera-
tive (non trauma) patients, the use of buffered crystalloid 
solutions did not reduce the risk of acute kidney injury.

15.2.2  NaCl 3%

The use of hypertonic NaCl is limited to cases of increased 
intracranial pressure to reduce cerebral edema as well as for 
the treatment of hypoosmolar hyponatremia. Its use as a vol-
ume expander has been considered in prehospital trauma 
with no demonstrable improvement in patient outcomes.

 M. Kelava et al.



261 15

15.2.3  Balanced Crystalloid Solutions

Balanced crystalloid solutions including plasmalyte (iso-
tonic) and Ringer’s lactate, gluconate, and acetate (mildly 
hypotonic) have a lower sodium and chloride concentration 
as compared to isotonic NaCl. The reduced anion content is 
compensated for by the addition of buffers such as lactate, 
gluconate, and acetate. Following administration, the buffer 
is metabolized to HCO3

- . Balanced crystalloid solutions 
avoid the hyperchloremic metabolic acidosis caused by iso-
tonic NaCl. In addition, they reduce antidiuretic hormone 
(ADH) secretion, thereby reducing the typical salt and water 
retention that occurs with isotonic NaCl administration, and 
allow diuresis in response to intravascular fluid expansion.

15.2.4  Dextrose Solutions

Dextrose solutions are typically used for acute manage-
ment of hypoglycemia (D50) and for maintenance of 

patients’ nutritional requirements as part of parenteral 
nutrition. Dextrose solutions are not suitable for intravas-
cular fluid expansion, since water is able to move across 
fluid compartments and is not confined to the intravascu-
lar space. Glucose solutions can also be used in conjunc-
tion with insulin for management of hyperkalemia (by 
shifting K+ intracellular) as well as to reduce the occur-
rence of hypoglycemia in diabetic patients receiving insu-
lin infusions.

15.2.5  Crystalloids To Be Avoided in Certain 
Conditions and Disease States

 5 Acute and chronic kidney disease: Avoid large volumes 
of 0.9% NaCl.

 5 Hyperparathyroidism: Avoid Ca2+ containing solutions 
including Ringer’s lactate

 5 Blood product transfusion: Avoid Ca2+ containing solu-
tions to prevent clotting caused by interaction of Ca2+ 

       . Table 15.1 Composition of commonly used crystalloid solutions

Solution mOsm/L Tonicity pH Na+a Cl−a K+a Ca2a Mg2a Glucose 
g/L

Lactatea
HCO3

-- a Gluco-
natea

Ace-
tatea

Lactated 
Ringer’s 
(LR)b

273 Iso 6.5 130 109 4 3 – – 28 – – –

Plasmalyte 
A

294 Iso 7.4 140 98 5 – 3 – – – 23 27

Plasma-
lyte – 148

294 Iso 5.5 140 98 5 – 3 – – – 23 27

Normal 
Saline (NS)

308 Iso 5.0 154 154 – – – – – – – –

5% 
dextrose 
(D5) in 
water

253 Hypo – – – – – – 50 – – – –

D5 ¼ NS 355 Iso 4.0 38.5 38.5 – – – 50 – – – –

D5 ½ NS 406 Hyper 4.3 77 77 – – – 50 – – – –

D5 NS 586 Hyper 4.0 154 154 – – – 50 – – – –

D5 LR 525 Hyper 5.0 130 109 4 2.7 – 50 28 – – –

½ NS 154 Hypo 77 77 – – – – – – – –

3% Saline 
(S)

1027 Hyper 5.0 513 513 – – – – – – – –

5% S 1711 Hyper 5.0 856 856 – – – – – – – –

7.5% 
NaHCO3

1786 Hyper – 893 – – – – – – 893 23 27

Normasol 280 Iso 7.4 140 98 5 – – – – – 23 27

aStandard SI units: mEq/L
bLactate Ringer’s = Hartmann’s solution = Compound Sodium Lactate
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with citrate. The small amounts of Ca2+ in Ringer’s lac-
tate make this a rare and hypothetical occurrence.

 5 Traumatic brain injury: Avoid hypotonic solutions for 
fear of worsening cerebral edema; avoid glucose con-
taining solutions for fear of worsening of neurologic 
outcome.

 5 Liver Disease: Avoid hypotonic solutions that may exac-
erbate ascites/interstitial edema due to a reduced oncotic 
pressure.

 5 Hyperglycemia: Avoid glucose containing solutions to 
prevent worsening hyperglycemia

 5 Increased Intracranial Pressure: Avoid hypotonic solu-
tions for fear of worsening cerebral edema.

15.3  Colloids

Colloids are very small, finely divided particles that remain 
dispersed in a liquid for a long time due to their small size 
(usually less than 1  mm) and electron charge. While these 
particles are too small to be seen by the optical microscope, 
they are too big to pass through a semipermeable membrane. 
These particles have negligible settling velocity because of 
their small mass and have a low gravitational force compared 
to surface frictional forces. Colloids can be classified into 
natural and synthetic colloids. Albumin is the typical exam-
ple of natural colloids, while synthetic colloids include vari-
ous hydroxyethyl starches, dextran, and gelatins.

15.3.1  Albumin

Human serum albumin is a 66.5-kDa, negatively charged, 
and elliptically shaped protein that contributes up to 80% of 
the intravascular oncotic pressure and serves as a transport 
protein in blood. Albumin 5–25% is a sterile liquid solution 
that contains variable concentrations of albumin (5–25%) in 
normal saline. Albumin is derived from large pools of human 
plasma, manufactured by cold ethanol fractionation followed 
by ultra- and diafiltration. The manufacturing also includes 
final container pasteurization and additional bulk pasteuri-
zation at 60 ± 0.5 °C for 10–11 h. The combination of frac-
tionation and pasteurization virtually eliminates the risk of 
potential viral transmission.

The effective oncotic pressure of the 5% albumin solution 
approaches that of human plasma (around 25 mmHg) while 
that of the 25% solution is approximately four to five times 
that of human plasma.

Albumin traverses the intravascular space, a phenome-
non known as “transcapillary filtration,” into the interstitial 
space via both passive filtration at areas with large gaps in the 
endothelium and active filtration via the receptor albondin. 
Albondin is an avid receptor for the transport of albumin 
into the interstitial space, but is lacking in certain tissue com-
partments, such as brain, resulting in low albumin levels in 
the cerebrospinal fluid. In experimental animal models, how-
ever, albumin has been shown to interact with the endothe-

lial glycocalyx, thereby preserving the integrity of the 
endothelial surface layer and more effectively limiting fluid 
extravasation compared to crystalloids and other synthetic 
colloids.

While most studies report that albumin is safe but not 
significantly better than saline (0.9% NaCl) in reducing mor-
tality, albumin has been shown to be beneficial for the follow-
ing patient populations:

 5 Hypoalbuminemia and multiorgan dysfunction: Dubois 
et al. used intravenous albumin to correct hypoalbumin-
emia, and used the Sequential Organ Failure Assessment 
(SOFA) score to evaluate for changes in organ dysfunc-
tion. They concluded that the administration of albu-
min to critically ill hypoalbuminemic patients showed 
improved organ function especially in the central 
nervous system, the cardiovascular system, and the pul-
monary system.

 5 Sepsis: A meta-analysis reported that the use of 
albumin- containing solutions for the resuscitation of 
patients with sepsis was associated with lower mortality.

 5 Spontaneous bacterial peritonitis complicating cirrhosis.
 5 Children with severe malaria.

On the other hand, several studies reported an increase in 
mortality with the use of albumin in patients with traumatic 
brain injury. While the exact mechanism is not well under-
stood, a disruption in the blood brain barrier with leakage of 
albumin into the brain parenchyma causing rebound intra-
cranial hypertension has been suggested.

15.3.2  Hydroxyethyl Starch

Hydroxyethyl starch (HES) is a synthetic colloid solution in 
which the molecular mass of at least 80% of polymers ranges 
between 10 thousand to 2 million daltons (Da). Larger mol-
ecules are degraded enzymatically by amylase. HES is stored 
in the reticuloendothelial system for several hours and is 
believed to be renally excreted. HES is mixed in a salt solu-
tion so that its salt concentration is similar to that in blood. 
HES has become one of the most frequently used colloidal 
plasma expanders worldwide, mainly due to its lower cost 
compared to albumin. Most HES preparations have oncotic 
pressures around 30 mmHg, (hetastarch: 450/0.7, Voluven®: 
130/0.4) with some preparations having much higher oncotic 
pressures of 55 mmHg (pentastarch: 260/0.5).

HES is derived from amylopectin, a polysaccharide from 
maize, and is similar to glycogen. HES is prepared by hydro-
lysis, in  vivo, by serum alpha-amylase and amylopectin 
hydroxyethylation. HES is excreted by the kidneys and the 
rate of decomposition of starch is based on the molar substi-
tution and C2/C6 ratio. The higher the molar substitution 
and C2/C6 ratios, the slower the decomposition, ultimately 
leading to plasma accumulation.

 Classification of HES
Various hetastarches can be classified according to their:
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 5 In vitro molecular weight (MW): Increased 
MW = decreased degradation.

 5 Molar substitution (hydroxyethylation): the proportion 
of glucose units on the starch molecule that have been 
substituted by hydroxyethyl units. The higher molar 
substitution means a larger molecule; so the larger the 
molecule, the slower the degradation in the body.

 5 C2 to C6 ratio: the substitution of hydroxyethyl at the C2 
or C6 location. Increased C2 substitution = decreased 
degradation, since a high C2/C6 ratio decreases the rate 
of hydrolysis by alpha amylase.

 5 Concentration %: HES 6% means that there are 6 g of 
HES per each 100 ml of diluent

 5 Diluent (also called carrier solution): typically 0.9% 
NaCl or lactated Ringer’s solution

Three generations of hetastarches, based on their average 
molecular weights and their molar substitutions, have been 
introduced into clinical practice:

 5 First generation: also referred to as high molecular 
weight HES. Examples include hydroxyethyl starch HES 
450/0.7, 550/0.7, and 670/0.75.

 5 Second generation: Medium molecular weight HES. The 
typical example is pentastarch 200/0.5, which is prepared 
as 10% in normal saline.

 5 Third generation: Low molecular weight HES (130/0.4) 
HES 130/0.4 is the latest generation of the commercially 
available HES solutions. It is characterized by a mean 
in vitro MW of 130,000 Da, a molar substitution (MS) of 
0.4, and a C2/C6 ratio of about 9:1. HES 130/0.4 is one 
of the most frequently used resuscitation fluids world-
wide.

 Side Effects of HES
 5 Anaphylactoid reactions: All synthetic colloids are asso-

ciated with a several-fold increased incidence of ana-
phylactoid reactions compared with albumin, with HES 
having the lowest risk of anaphylactoid reactions among 
the synthetic colloids.

 5 Coagulopathy and bleeding: HES 450/0.7 and 200/0.5 
administration increased bleeding when used during 
cardiac surgery after which hetastarch received a warn-
ing label in the United States. HES 200/0.6 was associ-
ated with fatal bleeding in patients with intracranial 
hemorrhage. HES can produce dilutional effects like 
other volume expanders and decrease factor VIII and 
von Willebrand factor levels. HES can also reduce the 
accessibility of glycoprotein IIb/IIIa on the surface of 
platelets. All these effects on coagulation parameters can 
result in severe coagulopathy. In a retrospective propen-
sity matched study of patients undergoing cardiac sur-
gery, the use of low molecular weight HES (130/0.4) was 
associated with more coagulopathy and blood product 
transfusion when compared to the crystalloid group.

 5 Acute kidney injury and need for renal replacement 
therapy: HES is associated with renal tubular injury 
characterized by increased urinary excretion of alpha 

1-microglobulin, Tamm- Horsfall protein, and the brush 
border enzyme acetyl-b glucosaminidase. A proinflam-
matory action on the kidney interstitium also has been 
described. The mechanism of renal failure may include 
reabsorption of the macromolecule into renal tubular 
cells leading to osmotic nephrotic lesions or renal plug-
ging due to hyperviscous urine. HES 130/0.4 at doses 
more than 33 mL/kg was an independent risk factor 
for acute renal failure (ARF) in a large observational 
study of 2911 surgical intensive care unit (ICU) patients 
(adjusted OR, 1.85; CI, 1.01-3.41). In a multicenter par-
allel group blinded trial of septic patients randomized 
to either HES 130/0.4 or Ringer acetate, the HES group 
was more likely to require renal replacement therapy 
compared to the Ringer acetate group. In 7000 patients 
admitted to an ICU and randomly assigned to HES 
130/0.4 versus normal saline, the use of HES resulted 
in a higher requirement for renal replacement therapy 
compared to the normal saline group.

In a systematic review of 92 studies, including 
23 randomized clinical trials; renal impairment was 
demonstrable after usage of HES solutions spanning the 
full spectrum of molecular weights and substitutions.

 5 Mortality: High doses of HES may be associated with 
higher mortality in patients at risk. In the VISEP trial 
(Efficacy of Volume Substitution and Insulin Therapy 
in Severe Sepsis), septic patients showed a trend toward 
increased 90-day mortality if they received 10% HES 
200/0.5 compared with modified lactated Ringer’s 
(41.0% vs 33.9%, P = 0.09).This excess mortality seemed 
to be driven by patients who received HES in higher 
cumulative doses. In the Scandinavian Starch for Severe 
Sepsis/Septic Shock Trial: HES 130/0.4 vs. Ringer’s 
acetate solution in severe sepsis patients, patients with 
severe sepsis assigned to fluid resuscitation with HES 
130/0.4 had an increased risk of death at day 90 and 
were more likely to require renal-replacement therapy, 
as compared with those receiving Ringer’s acetate. It is 
unclear how HES administration might impair survival, 
but tissue storage may have a role. Synthetic colloids are 
either broken down by serum amylase and excreted via 
the kidneys or temporarily absorbed into lysosomes of 
liver, kidney, lymph nodes, and other tissue. This phe-
nomenon is dose-dependent and may be increased in 
the presence of renal failure. In patients with impaired 
renal function, frequent plasma replacement with HES 
resulted in an increase in plasma chitotriosidase activ-
ity, which is a marker of activated foamy macrophages. 
Massive colloidal tissue storage may impair ventila-
tion and contribute to acute kidney injury and higher 
cumulative doses may be responsible for extensive organ 
depositions with the appearance of a foamy macrophage 
syndrome.

There is no evidence of an overall beneficial effect 
of HES in any subgroup of critically ill patients. On the 
other hand, the use of HES (including low molecular 
weight) shows clear signals of harm, including adverse 
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effects on the kidneys, on hemostatic functions as well 
as a trend toward increased mortality. HES should there-
fore be avoided in patients with acute or chronic renal 
disease, coagulopathy, as well as in critically ill septic 
patients.

15.3.3  Dextrans

Dextrans are glucose polymers synthetized from sucrose 
medium by lactic acid bacteria Leuconostoc mesenteroides. 
Dextrans are available as 10% dextran 70 and 40 in normal 
saline. Dextran 70 is a volume expander, whereas dextran 40 
is used to increase blood flow. Both dextrans have an oncotic 
pressure of 40  mmHg, greater than that of plasma at 
20 mmHg. Dextran can be antigenic and can lead to anaphy-
lactoid reactions, but the incidence of such severe reactions 
has been reduced dramatically from about 5% to 0.032% in 
the past 20  years. Dextrans can disable the crossmatch for 
blood by coating red blood cells and increasing the erythro-
cyte sedimentation rate. Dextrans are also considered as a 
cause of acute renal failure because their oncotic pressure is 
higher than plasma, reducing filtration pressure in the kid-
neys. Because of all the aforementioned side effects, dextrans 
are rarely used as fluid expanders.

15.3.4  Gelatins

Gelatins are polypeptides produced by degradation of bovine 
collagen. Gelatins, similar to starches, impair platelet func-
tion and reduce von Willebrand and coagulation factor VIII: 
c. In patients with intracranial bleeding, 4% gelatin and 6% 
HES 200/0.5 increased blood transfusion requirements and 
inflammatory markers. Gelatin may also be associated with 
renal impairment in patients at risk. In patients with severe 
sepsis, both HES and gelatins in doses >33 mL/kg were asso-
ciated with an increased incidence of renal failure. Due to 
allergic reactions and altered plasma viscosity, gelatins are 
not approved by the Food and Drug Administration (FDA) 
in the US.

15.4  Crystalloid Versus Colloid 
Resuscitation

In patients with burns, trauma, or following surgery, there is 
no evidence from randomized controlled trials and meta 
analyses that resuscitation with colloids reduces the risk of 
death, compared to resuscitation with crystalloids.The use of 
the colloid HES in a critically ill patient may worsen renal 
outcomes, increase coagulopathy and the need for blood 
product transfusion, and may increase mortality. Since col-
loids are more expensive and do not confer a mortality ben-
efit, there is little evidence to support their preferential use 
over crystalloids.

In large-scale prospective trials, the volume of crystalloid 
resuscitation to achieve prespecified resuscitation endpoints 
is around 1.5 to 2 times the colloid resuscitation volume, 
which is much less than the crystalloid to colloid resuscita-
tion ratio (3: 1) previously recommended. In the Saline ver-
sus Albumin Fluid Evaluation (SAFE) trial, the ratio of 
normal saline to 4% albumin resuscitation over the first 
4 days was 1.4 to 1. Similarly, in the VISEP trial, the ratio of 
lactated Ringer’s to HES over the first 4 days was 1.6. Recent 
publications in animal models point to the fact that the vol-
ume effects of crystalloid solutions have been underesti-
mated.

There is little evidence to support the preferential use of 
colloids versus crystalloid for early goal-directed fluid ther-
apy. Accurately identifying and following resuscitation end 
points and the use of evidence-based methods for assessment 
of fluid responsiveness may be more important determinants 
of outcomes than the type of fluid used for resuscitation.

15.5  Perioperative Fluid Management

The classic and now outdated approach to fluid management 
in the perioperative period utilizes an empiric weight-based 
formula to estimate fluid requirements. The formula differ-
entiates three types of fluid losses: preoperative fluid loss, 
maintenance requirements, and surgical fluid losses. This 
approach to fluid management is also known as the 4/2/1 
rule and has been largely abandoned for a more goal-oriented 
approach.

 5 Preoperative fluid losses:
The estimated fluid requirements follow the 4/2/1 rule:
4 cc/kg/h for the first 10 kg, 2 cc/kg/h for the second 
10 kg, and 1 cc/kg/h for every kg above 20 kg.
The hourly fluid requirements are then multiplied by the 
number of hours the patient remained NPO

 5 Ongoing intraoperative maintenance requirements:
using the same 4/2/1 rule as used to calculate preopera-
tive maintenance requirements.

 5 Surgical fluid losses based on type of surgery:
 5 Minimal tissue trauma (e.g., breast surgery): 2–4 cc/
kg/h

 5 Moderate tissue trauma (ventral hernia surgery): 
4–6 cc/kg/h

 5 Severe tissue trauma (e.g., laparotomy): 6–8 cc/kg/h

15.6  The Concept of Early Goal-Directed 
Fluid Therapy

Fluid overload through “liberal” fluid resuscitation regimens 
has been shown to negatively affect vascular barrier compe-
tence, increase cardiopulmonary complications, and prolong 
recovery of bowel function and hospital stay. Goal-directed 
fluid therapy aims to achieve and maintain a specific goal: an 
optimum cardiac output that ensures adequate delivery of 
oxygen to the tissues, thereby avoiding tissue hypoperfusion 
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and the associated cascade of cellular changes that can ulti-
mately result in organ dysfunction and failure.

The concept of early goal-directed therapy was intro-
duced by Rivers et al., who randomized 263 patients present-
ing with severe sepsis to a protocol of early goal-direct fluid 
therapy (EGDT) or standard therapy during the initial 6 h of 
resuscitation. In that study, The EGDT protocol used fluid 
therapy, blood transfusion, and vasoactive drug infusion to 
optimize tissue oxygen delivery, and EGDT was associated 
with a significant mortality benefit (30.5% for EGDT versus 
46.5% for standard, P = 0.009).

In several subsequent large-scale randomized multicenter 
trials of critically ill patients presenting to the hospital with 
early septic shock, EGDT did not reduce all-cause mortality 
at 90 days compared to standard care.

In the perioperative period, the use of goal-directed fluid 
therapy may avoid the deleterious effects of liberal fluid prac-
tices with their deleterious effects on pulmonary complica-
tions, delayed return of bowel function, and delayed hospital 
discharge. Conclusive data from randomized trials regarding 
the benefits of goal-directed fluid therapy in the periopera-
tive period is lacking and this represents an important 
research question for current and future clinical trials.

It is worthwhile mentioning that in patients with hypo-
tension caused by penetrating trauma, delay in fluid resusci-
tation may improve outcome. The rationale behind delayed 
fluid resuscitation or “permissive hypotension” in these cir-
cumstances is that uncontrolled bleeding may have tempo-
rarily stopped due to hypotension, vasoconstriction and 
in-situ thrombus formation. Efforts to normalize circulating 
blood volume and hemodynamics prior to definitive surgical 
homeostasis may cause a paradoxical increase in blood loss.

15.7  Fluid Responsiveness: Static Versus 
Dynamic Parameters

Static markers of cardiac preload—especially central venous 
pressure or pulmonary artery occlusion pressure, but also 
left ventricular end-diastolic area and early/late diastolic 
wave ratio—do not identify fluid responders from nonre-
sponders. These static markers, including those derived 
from echocardiography, can identify whether a cardiac 
chamber is full or empty and may help identify different 
mechanisms of shock states, but they do not reliably predict 
the hemodynamic response to a subsequent fluid bolus 
administration.

Dynamic markers are indices evaluating the response to a 
cyclic preload variation and provide better prediction of fluid 
responsiveness.

15.7.1  Actual Change in Preload: 
Fluid Challenge

The physiologic benefit of a fluid challenge is based on the 
Frank-Starling relationship, whereby an increase in cardiac 
preload results in an increased stroke volume and subse-
quently an increased cardiac output. This concept assumes 
that a patient’s preload is on the steep portion of the Frank- 
Starling curve. However, it is the actual interaction among 
the three parameters—preload, stroke volume, and car-
diac contractility—that determines fluid responsiveness 
(. Fig. 15.1).

Stroke volume

Normal systolic function

Poor systolic function
b = a

No increase in
stroke volume after
volume expansion

Stroke volume 
increase after
volume expansion

b’ > a’ b’

a’

b
a

Volume expansion A B Cardiac preload

       . Fig. 15.1 Frank-Starling curve 
and its relationship to fluid 
responsiveness. A given value of 
cardiac preload can be associated 
with an increase in stroke volume 
in patients with good ventricular 
function, whereas the same value 
of preload will not be associated 
with an increase in stroke volume 
(no preload reserve) in patients 
with poor ventricular function
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15.7.2  Functional Change in Preload in 
Mechanically Ventilated Patients

Although inducing an actual change in cardiac preload can 
be simply and quickly accomplished by a fluid bolus, an alter-
native method to predicting volume responsiveness is to 
challenge the Frank-Starling curve by inducing a functional 
change in cardiac preload and monitoring the response in 
stroke volume, cardiac output, or their surrogates.

In mechanically ventilated patients, this functional 
change in preload is already occurring as a result of mechan-
ical ventilation- induced changes in cardiac preload and can 
be monitored by observing the magnitude of change in 
hemodynamic signals in relation to cyclic changes in airway 
pressure. Arterial pressure rises during inspiration and falls 
during expiration as a result of changes in intrathoracic pres-
sure secondary to positive pressure ventilation. In patients 
with preload reserve, mechanical ventilation will result in 
greater cyclic changes in the right ventricle and subsequently 
the left ventricle stroke volume, and can therefore predict 
volume responsiveness.

Respiratory variations in hemodynamic signals do not 
predict volume responsiveness in spontaneously breathing 
patients, in patients with cardiac arrhythmias, and are inac-
curate in patients with isolated right ventricle dysfunction or 
pulmonary hypertension.

Echocardiographic “dynamic” measures of fluid respon-
siveness, including inferior vena cava (IVC) and superior vena 
cava (SVC) collapsibility index and respiratory variations in 
left and right ventricle stroke volume, can also be used to pre-
dict the response to fluid loading in mechanically ventilated 
patients before an actual fluid bolus is given and are therefore 
important components of goal-directed fluid therapy.

15.7.3  Functional Change in Preload in 
Spontaneously Breathing Patients

In spontaneously breathing patients, the functional change in 
preload is accomplished by the passive leg-raising test. It con-
sists of lifting the legs passively 45° from the horizontal 
(supine) position (or tilting the bed to the same extent) and 
observing the change occurring in hemodynamic effects 
(change in stroke volume, cardiac output, or arterial pulse 
pressure) as a result of the gravitational transfer of blood 
from the lower extremities toward the intrathoracic com-
partment. This test has the advantage of being simple, revers-
ible, and applicable in spontaneously breathing patients.

15.8  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. What percentage of total body water does the 

extracellular fluid compartment constitute?
 A. 25%
 B. 33%

 C. 50%
 D. 66%

 2. Administration of 0.9% NaCl is associated with the 
following metabolic abnormality?
 A. Hypochloremic metabolic acidosis
 B. Hyperchloremic metabolic acidosis
 C. Hypochloremic metabolic alkalosis
 D. Hyperchloremic metabolic alkalosis

 3. Which of the following crystalloids has the highest 
tonicity?
 A. NaCl 0.9%
 B. NaCl 0.45% in Dextrose 5%
 C. Plasmalyte
 D. Lactated Ringer’s

 4. The use of albumin is not recommended in patients 
with:
 A. Spontaneous bacterial peritonitis
 B. Severe malaria
 C. Traumatic brain injury
 D. Sepsis

 5. Which of the following hetastarch generations 
should be avoided in critically ill septic patients:
 A. First-generation hetastarches
 B. Second-generation hetastarches
 C. Third-generation hetastarches
 D. 1st, 2nd, and 3rd generation hetastarches

 6. Static parameters of fluid responsiveness include all 
of the following except:
 A. Mechanical ventilation-induced changes in 

stroke volume
 B. Central venous pressure
 C. Pulmonary artery occlusion pressure
 D. Left ventricle end-diastolic area

 7. Which of the following is the most appropriate goal 
during goal-directed fluid therapy:
 A. PAO2 (Alveolar oxygen tension)
 B. Mean arterial pressure
 C. Cardiac output
 D. Central venous pressure

 8. Which of the following fluids are associated with the 
highest incidence of anaphylactoid reactions:
 A. Plasmalyte
 B. Hypertonic saline (3% NaCl)
 C. Hetastarch 200/0.5
 D. Albumin 5%

 9. A high molar substitution on hetastarches is 
associated with
 A. Slower degradation
 B. Shorter half-life
 C. Less anaphylactoid reactions
 D. Less coagulopathy

 10. Plasma osmolarity is calculated based on the 
following osmotically active particles except:
 A. Blood urea nitrogen
 B. Creatinine
 C. Glucose
 D. Sodium
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 v Answers
 1. B. In adults, the extracellular fluid constitutes 33% of 

total body water, while the intracellular fluid 
constitutes 66% of total body water.

 2. B. Infusion of 0.9% NaCl is accompanied by a hyper-
chloremic metabolic acidosis, especially if large vol-
umes are administered.

 3. B. NaCl 0.45% in Dextrose 5% has the highest tonic-
ity. Please see . Table 15.1 for details.

 4. C. Several studies reported an increase in mortality 
with the use of albumin in patients with traumatic 
brain injury. While the exact mechanism is not well 
understood, a disruption in the blood brain barrier with 
leakage of albumin into the brain parenchyma causing 
rebound intracranial hypertension has been suggested.

 5. D. All hetastarch preparations have been associated 
with an increased incidence of acute kidney injury and 
an increased mortality in critically ill septic patients and 
should therefore be avoided in this patient population.

 6. A. Static markers of cardiac preload, especially central 
venous pressure or pulmonary artery occlusion pres-
sure, but also left ventricular end-diastolic area, do not 
identify fluid responders from nonresponders. These 
static markers, especially those derived from echo-
cardiography (left ventricle end-diastolic area) can 
identify whether a cardiac chamber is full or empty 
and may help identify different mechanisms of shock 
states, but do not reliably predict the hemodynamic 
response to a subsequent fluid bolus administration.

 7. C. Goal-directed fluid therapy aims to achieve and 
maintain a specific goal: an optimum cardiac output 
that ensures adequate delivery of oxygen to the 
tissues, thereby avoiding tissue hypoperfusion and 
the associated cascade of cellular changes that can 
ultimately result in organ dysfunction and failure.

 8. C. All synthetic colloids (hetastarch, gelatin, dextran) 
are associated with a several-fold increased inci-
dence of anaphylactoid reactions compared with 
albumin, with HES having the lowest risk of anaphy-
lactoid reactions among the synthetic colloids.

 9. A. Molar substitution (hydroxyethylation) refers to 
the proportion of glucose units on the starch mol-
ecule that have been substituted by hydroxyethyl 
units. The higher molar substitution means a larger 
molecule; so the larger the molecule, the slower the 
degradation in the body.

 10. B. Plasma osmolarity is calculated based on the 
following osmotically active particles in plasma = 2[
Na+] + Glucose/18 + BUN/2.8.
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Key Points
1. Damage to Wernicke’s area causes impaired lan-

guage comprehension and a receptive aphasia. 
Damage to Broca’s area causes an expressive apha-
sia with difficulty speaking and writing.

2. Cerebral blood flow equals cerebral perfusion 
pressure divided by cerebral vascular resistance 
(CBF = CPP / CVR). Cerebral perfusion pressure is 
equal to mean arterial pressure (MAP) minus the 
greater of intracranial pressure (ICP) or central 
venous pressure (CVP):

  CPP = MAP – ICP (or CVP if greater than ICP)
  Normal CPP in healthy adults is 80–100 mm Hg and 

is primarily dependent on MAP, given the generally 
low values of ICP and CVP in normal individuals.

3. The brain has the ability to autoregulate; however, 
this only occurs within a specific blood pressure (BP) 
range (~60–150 mm Hg). In order to maintain a con-
stant CBF, the CVR will adjust accordingly: decreasing 
CVR at the lower BP range and increasing CVR when 
at the higher BP range. Once outside the autoregula-
tion BP range, CBF becomes pressure-dependent. 
CPP below the lower limit of cerebral autoregulation 
can lead to cerebral ischemia, while CPP above the 
upper limit can cause bleeding and/or edema. In 
chronically hypertensive patients, the upper and 
lower limits of autoregulation are shifted to the right.

4. Any cause of inflammation/injury or ischemia such 
as irradiation, sustained seizures, infection, stroke, 
tumor, or trauma can disrupt the blood-brain 
barrier (BBB). Prolonged hypercapnia, hypoxia, or 
osmotic shock can also increase the permeability 
of the BBB and allow substances that are typically 
excluded to enter the brain and cerebrospinal fluid.

5. Therapeutic hypothermia, commonly called tar-
geted temperature management (TTM), stands 
alone as the only direct neuroprotectant (acts 
directly on neural tissue) with human evidence for 
efficacy. Indirect neuroprotectants include agents 
such as thrombolytics and thrombectomy for 
acute stroke. TTM is used in the setting of neonatal 
asphyxia and in adults following cardiac arrest (ie, 
after global anoxic-ischemic injury).

6. No anesthetic or adjuvant medication has been 
proven to be neuroprotective in humans, either 
against global or focal ischemia. However, there 
have been demonstrated neuroprotective effects of 
certain anesthetic medications against ischemia in 
animal models.

7. CO2 reactivity is preserved with both inhalational 
and intravenous anesthetics. The degree of cerebral 
vasodilation from inhalational anesthetics can be 
temporarily attenuated by hyperventilation along 
with maintaining the volatile agent at <1.0 minimum 
alveolar concentration (MAC) (typically ~ 0.5 MAC).

8. The spinal cord terminates at L1-L2 in adults. 
Lumbar punctures and spinal anesthetics must be 
performed below L2 in adults.

9. Evoked potentials have varying sensitivity to anes-
thetics, with the most affected to least affected 
as follows: visual evoked potentials (VEP) > motor 
evoked potentials (MEP) > somatosensory evoked 
potentials (SSEP) > brainstem auditory evoked 
potentials (BAEP).

16.1  Functional Organization 
of the Cerebral Cortex

The cerebral cortex is a convoluted, superficial layer of the 
cerebral hemispheres consisting of the gyri (ridges) and sulci 
(fissures) (. Fig. 16.1). This thin layer of gray matter covers 
the frontal, parietal, temporal, and occipital lobes of the cere-
bral hemispheres.

Multiple functional areas in the cortex interact to pro-
duce conscious behavior, which includes the abilities to pro-
cess sensation, communicate, retain memory, and coordinate 
movements. The sensory cortices allow for awareness of the 
environment, while the motor cortices control voluntary 
movement. Each of the primary sensory and motor cortices 
have secondary and tertiary cortices nearby to connect to 
association areas. These association areas integrate complex 
information for purposeful action.

16.2  Sensory Cortices

The main sensory cortices include the somatosensory, visual, 
auditory, gustatory, vestibular, and olfactory cortices, along 
with Wernicke’s (receptive speech) area (. Fig. 16.2). These 
primary cortices receive direct input from the peripheral 
sensory receptors. The sensory information is then transmit-
ted from the primary cortices to the secondary cortices to 
perform higher order functions.

16.2.1  Somatosensory Cortex

Located in the postcentral gyrus of the parietal lobe, the 
somatosensory cortex and adjacent somatosensory associa-
tion cortex are able to process information from cutaneous 
stimulation, proprioceptors, and tactile receptors.

16.2.2  Visual Cortex

The visual cortex is located in the occipital lobe. Damage to 
the occipital lobe (or to the subcortical optic radiations and/
or the thalamic lateral geniculate nucleus) can cause cortical 
blindness, visual field deficits, and visual hallucinations.
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       . Fig. 16.1 Cerebral lobes depicted using a 3 dimensional (3D) reconstruction of functional brain MRI (fMRI)

       . Fig. 16.2 Cerebral lobes and eloquent cortical areas depicted using a 3D reconstruction of functional brain MRI (fMRI)
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16.2.3  Auditory Cortex

The auditory cortex is located bilaterally in the temporal 
lobes. Unilateral damage to the auditory cortex does not 
cause bilateral deafness due to bilateral sound representation 
from set neuronal pathways.

16.2.4  Gustatory, Vestibular, and Olfactory 
Cortices

The gustatory and vestibular cortices are located in the insu-
lar region of the parietal lobe and receive sensory input from 
the taste buds of the tongue and the ears, respectively. The 
olfactory cortex is located in the temporal lobes and receives 
sensory input from the nose.

16.2.5  Wernicke’s Area

Wernicke’s area, located in the language-dominant temporal- 
parietal lobe, is the receptive language area that is responsible 
for processing spoken and written language. Damage to this 
area results in impaired language comprehension and recep-
tive aphasia. Preoperative testing before neurosurgical resec-
tion of a tumor in this area involves functional magnetic 
resonance imaging (fMRI) to identify this area in the indi-
vidual patient (see the areas colored in green in . Fig. 16.2 
which are actual functional brain regions from a patient).

16.3  Motor Cortices

The motor cortices receive input from the sensory cortices 
and their respective association areas to allow for planning 
and execution of purposeful movement (. Fig. 16.2).

16.3.1  Primary Motor and Premotor Cortices

The primary motor and premotor cortices are located in the 
precentral gyrus and areas anteriorly adjacent in the frontal 
lobe. The corticospinal tracts originate in the primary motor 
cortex and travel caudally through the brainstem (decussate 
in the caudal medulla) and spinal cord to innervate skeletal 
muscle on the contralateral side. Stimulation of the primary 
motor cortex results in execution of a specific movement. 
Most of the synapses from the premotor cortex interface with 
the primary motor cortex to coordinate more complex move-
ments. Stimulation of the premotor cortex results in a plan 
for a movement that can only be executed when the signal 
travels to the primary motor cortex.

16.3.2  Frontal Eye Fields

Projections travel from the visual association cortex in the 
occipital lobes to the frontal eye fields to produce eye move-
ments. The frontal eye fields are on the lateral superior fron-
tal lobes and drive the eyes (ie, gaze) to the opposite side. 
Frontal lobe seizures classically cause gaze deviation to the 
opposite side along with clonic motor activity on the oppo-
site side of the body.

16.3.3  Broca’s Area

Broca’s area is the expressive language area in the language- 
dominant frontal lobe. Damage to this area causes an expres-
sive aphasia with difficulty speaking or writing.

The cortical areas serving motor or language function are 
termed eloquent cortex. Tumors or lesions in these areas 
often have to be removed during awake cranial surgery in 
order to continuously test the patient during resection of the 
lesion.

16.4  Association Areas

There are multiple association areas that allow for higher 
level cognition such as memory, judgment, emotion, lan-
guage; with coordination of sensori-motor data based on 
these interpretations. Perhaps the most important associa-
tion area is the prefrontal cortex. This cortex plays a critical 
role in executive control of goal-directed behavior, attention, 
and personality.

16.4.1  Subcortical Areas

The subcortical areas are the parts of the brain beneath and 
deep to the cortex. These areas include the basal ganglia, hip-
pocampus, internal capsule (which includes the descending 
corticospinal tracts), cerebellum, brain stem, and the reticu-
lar activating system (. Fig. 16.3).

16.5  Basal Ganglia

The basal ganglia are a group of subcortical nuclei that regu-
late movement and posture by integrating motor processes 
associated with the cerebral cortex. The main components of 
the basal ganglia include the caudate nucleus, putamen, glo-
bus pallidus, subthalamic nucleus, and substantia nigra. The 
basal ganglia receive input from the cerebral cortex and send 
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neuronal output to the thalamus. From the thalamus, the 
neurons travel to the frontal cortex, brainstem, and spinal 
cord to regulate movement. Damage to the basal ganglia 
results in dyskinesias and movement disorders, such as 
Parkinson’s and Huntington’s diseases.

Dopaminergic pathways are integral to the regulation of 
movement. Anti-dopaminergic therapies given in the peri-
operative period—such as metoclopramide, promethazine, 
and droperidol—can have dystonic side effects or exacerbate 
dopamine-deficient conditions such as Parkinson’s disease.

16.6  Hippocampus

Located in the temporal lobe, the hippocampus regulates 
short-term memory. A neuronal circuit connects the hippo-
campus and the rest of the limbic system, including the 
amygdala, to the hypothalamus and autonomic nervous sys-
tem for cortical control of emotional behavior.

Lesions of the hippocampus and anterior temporal lobe 
(such as mesial temporal sclerosis) are particularly high risk 
for causing seizures.

16.7  Internal Capsule

The internal capsule contains the input and output pathways 
between the cerebral cortex and the rest of the central ner-
vous system (CNS). These include the sensory pathways that 
run from the thalamus to the cortex and the motor pathways 
that run from the primary motor cortex to the brainstem and 
spinal cord.

Patients with old strokes causing hemiparesis have dam-
age to the corticospinal tracts. These patients are prone to 
hyperkalemia with depolarizing neuromuscular blockade 
(succinylcholine). When monitoring twitch count intraop-
eratively to titrate neuromuscular blockers, the monitor 
should be placed on the normal (non-paretic) limb as the 
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       . Fig. 16.3 Subcortical structures
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paretic limb tends to be more resistant to non- depolarizing 
neuromuscular blockers (and leads you to give excessive 
doses).

16.8  Cerebellum

The cerebellum is located in the posterior cranial fossa (infe-
rior to the occipital lobe of the cortex and dorsal to the brain-
stem). It is separated from the cortex by the tentorium 
cerebelli. It plays a vital role in motor coordination, posture, 
and balance. Functionally, the cerebellum can be divided into 
three components: cerebrocerebellum, vestibulocerebellum, 
and spinocerebellum.

The cerebrocerebellum includes the lateral aspects of the 
cerebellum that receive input from the cerebral cortex. It is 
involved in the planning of complex motor actions. The ves-
tibulocerebellum includes the flocculonodular lobe of the 
cerebellum, and it receives input from the vestibular system. 
Its purpose is to control equilibrium. The spinocerebellum 
includes the vermis and intermediate hemispheres. The ver-
mis receives somatosensory input from the head and proxi-
mal parts of the body to maintain posture, muscle tone, and 
control of the proximal muscles of the body and limbs. The 
intermediate parts of the hemispheres receive somatosensory 
input from the limbs to control the distal muscles of the 
limbs.

Note that damage to the cerebellum results in movement 
and balance problems ipsilateral to the site of the lesion. A 
cerebellar hematoma or edema can impose mass effect on the 
brainstem due to its close proximity to this structure. 
Moreover, cerebellar edema may compress the 4th ventricle, 
causing rapidly fatal obstructive hydrocephalus unless 
relieved with external ventricular drainage (catheter placed 
into the lateral ventricle through the skull and frontal lobe).

16.9  Brain Stem

The brain stem is divided into the midbrain, pons, and 
medulla and is responsible for controlling some of the most 
critical functions in the body (. Fig.  16.3). The brainstem 
maintains consciousness through the reticular activating sys-
tem (discussed later). Moreover, the brainstem contains 
respiratory control centers (located in the medulla and pons) 
that are responsible for generating a respiratory rhythm and 
processing signals coming from the peripheral and central 
chemoreceptors. Damage to this section of the brainstem can 
lead to respiratory arrest.

The medulla contains the origin of the body’s parasym-
pathetic nervous system. The dorsal vagal nucleus and 
nucleus ambiguous are the cell bodies of the vagus nerve 
(cranial nerve X) that contributes parasympathetic innerva-
tion to much of the body. Sympathetic pathways that begin 
in the diencephalon (hypothalamus) travel through the lat-
eral medulla to the spinal cord. Through the autonomic ner-
vous system, the medulla is vital in controlling the functions 

critical to life, including maintenance of heart rate, respira-
tory rate, and blood pressure. The specific sensory, motor, 
and autonomic pathways that course through the brainstem 
are described later in this chapter in the Spinal Cord Tracts 
section.

16.10  Cranial Nerves

Cranial nerves I and II arise from the cerebrum and cra-
nial nerves III-XII exit the brain stem. The cranial nerves 
control functions critical for survival and contain the sen-
sory, motor, and autonomic pathways that travel between 
the cerebral cortex, cerebellum, and the rest of the body 
(. Table 16.1).

       . Table 16.1 Cranial nerves

Cranial nerve Origin Function

CN I (Olfactory) Cerebrum Smell

CN II (Optic) Cerebrum Vision

CN III (Oculomotor) Midbrain Motor to eye and 
eyelid;
Pupil constriction

CN IV (Trochlear) Midbrain Motor to eye

CN V (Trigeminal) Pons Sensation of touch, 
taste;
Motor to lower jaw

CN VI (Abducens) Pons Motor to eye

CN VII (Facial) Pons/
Pontomedul-
lary junction

Sensation of taste; 
motor to muscles of 
facial expression; 
tearing; salivation

CN VIII (Vestibulo-
cochlear)

Pontomedul-
lary junction/
Medulla

Hearing, balance, and 
equilibrium

CN IX (Glossopha-
ryngeal)

Medulla Sensation of taste, 
salivation;
Motor to swallowing 
muscles

CN X (Vagus) Medulla Sensation of taste; 
sensory, motor, and 
autonomic functions 
of viscera (gastric 
secretion and 
movement, cardiac 
reflex, respiratory 
reflex)

CN XI (Accessory) Medulla Motor to trapezius 
and sternocleidomas-
toid

CN XII (Hypoglos-
sal)

Medulla Motor control of 
tongue
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16.11  Reticular Activating System

The reticular activating system (RAS) is a complex group of 
nuclei in the brainstem that regulates arousal, consciousness, 
and sleep. The RAS projects to the cortex directly as well as 
indirectly through the thalamus. The neurotransmitters 
involved in these processes are predominantly serotonin and 
norepinephrine. Stimuli come from somatosensory, auditory, 
visual, and visceral sensory systems.

Damage to the RAS can lead to a comatose state. It is 
important to understand that in order to produce a coma, 
there must be bi-hemispheric dysfunction (such as from 
sedative agents, anoxic injury, hypoglycemia, etc.); or dam-
age to the RAS in the upper brainstem (upper pons and mid-
brain) or diencephalon (hypothalamus or thalamus); such as 
from acute basilar artery occlusion.

16.11.1  Cerebral Blood Flow

Cerebral blood flow (CBF) varies in different parts of the 
brain depending on regional differences in metabolic activity 
because of a coupling mechanism between flow and metabo-
lism. There is an intrinsic capability of the brain to deliver 
more blood flow to regions that have increased metabolic 
activity to match the heightened demand. Overall, the total 
CBF average is ~50 mL/100 g brain tissue/minute. CBF com-
prises approximately 15–20% of the cardiac output.

Decreased CBF rates are associated with cerebral impair-
ment (20–25 mL/100 g brain tissue/min), isoelectric electro-
encephalogram (EEG) (15–20  mL/100  g brain tissue/min), 
and irreversible brain damage (CBF <10 mL/100 g brain tis-
sue/min).

CBF is affected by the following parameters: cerebral 
metabolic rate, cerebral perfusion pressure, CO2 reactivity 
(PaCO2), O2 reactivity (PaO2), autoregulation, temperature, 
and anesthetic medications. Cerebral oximetry and EEG 
monitored over the frontal lobes (forehead; . Fig. 16.4) are 

used as surrogates for CBF, which cannot be measured 
directly in the operating room with current technology. EEG 
is also processed to derive depth of anesthesia data.

The electroencephalogram (EEG) detects brain electrical 
activity recorded at the scalp, while electrocorticography 
(eCOG; used for example in epilepsy surgery) measures 
brain electrical activity recorded directly from the surface of 
the brain. . Figures 16.5, 16.6, 16.7, 16.8, 16.9, and 16.10 show 
various examples of EEG and eCOG. Cerebral ischemia and 
anesthetics both cause slowing of the EEG and must be inter-
preted in the context of the clinical situation.

       . Fig. 16.4 Red ellipse notes the area covered by processed electro-
encephalogram (EEG) and cerebral oximetry monitors. The major cere-
bral veins and sinuses appear blue in the this fMRI image. Green areas 
represent areas of increased blood flow (ie, increased metabolic activity 
causing coupled increases in blood flow) during functional MRI testing

       . Fig. 16.5 Scalp electroencephalography (EEG) obscured by noise (usually due to muscle/EMG or electrocautery) (Courtesy of Biotronic Neu-
ronetworks)
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16.12  Effects of Perfusion Pressure, pH, 
PaCO2, PaO2, Cerebral Metabolic Rate 
for O2

16.12.1  Perfusion Pressure

CBF is equal to the cerebral perfusion pressure (CPP) divided 
by the cerebral vascular resistance (CVR). CPP is the mean 
arterial pressure (MAP) minus the intracranial pressure 
(ICP), or central venous pressure (CVP), whichever is greater 

(. Fig.  16.11; . Box 16.1). Normal CPP is 80-100  mm Hg 
and is primarily dependent on MAP given the generally low 
values of ICP and CVP. Normal adult ICP values range from 
0 to 15 mm Hg; ICP is zero or negative in the normal patient 
in a sitting or standing position. Generally, 20 mm Hg is the 
threshold for treating pathologically elevated ICP.

CPP below the lower limit of cerebral autoregulation can 
lead to cerebral ischemia. This is generally thought to be 
<60  mm Hg, whether due to decreased MAP or increased 
ICP. However, it is essential to remember that there is consid-

       . Fig. 16.6 Scalp electroencephalography (EEG) - normal (Courtesy of Biotronic Neuronetworks)

Burst

16:58:48

       . Fig. 16.7 Scalp electroencephalography (EEG) showing 6 channels (3 left and 3 right). Burst suppression pattern is seen (Courtesy of Biotronic 
Neuronetworks)
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Symmetric bilaterally

Symmetric bilaterally

Left side unchaged

Slowing on right
due to ischemia

Left side unchaged

Worsening slowing
with low amplitude on
Right due to ischemia

Carotid clamp

       . Fig. 16.8 Scalp electroencephalography (EEG) at 4 time periods following R carotid occlusion during endarterectomy. EEG from the left is in 
purple (1st 4 channels) and EEG from the right is in red (2nd 4 channels) (Courtesy of Biotronic Neuronetworks)

       . Fig. 16.9 Electrocorticography (ECoG) is EEG recorded directly from the surface of the brain. Here you see 4 channels showing normal brain 
waves (Courtesy of Biotronic Neuronetworks)
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erable inter-individual variability and that blood pressure 
goals intraoperatively should be chosen after consideration 
of the patient’s baseline blood pressure. For patients with 
pathologically elevated ICP, CPP should generally be kept 
≥60  mm Hg. Within normotensive blood pressure varia-
tions, CBF is maintained due to autoregulation of the CVR.

. Box 16.1
CBF = CPP/CVR
CPP = MAP−ICP (or CVP)

 5 CBF: cerebral blood flow
 5 CPP: cerebral perfusion pressure
 5 CVR: cerebral vascular resistance
 5 MAP: mean arterial pressure
 5 ICP: intracranial pressure
 5 CVP: central venous pressure

16.12.2  PaCO2 and pH

PaCO2 is the most significant extrinsic factor affecting CBF 
(. Fig. 16.11). Changes in pH and PaCO2 can quickly alter 
CBF by changing CVR: Hypercapnia/acidosis increases CBF 
and hypocapnia/alkalosis decreases CBF.  CBF changes 
1–2  ml/100  g brain tissue/min per mm Hg PaCO2 change 
between PaCO2 20–80  mm Hg. Hyperventilation is a very 
effective measure to help reduce cerebral blood volume in a 
patient with elevated ICP. However, excessive hyperventila-
tion can lead to critically low CBF and cause cerebral isch-
emia. The effect of hyperventilation wanes with time so it is 
best used as an acute rescue modality for patients with ele-
vated ICP.  In operative neurosurgery, hyperventilation is 
used to control brain bulk (target PaCO2  ~  30  mm Hg) as 
needed and normocapnia is restored subsequently.

During acute metabolic acidosis, the increased hydrogen 
ions (H+) cannot readily cross the blood-brain barrier (BBB), 
so it does not acutely affect CSF pH.  However, with acute 
respiratory acidosis, an increase in PaCO2 can quickly impact 
the CSF pH since the CO2 can readily diffuse across the 
BBB. CSF bicarbonate takes up to 6 h to equilibrate across the 
blood-brain barrier to compensate for the pH change from 
the PaCO2 changes. Once CSF bicarbonate equilibrates, the 
CSF pH normalizes and CBF returns to the previous rate (ie, 
the effect of hyperventilation wanes).

16.12.3  PaO2

Extremes in PaO2 can alter CBF (. Fig. 16.11). Hypoxemia 
(PaO2  <50  mm Hg) significantly increases CBF, however 
hyperoxia (PaO2  >300  mm Hg) only slightly decreases 
CBF. The neurohumoral mechanisms for these effects are not 
well understood.

16.12.4  Cerebral Metabolic Rate for O2

The concept of flow-metabolism coupling in the brain reflects 
the relationship between CBF and the cerebral metabolic 
rate for O2 (CMRO2) (. Fig. 16.11). The average CMRO2 is 
3–3.5 ml O2/100 g brain/min. Elevated regional brain activity 
leads to local increases in CMR that increase regional cerebral 
blood flow. CMR decreases during sleep, comatose states, and 
hypothermia; CMR increases with seizure activity and hyper-
thermia. Hypothermia reduces CMR and decreases CBF by 
~7% for every 1 °C reduction in body temperature. The effects 
of anesthetic agents on CMR and CBF are discussed later.

16.13  Cerebral Steal and Inverse Steal 
Phenomena

The cerebral steal phenomenon takes place when vasodilation 
occurs in normal regions of the brain, shunting blood away 
from pathologic regions with impaired vasoreactivity that are 

       . Fig. 16.10 Electrocorticography (ECoG). Here you see 4 channels 
with initial stimulation artifact followed by “after discharges” (electri-
cally induced seizures) (Courtesy of Biotronic Neuronetworks)
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       . Fig. 16.11 The relationship betwe en CBF, PaO2, PaCO2, and MAP
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already vulnerable to ischemia (ie, the reverse Robin Hood 
effect). This can be relevant with hypercapnia and/or high con-
centrations (>1 MAC) of volatile anesthetics. Inverse steal, also 
known as the Robin Hood effect, is the phenomenon where 
cerebral perfusion to pathologic regions increases. Hypocapnia 
can induce vasoconstriction in normal tissue thereby increas-
ing blood flow to the otherwise ischemic pathologic regions. 
The clinical relevance of both phenomena are unclear due to the 
inability to continuously measure regional cerebral blood flow.

16.14  Gray versus White Matter

While the average CBF is ~50 ml/100 g brain tissue/min for 
the entire brain, gray matter has 4 times more CMR and CBF 
than white matter. Due to the inherent coupling mechanism 
between flow and metabolism, the CBF in the cortical gray 
matter is about 80 ml/100 g brain tissue/min while the CBF 
in the subcortical white matter is about 20  ml/100  g brain 
tissue/min (. Box 16.2).

. Box 16.2
Average CBF = 50 ml/100 g brain tissue/min

 5 Gray matter CBF = 80 ml/100 g brain tissue/min
 5 White matter CBF = 20 ml/100 g brain tissue/min

16.15  Autoregulation

16.15.1  Normal

Several organ systems in the body have autoregulatory capa-
bilities, such as the brain, heart, kidneys, and spinal cord. This 
is an inherent, protective mechanism where an organ can 
adjust its vascular resistance to maintain a normal blood flow 
despite changing perfusion pressure. However, this only takes 
place when in a specific blood pressure range (. Fig. 16.12). 
For instance, in a normal brain, autoregulation takes place 
when within certain blood pressure (BP) parameters (for 
example, MAP 60–150 mm Hg). While in this BP range, the 
CVR will automatically adjust, by vasodilating or vasocon-
stricting cerebral arterioles, in order to maintain a consistent 
CBF.  The BP range for autoregulation has classically been 
designated as being between 50 and 150 mm Hg; however, 
this BP range in normal patients is now being challenged with 
consideration being given to raising the average lower limit of 
autoregulation to a higher value (60–80 mm Hg).

CBF normalizes within seconds in patients with normal 
autoregulation, but those with impaired autoregulation can 
have a delayed response on the order of minutes or not at all. 
So within the range of blood pressures at which  autoregulation 
occurs, a rapid change in arterial pressure can lead to a brief 
period of hyperperfusion (with sudden hypertension) or 
hypoperfusion (with sudden hypotension) until the auto-
regulation takes place. Cerebral autoregulation is hypothe-

sized to be due to a combination of myogenic and autonomic 
mechanisms. The myogenic mechanism involves the vascu-
lar smooth muscle of cerebral arterioles to respond to 
changes in MAP. The autonomic mechanism involves cere-
bral metabolic demands and neurogenic changes to deter-
mine cerebral arteriolar tone. With low or high MAPs (below 
60 mm Hg or above 150 mm Hg), CVR is either maximally 
dilated or constricted, respectively. Therefore, CBF becomes 
pressure- dependent and is directly/linearly related to CPP. At 
the low end, cerebral ischemia ensues; at the high end, cere-
bral hyperperfusion and subsequent BBB injury → edema → 
hemorrhage may occur.

16.15.2  Altered and Abolished

The most common cause of altered autoregulation occurs 
with chronic hypertension (. Fig.  16.13). With chronic 
hypertension, the limits of autoregulation are shifted to the 
right, which increases the lower limit and the upper limit of 
the autoregulatory zone. The changes with autoregulation 
allow for more cerebral protection on the high end, with sta-
ble cerebral blood flows at higher arterial pressures.

Other causes of altered or abolished autoregulation can 
be due to space occupying brain lesions (tumors, hemato-
mas), stroke (ischemic, hemorrhagic, aneurysmal sub-
arachnoid hemorrhage), traumatic brain injury, extreme 
hypertension (acute hypertensive encephalopathy, eclamp-
sia, and posterior reversible encephalopathy syndrome 
[PRES]), long-term diabetes mellitus, and inhalational 
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       . Fig. 16.12 Cerebreal blood flow (CBF) autoregulation normally 
occurs between mean arterial pressure (MAP) ~60–150 mm Hg. Within 
these blood pressure limits, the cerebral vascular resistance will auto-
matically adjust by vasodilating or vasoconstricting cerebral arterioles 
in order to maintain a consistent CBF. Cerebral vascular resistance is 
maximally dilated below the lower limit of the CBF autoregulation and 
maximally constricted above the upper limit of CBF autoregulation
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anesthetics (in concentrations greater than 1 MAC). When 
autoregulation is abolished, the CBF is entirely dependent 
on MAP (pressure-dependent).

16.16  Pathophysiology of Ischemia/
Hypoxia

16.16.1  Global Versus Focal

The two types of ischemic brain injury are global and focal. 
Global ischemia takes place when both cerebral hypoxia and 
circulatory arrest occur. Focal ischemia occurs with arte-
rial occlusion or edema/trauma/compression that causes 
regional areas of inadequate blood flow; such as stroke and 
traumatic brain injury. Both types of ischemic brain injury 
can result in cytotoxic edema with irreversible cell death and 
tissue infarction.

Reperfusion injury can occur after restoration of blood sup-
ply to ischemic tissue, following endovascular thrombectomy 
for stroke as an example. When CBF falls within 6–15 ml/100 g 
brain tissue/min in certain brain regions, these regions are 
referred to as ischemic penumbra. This term is used to describe 
stunned brain tissue with reversible neuronal dysfunction if 
flow is restored in a timely matter.

16.16.2  Glucose Effects

Cerebral/neuronal function is dependent on a continuous 
supply of glucose for aerobic metabolism. Acute hypoglyce-
mia can injure the brain. Hyperglycemia can exacerbate 
global and focal hypoxic brain injury, as well as the reperfu-
sion phase, by accelerating cerebral acidosis and tissue dam-
age. For this reason, it is optimal to maintain tight control of 
perioperative blood glucose levels while preventing iatro-

genic hypoglycemia. Perioperative blood glucose levels are 
generally targeted in the 120–180 mg/dL range based on cur-
rent evidence and guidelines.

16.16.3  Effects of Brain Trauma or Tumors

Both brain trauma and brain tumors can result in breakdown 
and increased permeability of the BBB, inflammatory dam-
age to neurons, glia, and surrounding vasculature, cell death, 
and finally tissue infarction. Shear forces in brain trauma 
directly damage the brain, causing, amongst other injuries, 
cytotoxic edema. Brain tumors have considerable vasogenic 
edema causing inflammation by vascular space leakage of 
proteins, CSF flow obstruction, or venous obstruction. 
Vasogenic edema (ie, from tumors) is responsive to cortico-
steroid therapy while cytotoxic edema is not.

16.16.4  Cerebrospinal Fluid

Cerebrospinal fluid is produced by the choroid plexus in the 
lateral, 3rd, and 4th ventricles, and is contained by the epen-
dymal cells and blood-brain barrier. It bathes the CNS and 
provides a protective envelope for the brain and spinal cord.

16.17  Volume, Formation, Composition, 
Flow, and Pressure

In adults, the total volume of CSF at any given time is about 
150 mL, with 500 ml of CSF being produced and reabsorbed 
every day at a rate of about 15–20 ml/h.

CSF is mainly formed in the ventricles by the ependymal 
cells of the choroid plexus. After formation, the active and 
passive transport of particles through the blood-brain barrier 
modifies the CSF composition to a solution that is isotonic to 
plasma, but with different concentrations of ions, proteins, 
and glucose. CSF flows from the choroid plexus into the 
lateral/3rd/4th ventricles, subarachnoid spaces, and then the 
cisterns of the subarachnoid space. The CSF is absorbed by 
the arachnoid granulations back into the venous bloodstream 
at the same rate as the fluid is produced. The brain was 
thought to have no lymphatic system, although current 
research is challenging this long-standing assertion.

Given the constraints of a rigid and closed calvarium, 
ICP and CSF pressures are in equilibrium. Normal mean 
ICP as well as correlating CSF pressure is 7–15 mm Hg in 
adults who are supine. Pressures of greater than 15 mm Hg 
are considered abnormal. ICP therapy is initiated at 
>20 mm Hg. Elevation of the head is a method to reduce 
ICP; both by reducing hydrostatic pressure and venous 
blood volume.

CSF volume is most commonly increased by a blockage of 
CSF re-absorption, leading to increased ICP via communi-
cating hydrocephalus. Blockage of CSF outflow from any of 
the ventricles is called obstructive hydrocephalus.
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       . Fig. 16.13 Untreated chronic hypertension shifts the cerebral 
blood flow autoregulation curve to the right
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16.18  Blood-Brain Barrier

The blood–brain barrier (BBB) maintains the CSF composi-
tion to create a constant ambient environment for the 
CNS. The barrier consists of capillary endothelial cells that are 
connected by tight junctions, which generate resistance to the 
passage of ionized substances or large macromolecules such 
as proteins. Non-ionized, lipid-soluble drugs penetrate the 
CSF and brain readily; ionized, non-lipid-soluble drugs enter 
the CSF and brain slowly unless facilitated by an active molec-
ular transport system. Depending on their lipid solubility, 
drugs penetrate the blood-brain barrier in varying degrees.

16.18.1  Passive Molecular Transport

Passive molecular transport occurs by diffusion gradients 
from leaky epithelial tight junctions. Gradients between the 
blood, CSF, and intercellular spaces allow for water, non- 
ionized and lipid-soluble molecules, and gases such as car-
bon dioxide, oxygen, and volatile anesthetics to pass through 
the blood-brain barrier freely.

16.18.2  Active Molecular Transport

The blood-brain barrier restricts movement of large-sized 
molecules (diameter >20 angstroms), ionized and non-lipid- 
soluble compounds, proteins, glucose, and some electrolytes 
(such as sodium). These may only cross the blood-brain bar-
rier with active molecular transport. Approximately 60% of 
the CSF is formed by active transport. Active molecular 
transport requires energy supplied by adenosine tri- 
phosphate (ATP) from the membrane Na+-K+ ATPase; thus 
drugs that inhibit the ATPase pump will reduce CSF forma-
tion, such as digoxin. The term reflection coefficient is used 
to express the permeability of the BBB to a substance. For 
example, NaCl has a reflection coefficient of 1.0 (it does not 
get across an intact BBB), which makes it a good hyperos-
motic agent for reducing brain water/bulk.

16.18.3  Causes of Disruption

Any cause of inflammation or ischemia such as irradiation, 
sustained seizures, infection, strokes, tumors, or trauma can 
disrupt the BBB. Prolonged hypercapnia, hypoxia, or osmotic 
shock can also increase permeability of the BBB and allow sub-
stances that are typically excluded to enter the brain and CSF.

16.19  Relation to Blood Chemistry 
and Acid- Base Balance

The osmolality is the same for CSF and blood: both ~289 mOs-
mol/kg H2O. However, the concentrations of individual elec-
trolytes and other molecules differ between the CSF and blood. 

The pH of CSF is primarily determined by the partial pressure 
of CO2 and serum bicarbonate concentration. The BBB is 
freely permeable to gases, such as CO2, while bicarbonate takes 
hours to reach a steady state and alter the pH of CSF. Due to 
the pCO2 in CSF being ~6 mm Hg higher than arterial blood, 
the pH of CSF is ~7.3. Changes in pCO2 can rapidly change the 
pH in the CSF as noted previously. Keep in mind that serum 
H+ is not freely permeable through the blood-brain barrier 
and does not contribute significantly to the CSF pH.

16.19.1  Cerebral Protection

The goal of cerebral protection is to reduce neuronal injury 
from brain tissue ischemia. This is accomplished through 
manipulating oxygen supply and demand by increasing 
cerebral perfusion pressure and reducing cerebral metabo-
lism. Avoidance of hypotension, hypoxia, and hypercapnia 
improves oxygen supply and demand balance. Hypothermia 
and anesthetic and adjuvant drugs are being studied 
regarding their ability to impart cerebral protection intra-
operatively.

Direct cerebral/CNS protectants are therapies that act 
on the brain or spinal cord to guard tissue from injury (such 
as hypothermia). Indirect cerebral/CNS protectants are 
therapies that do not act on brain or spinal cord tissue to 
guard tissue from injury (such as tissue plasminogen acti-
vator to lyse intra-arterial clots in the setting of acute isch-
emic stroke).

16.20  Hypothermia

Hypothermia decreases both cerebral metabolic rate and 
CBF, with both CMRO2 and CBF decreasing ~6–7% per 1 °C 
decrease in temperature. Therapeutic hypothermia stands 
alone as the only direct neuroprotectant successfully trans-
lated from bench to bedside. It has proven efficacy in survi-
vors of neonatal asphyxia and adult survivors of cardiac 
arrest. Therapeutic hypothermia remains standard of care for 
comatose (unable to be aroused to the point of following 
commands) survivors of cardiac arrest. The term targeted 
temperature management (TTM) is used to encompass con-
trolled body temperature; either therapeutic hypothermia or 
normothermia. Hyperthermia exacerbates brain or spinal 
cord injury and should be avoided.

Hypothermia is routinely used in the operating room 
for patients undergoing cardiac surgery on cardiopulmo-
nary bypass. Similarly, deep hypothermia (~ 18 °C) is uti-
lized as a neuroprotectant for patients undergoing aortic 
surgery requiring circulatory arrest. TTM should be used in 
the setting of neonatal asphyxia following delivery, as well 
as in the adult patient who has a global hypoxic-ischemic 
brain injury in the operating room (such as prolonged car-
diac arrest) and does not promptly regain consciousness 
after anesthetic effects should have dissipated. Therapeutic 
hypothermia has no proven role (in humans) in focal isch-
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emia, such as during temporary vessel occlusion for cere-
bral aneurysm surgery. It is utilized in some neurovascular 
centers for cerebral vessel bypass surgery requiring pro-
longed vessel occlusion and cerebral ischemia. It is not indi-
cated for routine cerebral aneurysm surgery.

16.21  Anesthetic and Adjuvant Drugs

No anesthetic or adjuvant medication has been proven to 
be neuroprotective, either against global or focal ischemia, 
in humans (. Table 16.2). Pre-clinical/non-human evidence 
is abundant. Most intravenous anesthetic agents reduce 
cerebral metabolic rate and CBF.  Halogenated inhalational 
agents (sevoflurane, desflurane, isoflurane) reduce cerebral 
metabolic rate without a proportionate reduction in CBF, 
since they are vasodilators. However, in animal models these 
agents demonstrate neuroprotective effects, often both dur-
ing the cerebral insult as well as in a pre- or post-conditioning 
scenario (delivered either before or after the insult). Human 
data is insufficient to make recommendations regarding 
clinical practice.

Barbiturates, specifically thiopental, have been shown to 
be protective against the effects of focal ischemia in animal 
models, producing burst suppression (inducing near electrical 
silence of the EEG), and decreasing CMRO2. Hemodynamic 
support is typically needed after barbiturate administration 

to counteract hypotension. Like barbiturates, propofol can 
produce burst suppression, decrease CMRO2, decrease ICP, 
and maintain cerebral autoregulation. It has been shown to 
offer neuroprotective effects against mild ischemic insults in 
animal models. Etomidate has similar characteristics but its 
neuroprotective effect is uncertain.

Benzodiazepines and, to a lesser extent, opiates can lower 
the CMRO2 and CBF.  But both these drugs have minimal 
effects in this regard when compared to barbiturates, propo-
fol, and etomidate. Ketamine is the only intravenous agent 
that increases CMRO2 and CBF. Studies are evaluating ket-
amine and cerebral protection given its glutamate antagonist 
activity at the NMDA receptor.

Non-depolarizing neuromuscular blockers do not have a 
significant effect on CMRO2 or CBF. Although succinylcho-
line can transiently increase CBF and ICP, these effects are 
not considered clinically significant and should not negate its 
use when deemed clinically appropriate.

Volatile agents, while able to decrease CMRO2 and pro-
duce electrical silence in the brain, uncouple flow/metabo-
lism and can increase CBF and ICP since they are potent 
cerebral vasodilators. Importantly, CO2 reactivity is pre-
served with inhalational and intravenous anesthetics. Thus 
the degree of cerebral vasodilation can be temporarily atten-
uated by hyperventilation along with maintaining the volatile 
agent at <1.0 MAC (typically ~0.5 MAC).

16.22  Spinal Cord

16.22.1  General Organization

The spinal cord starts at the base of the skull (foramen mag-
num) and extends down to taper into the conus medullaris, 
and becomes the filum terminale, at the level of L1-L2  in 
adults (lower in children). Note that lumbar punctures and 
spinal anesthetics must be performed below this level (below 
L2 in adults).

The vertebral column surrounds and protects the spinal 
cord. The vertebral column contains 5 sections: cervical, tho-
racic, lumbar, sacral, and coccygeal. There are 7 cervical ver-
tebrae, 12 thoracic vertebrae, and 5 lumbar vertebrae, 5 fused 
sacral vertebrae, and the coccyx.

Each section contains a spinal cord segment that has 4 
nerve roots (2 on each side); with a pair of ventral and dor-
sal roots on the left side and another pair on the right side. 
The first cervical segment does not typically have dorsal 
roots. For each spinal segment, the ventral and dorsal nerve 
roots join together to exit the intervertebral foramina. The 
first 7 cervical nerve roots arise in the space above their 
respective vertebrae while all the nerve roots below cervi-
cal nerve root 8 arise below their respective vertebrae; start-
ing with cervical nerve root 8, which arises below cervical 
vertebrae 7.

There are two enlargements along the spinal cord: (1) 
the cervical enlargement contains the cervical nerve roots 
that become the brachial plexus and control the upper 

       . Table 16.2 Anesthetic and adjuvant drugs’ effects on 
CMRO2 and CBF

Anesthetics CMRO2 CBF Neuroprotec-
tive effect 
against focal 
ischemiaa

Barbiturates Decrease Decrease Yes

Propofol Decrease Decrease Yes

Etomidate Decrease Decrease Unclear

Benzodiazepines Slight 
decrease

Slight 
decrease

Minimal

Opiates Slight 
decrease

Slight 
decrease

Minimal

Ketamine Increase Increase Yes

Non-depolarizing
Muscular Blockers

No effect No effect No effect

Volatile Agents
(<1 MAC + Hyper-
ventilation)

Decrease No effect 
or slight 
increase

Yes

Volatile Agents 
(>1 MAC)

Decrease Increase Yes

aNeuroprotective effect found against focal ischemia in animal 
models. There is currently no high-level human evidence for 
pharmacologic neuroprotection
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extremities; and (2) the lumbar enlargement, which con-
tains the nerve roots that become the lumbosacral plexus 
and control the lower extremities. At the inferior end of the 
lumbar enlargement is the conus medullaris (ending at the 
L1-L2 vertebral level in adults). The filum terminale 
extends inferiorly from the end of the conus medullaris. 
The cauda equina extends inferiorly below the spinal cord 
and contains the nerve roots L2-L5, S1-S5, and coccygeal 
nerves.

The spinal cord is surrounded by 3 membranes, which are 
also continuous with the brain. The outermost is the dura 
mater (epidural catheters are placed just above this mem-
brane), followed by the arachnoid membrane, and the pia 
mater, which is immediately adjacent to the spinal cord. The 
epidural space exists between/above the dura and the liga-
mentum flavum. Between the dura and arachnoid layers is 
the subdural space, a potential space. Deep to the arachnoid 
is the subarachnoid space, which contains CSF. The pia mater 
contributes to the filum terminale, which extends to the coc-
cyx to stabilize the spinal cord.

16.22.2  Spinal Reflexes

A typical spinal cord reflex involves a stimulated receptor in 
the periphery (usually tendon, muscle, or skin), sensory 
afferent nerve, spinal cord interneurons, and a motor efferent 
nerve. These reflex arcs cause a stereotypical motor response 
to a certain stimulus. The spinal cord reflexes help the clini-
cian localize lesions in the nervous system. Keep in mind that 
many autonomic responses and motor responses to pain 
reside at a spinal level and do not require conscious arousal 
(for example, hypertension following skin incision).

16.22.3  Spinal Cord Tracts

 Ascending Sensory Pathways
Sensory receptors use the ascending sensory pathways to 
transmit signals to the brain. The dorsal column system 
transmits proprioception, fine touch, and 2-point discrimi-
nation. The pathways ascend ipsilaterally and decussate in 
the medulla. Clinically, somatosensory evoked potentials 
(SSEPs) travel in the dorsal columns.

The spinothalamic tract ascends contralaterally (near the 
spinal level of origin) and transmits sharp pain and tempera-
ture, while the spinoreticular pathway transmits deep and 
chronic pain signals. The dorsal spinocerebellar tract and 
ventral spinocerebellar tract transmit movement and posi-
tion data to the brain.

 Descending Pathways
Descending pathways travel from the cerebral cortex and 
brain stem to modulate movement, reflexes, and autonomic 
functions. The motor pathways are divided between pyrami-
dal tracts and extrapyramidal tracts.

The pyramidal tracts include the corticospinal tract and cor-
ticobulbar (ie, travel to the pons—the bulb) tract (. Figs. 16.14 
and 16.15). The axons of both tracts arise from the primary 
motor cortex and premotor area. The neurons of the corticobul-
bar tract decussate (cross) throughout the brainstem and travel 
to the different motor cranial nerves. The neurons of the corti-
cospinal tract decussate in the caudal medulla and descend as 
the lateral corticospinal tract to the lower motor neurons of the 
spinal cord—for coordinated voluntary movements (which 
originate from the contralateral hemisphere). Some of the axons 
do not decussate and instead descend along the anterior corti-
cospinal tract to reach the lower motor neurons.

a b

       . Fig. 16.14 Corticospinal tracts noted in blue, depicted by magnetic resonance diffusion tensor imaging. a Coronal view on the left. b Coronal 
and sagittal views on the right
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20 cm

R

       . Fig. 16.15 Subcortical white matter tracts highlighted and depicted 
by diffusion tensor imaging. Axial mid-hemispheric view. The corticospinal 
tracts (red arrow) descend through the posterior limb of the internal cap-
sule; seen in blue/purple just behind the genu (bend) of the internal capsule

Extrapyramidal tracts include vestibulospinal, rubrospi-
nal, reticulospinal, and tectospinal tracts. These tracts con-
trol movement, posture, reflexes, and autonomic function. 
The vestibulospinal system modulates postural reflexes. The 
rubrospinal affects movement. The reticulospinal tract mod-
ulates spinal reflexes. The tectospinal tracts cause reflex head 
movement in response to visual or auditory stimuli.

The medial longitudinal fasciculus (heavily myelinated 
tracts extending from the cervical spinal cord into the dorsal 
pons and midbrain) coordinates gaze and head movements 
with signals from the vestibular nuclei in the brainstem. The 
descending autonomic system arises from the hypothalamus 
and brain stem to control autonomic functions, including 
blood pressure and heart rate.

16.23  Evoked Potentials

Evoked potentials (EP) are the most commonly used neuro-
physiological monitors during neurosurgical procedures to 
detect ischemia/injury in the central nervous system. An 
evoked potential refers to the elicitation of a response follow-
ing stimulation of the central nervous system. The main 
types of evoked potentials are somatosensory, brainstem 
auditory, visual, and motor (. Box 16.3). These EPs monitor 
the integrity of the structures involved in a given sensory 
(visual, auditory, or somatic sensation) or motor pathway.

. Box 16.3
Sensitivity to Anesthetics
VEP > MEP > SSEP > BAEP

The EP responses are measured in terms of latency (the 
time it takes for the stimulus to travel through the CNS and 
elicit a response; time to the start of the electrical wave) and 
amplitude (the magnitude of the response; the height of the 
electrical wave). The short-latency evoked potentials directly 
come from a stimulated nerve (such as brachial plexus 
response from median nerve stimulation) or from the brain-
stem. Intermediate- and long-latency evoked potentials come 
from the cerebral cortex. Neurologic injury typically results 
in prolonged latency and diminished amplitude. . Table 16.3 
outlines anesthetic effects on EPs.

Sensory EPs include somatosensory, brainstem audi-
tory, and visual evoked potentials. A peripheral stimulus is 

       . Table 16.3 Anesthetic agent effects on motor evoked 
potentials, somatosensory evoked potentials, and brainstem 
auditory evoked potentials

Anesthetic 
agent

Motor 
evoked 
potentials 
(MEP)

Somatosen-
sory evoked 
potentials 
(SSEP)

Brainstem 
auditory 
evoked 
potentials 
(BAEP)

Volatile 
anesthetics 
(Isoflurane, 
Sevoflurane, 
Desflurane)

↓↓ Amplitude ↓ Amplitude
↑ Latency

Negligiblea

Nitrous oxide ↓↓ Amplitude ↓ Amplitude
↑ Latency

Negligible

Propofol ↓ Amplitude ↓ Amplitude
↑ Latency

Negligible

Etomidate Negligible ↑ Amplitude Negligible

Ketamine Negligible ↑ Amplitude Negligible

Barbiturates ↓ Amplitude Negligible Negligible

Opioids Negligible Negligible Negligible

Benzodiaz-
epines

↓ Amplitude Negligible Negligible

Dexmedetomi-
dine

Negligible Negligible Negligible

Neuromuscu-
lar blockers

↓ Amplitude Negligible Negligible

aNegligible at <1 MAC concentrations

Central and Peripheral Nervous Systems



288

16

       . Fig. 16.16 Example of 
somatosensory evoked potentials 
(SSEPs) at the posterior tibial 
nerve. Baseline tracing noted 
in green, and anesthetic effects 
noted in red and black (Courtesy 
of Biotronic Neuronetworks)

applied and the EP is measured centrally to ensure that the 
signal transmits appropriately from the peripheral sen-
sors, through the correspondent neurologic pathway, 
through the brainstem and to the sensory cortex (somato-
sensory – parietal lobe; auditory – temporal lobe; visual – 
occipital lobe).

Somatosensory evoked potentials (SSEPs) (. Figs. 16.16, 
16.23, 16.24, and 16.25) monitor the functional integrity of 
the peripheral nerves (median nerve stimulation at the 
wrist; posterior tibial stimulation at the ankle), the spinal 
dorsal columns, subcortical structures, brainstem, thala-
mus, and primary sensory cortex (parietal lobe). After an 
electrical stimulus stimulates the peripheral nerve, evoked 
potentials are measured using electrodes on the scalp. 
SSEPs are used frequently during spinal surgery to ensure 
integrity of the spinal cord. SSEPs are somewhat sensitive 
to anesthetics. Volatile agents and nitrous oxide are sup-
pressive, especially when administered at greater than 1.0 
MAC.  Intravenous anesthetics are less suppressive (ket-
amine actually improves SSEPs) and opiates have very 
minimal effects on SSEPs. Muscle relaxants do not impair 
SSEP signals. Rapid boluses or changes in anesthetic agents 
can cause disruption in EP signals.

Brainstem auditory evoked potentials (BAEPs) test the 
auditory pathways (. Figs. 16.17 and 16.18). The signals orig-
inate from the ear (external auditory canal) using a repetitive 
clicking sound. The response is assessed from scalp elec-
trodes as the signal travels through cranial nerve VIII to the 

brainstem, lateral lemniscus, thalamus, and primary auditory 
cortex (temporal lobe). BAEPs are fairly resistant to most 
anesthetics, and muscle relaxants do not impact signal trans-
mission. These EPs are typically used in acoustic neuroma 
(cranial nerve VIII) resections and microvascular nerve 
decompressions of cranial nerves V or VII.

Visual evoked potentials (VEPs) test sensory input 
through the optic nerve (cranial nerve II) to the thalamus 
and subsequent transmission (via optic radiations) to the 
occipital cortex. The EPs can be useful in surgeries close to 
the optic nerve/chiasm or occipital cortex; however, they are 
extremely sensitive to anesthetic agents and difficult to obtain 
in general (and thus rarely used).

Motor evoked potentials (MEPs) assess the corticospinal 
tracts and anterior spinal cord (and thus anterior spinal cord 
perfusion via the anterior spinal artery) (. Figs. 16.19, 16.20, 
16.21, and 16.22). With MEPs, the electrical (or magnetic) 
stimulus activates the motor cortex using scalp electrodes 
(through the skull; although direct cortical stimulation can 
be used during a craniotomy). The signal travels down the 
corticospinal tract to the lower motor neurons, which then 
stimulate a specific muscle. MEPs are easily suppressed by 
volatile agents and nitrous oxide. Propofol can also attenuate 
signals, although to a much lesser degree. Opiates, ketamine, 
and etomidate are well tolerated (as are dexmedetomidine 
and lidocaine infusions). As would be expected, muscle 
relaxants can impair MEPs due to the inability to measure the 
muscle response.

 J.W. Romito et al.
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The ABR

       . Fig. 16.17 Brainstem auditory evoked potentials or auditory brainstem responses (ABR) showing normal waveforms (designated I, II, III, IV, V) 
(Courtesy of Biotronic Neuronetworks)

Dura opened

Retraction

       . Fig. 16.18 Brainstem auditory evoked potentials showing loss of Wave V following brainstem retraction. Note that repetitive evoked poten-
tials are stacked vertically with the earliest recordings on top (Courtesy of Biotronic Neuronetworks)
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       . Fig. 16.19 Transcranial motor 
evoked potentials (TcMEPs): nor-
mal bilateral activation (Courtesy 
of Biotronic Neuronetworks)

       . Fig. 16.20 Transcranial motor 
evoked potentials (TcMEPs): 
unilateral activation (Courtesy of 
Biotronic Neuronetworks)

 J.W. Romito et al.
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ISO @ 0.7% (0.6 MAC) ISO @ 1.2% (1.0 MAC) ISO @ 0.6% (0.5 MAC)

       . Fig. 16.21 Transcranial motor evoked potentials (TcMEPs): anesthetic effects (Courtesy of Biotronic Neuronetworks)

       . Fig. 16.22 Transcranial motor evoked potentials (TcMEPs): neuromuscular blocker effects (Courtesy of Biotronic Neuronetworks)
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       . Fig. 16.23 Normal upper (median nerve) and lower (posterior tibial) somatosensory evoked potentials (Courtesy of Biotronic Neuronetworks)

Physiologic anomalies can also impact EPs. Such altera-
tions include severe anemia, hypoxia, hypothermia, and 
hypotension.

Electromyography (EMG) involves placement of elec-
trodes into specific muscles and monitoring the muscle 
response to stimulation of a nerve (such as the facial nerve 
during parotid surgery) or mechanical distortion/injury to 
the nerve (this elicits a distinct type of signal) (. Figs. 16.26, 

16.27, 16.28, 16.29, and 16.30). EMGs continually assess local 
muscle activity due to irritation of a peripheral nerve during 
surgery (such as the quadriceps muscle during lumbar spine 
surgery near the L4 nerve root). EMGs differ from EPs 
because the neural tissue monitored is the peripheral nervous 
system rather than the CNS.  Aside from muscle relaxants, 
there are no anesthetics that greatly impair EMG responses at 
normal doses.

 J.W. Romito et al.
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       . Fig. 16.24 Somatosensory 
evoked potentials (SSEP) from 
the posterior tibial nerve (at the 
ankle). Baseline tracings in green; 
anesthetic effects in red/black 
(Courtesy of Biotronic Neuronet-
works)

       . Fig. 16.25 Somatosensory evoked potentials (SSEP) from the 
posterior tibial nerve (at the ankle). Baseline tracings at the bottom. 
Subcortical waveforms are unaffected by the addition of nitrous oxide 

(N2O) to desflurane. However, the cortical waveforms disappear and 
then reappear with discontinuing N2O (Courtesy of Biotronic Neu-
ronetworks)
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       . Fig. 16.26 Baseline electromyography (EMG) (Courtesy of Biotronic 
Neuronetworks)

       . Fig. 16.27 Electromyography (EMG) spikes (Courtesy of Biotronic 
Neuronetworks)

       . Fig. 16.28 Electromyography (EMG) neurotonic discharges (Cour-
tesy of Biotronic Neuronetworks)

       . Fig. 16.29 Electromyography (EMG) burst (Courtesy of Biotronic 
Neuronetworks)

       . Fig. 16.30 Electromyography 
(EMG) myokymic discharges 
(Courtesy of Biotronic Neuronet-
works)

 J.W. Romito et al.
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16.24  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. Which one of the following is a goal of 

pharmacologic cerebral protective measures?
 A. Increase brain electrical activity to prevent a 

decline in long-term cortical functioning
 B. Minimize cerebral metabolic rate to decrease 

oxygen demand
 C. Therapeutic hyperthermia to prevent 

coagulopathy
 D. Decrease cerebral electrical activity with the use 

of glutaminergic or GABA-antagonist drugs
 2. Which of the following is not true regarding evoked 

potentials?
 A. Visual, auditory, somatosensory, and motor 

evoked potentials are examples of electrophysi-
ological monitors used during surgery.

 B. Short-latency evoked potentials directly 
originate from the stimulated nerve.

 C. Intermediate-latency evoked potentials come 
from the brainstem.

 D. Long-latency evoked potentials come from the 
cerebral cortex.

 3. Mrs. Smith is a 79-year-old female who has 
progressively worsening anosmia. Where is the 
cranial nerve leading to her deficit located?
 A. Cerebrum
 B. Midbrain
 C. Pons
 D. Medulla

 4. A patient has a blunt head trauma after a motor-
pedestrian accident. His blood pressure is 90/60 mm 
Hg, HR 50 beats/min, respiratory rate 6 breaths/min, 
ICP is 25. He is lethargic and responsive only to pain 
stimuli. What is his cerebral perfusion pressure?
 A. 65
 B. 55
 C. 50
 D. 45

 5. Mr. Thomas is a railroad worker who had an accident 
at work. After his accident, his co-workers noticed 
his personality had drastically changed. Which 
part of the central nervous system was most likely 
affected?
 A. Reticular activating system
 B. Corticospinal tracts
 C. Prefrontal cortex
 D. Medulla oblongata

 6. Which of the following requires ATP to cross the 
blood-brain barrier?
 A. Carbon dioxide
 B. Protein
 C. Sevoflurane
 D. Water

 7. Which of the following is not accurate regarding 
cerebral blood flow?
 A. PaO2 of 450 mm Hg increases CBF.
 B. Gray matter has 4 times more CBF than the white 

matter.
 C. PaCO2 of 50 mm Hg increases CBF.
 D. Cerebral blood flow equals the cerebral 

perfusion pressure divided by the cerebral 
vascular resistance.

 8. A 61-year-old male with chronic uncontrolled hyper-
tension, diabetes, and hyperlipidemia has a blood 
pressure of 200/100 in the preoperative holding 
area. Of the choices listed below, what would be the 
best goal for his blood pressure to maintain cerebral 
perfusion during surgery?
 A. MAP 60
 B. MAP 100
 C. MAP 200

 9. Which of the following brain areas is not involved in 
a motor pathway?
 A. Hippocampus
 B. Basal ganglia
 C. Vermis
 D. Midbrain

 10. Dr. Johnson is performing an intrathecal injection. 
Clear CSF leaks out and confirms he is in the correct 
location. Which 2 membranes surround the space he 
is in?
 A. Subcutaneous tissue and dura mater
 B. Pia mater and arachnoid membrane
 C. Dura mater and ligamentum flavum
 D. Arachnoid and dura mater

 v Answers
 1.  B. Pharmacologic cerebral protective measures in 

general suppress the cerebral metabolic rate with a 
concomitant decrease in oxygen and glucose utiliza-
tion. This should make brain tissue more resilient to 
transient hypoxic-ischemic insults (such as tempo-
rarily clamping a cerebral blood vessel). Hyperther-
mia exacerbates acute brain or spinal cord injury 
and should be avoided. Therapeutic hypothermia 
is recommended as a neuroprotective therapy fol-
lowing anoxic brain insults (cardiac arrest or birth 
asphyxia). Cerebral electrical activity and metabolic 
rate are suppressed with anti-glutaminergic and/or 
GABA-agonist drugs.

 2. C. Both intermediate-latency and long-latency 
evoked potentials come from the cerebral cortex. 
Short-latency evoked potentials can originate from 
a stimulated nerve or the brainstem. Visual, audi-
tory, somatosensory, and motor evoked potentials 
are examples of neurophysiological monitors used 
during surgery; another neurophysiological monitor 
used is electroencephalography (EEG).
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 3. A. Anosmia is the loss of the sense of smell. The 
olfactory nerve (cranial nerve I) is located in the 
cerebrum. The optic nerve (cranial nerve II) is also 
located in the cerebrum. Cranial nerves III-IV are 
located in the brainstem midbrain, CN V-VII are 
located in the brainstem pons, and CN VIII-XII are 
located in the brainstem medulla.

 4.  D. After head trauma, autoregulation is often dis-
rupted in a homogeneous or heterogenous distri-
bution. Cerebral perfusion becomes more directly 
related to mean arterial pressure. Cerebral perfusion 
pressure (CPP) is the mean arterial pressure (MAP) 
minus the intracranial pressure (ICP). In this patient, 
his MAP is 70, ICP 25, and CPP is 45.

 5.  C. The prefrontal cortex is one of the most impor-
tant association areas; it plays a critical role in per-
sonality, goal-directed behavior, and attention. The 
reticular activating system is a group of nuclei in the 
brainstem that regulates arousal, consciousness, and 
sleep. The corticospinal tract is a group of neurons 
that originate in the premotor and primary motor 
cortices in the brain that travels through the brain-
stem and spinal cord to connect to lower motor 
neurons to coordinate voluntary movement. The 
medulla oblongata contains the nuclei for both the 
parasympathetic and sympathetic nervous systems 
in the body, thus controlling the autonomic func-
tions of the body to maintain its survival.

 6. B. Out of the choices listed, only protein requires 
active transport with ATP to cross the blood-brain 
barrier. Water and all gases, including volatile anes-
thetics, cross the blood-brain barrier freely.

 7. A. Hyperoxia (PaO2 >300 mm Hg) would only be 
likely to slightly decrease CBF while hypoxemia 
(PaO2 <50 mm Hg) significantly increases CBF. It is 
true that gray matter (mostly in the cerebral cortex) 
does have 4 times more CBF than the white matter 
(mostly in the subcortex). Hypercapnia of PaCO2 
50 mm Hg would increase CBF by decreasing cere-
bral vascular resistance. Cerebral blood flow equals 
the cerebral perfusion pressure divided by the cere-
bral vascular resistance.

 8. B. With a blood pressure of 200/100, his current 
MAP is 133. This patient has chronic uncontrolled 
hypertension. In patients with chronic hypertension, 
both the lower limit of cerebral autoregulation and 
the upper limit of the cerebral autoregulation are 
increased. These changes allow for stable cerebral 
blood flows at higher arterial pressures. While a MAP 
of 60 may suffice for a patient with normotensive 
blood pressures or in a patient with well-controlled 
hypertension, in this patient it may cause decreased 
cerebral perfusion.

 9. A. The hippocampus regulates short-term memory. 
The basal ganglia regulates movement and posture 
by integrating motor processes associated with the 

cerebral cortex. The vermis is part of the spinocere-
bellum; it maintains posture, muscle tone, and mod-
ulates control of the proximal muscles of the body 
and limbs. The midbrain in the brainstem contains 
cranial nerves III and IV, which provide motor func-
tions to the eye, as well as the cerebral peduncles, 
which contain the corticospinal tracts.

 10. D. He is in the subarachnoid space in the lumbar 
cistern (below L2 to avoid injuring the spinal cord) 
that is surrounded by the arachnoid and dura 
mater. As he is placing the nerve block, his needle 
will pass through the layers of the back and spine 
in the following order: skin, subcutaneous tissue, 
ligamentum flavum, dura mater, and arachnoid 
membrane. The pia mater wraps around the spi-
nal cord closely and a needle would not be able 
to inject between the pia mater and the spinal 
cord (or would injure the spinal cord). The space 
between the dura mater and ligamentum flavum is 
the epidural space. The space between the arach-
noid membrane and the dura mater is the subdural 
space, a potential space.
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Key Points
 1. Excitation-contraction coupling of cardiomyocytes 

is a complex process that allows the heart to beat 
efficiently.

 2. Mechanical coupling of adjacent cardiomyocytes 
occurs via intercalated discs and electrical coupling 
occurs via gap junctions.

 3. Sequential electrical and mechanical events 
occurring over the course of a heart beat generate 
the cardiac cycle.

 4. Action potentials in ventricular cardiomyocytes 
and sinoatrial node are different.

 5. The electrocardiogram is a representation of the 
electrical flow of ions in the heart during the 
cardiac cycle.

 6. Pressure volume loop is a useful tool to understand 
how different pathological conditions influence 
systolic and diastolic function of the heart.

 7. Various heart sounds, central venous pressure 
waves, and arterial pressure waves are generated 
as the result of the cardiac cycle.

 8. Clinically, systolic function is often assessed by 
ejection fraction measurement using echocardiog-
raphy.

 9. Diastolic function is defined by the ability of the 
heart to accommodate a normal preload at normal 
filling pressures.

 10. End diastolic volume, and not pressure, is a true 
measure of ventricular preload.

 11. Wall tension and total peripheral resistance 
constitute left ventricular afterload.

 12. Generation of an adequate cardiac output depends 
upon five factors: heart rate, rhythm, preload, 
contractility, and afterload.

 13. Cardiac reflexes such as baroreceptor reflex play an 
important role in immediate blood pressure control.

 14. The venous circulation holds most of the blood 
volume while arterioles contribute the most to 
peripheral resistance.

 15. Glycocalyx-generated endothelial surface layer 
plays an important role in the microcirculation.

 16. Starling’s forces may not be as important physiologi-
cally in the microcirculation as thought previously.

 17. Mixed venous oxygen saturation can be used as a mea-
sure of oxygen extraction and global hypoperfusion.

 18. Atrial natriuretic peptide and B type natriuretic 
peptide are elevated in heart failure.

 19. Coronary circulation is autoregulated between 
mean arterial pressures of 60–140 mm Hg.

 20. Coronary perfusion can be compromised by fall in 
aortic diastolic blood pressure, rise in left ventricu-
lar end diastolic pressure, tachycardia, or coronary 
artery blockages.

17.1  Introduction

Most cells in the human body utilize adenosine triphosphate 
(ATP) as a source of energy to maintain their integrity. The 
production of ATP in turn depends upon oxygen delivery. 
The heart is a unique volume-dependent stroke pump that is 
responsible for delivering oxygenated blood in a timely man-
ner to cells. If a person lives to be 100 years, his or her heart 
would have beaten approximately 3–4 billion times, deliver-
ing about 50 million liters (assuming an oxygen content of 
20 ml/dl and stroke volume of 60 ml) worth of oxygen to the 
body. Assuming 700 liters of oxygen weighs 1 kg; the heart 
would have moved a weight of about 70 tons in its lifetime. 
Given that the average weight of an adult human heart is 
300 g, this is a superlative feat.

How does the heart do this? The focus of this chapter is 
twofold:
 1. To present a synopsis of cardiovascular physiology.
 2. To help the reader understand how these concepts are 

useful in the perioperative setting.

17.2  Anatomical Considerations

Anatomically, the heart is organized into four chambers: 2 
atria (right and left, separated by the interatrial septum or 
IAS) and 2 ventricles (right and left, separated by the interven-
tricular septum or IVS). The atria are separated from the ven-
tricles by the atrioventricular (AV) groove or sulcus. The right 
atrium (RA) receives deoxygenated venous blood from the 
venae cava and pumps it into the right ventricle (RV). The RV 
in turn, pumps the blood through the lungs via the pulmo-
nary artery (PA). Oxygenated blood then flows into the left 
atrium (LA) via the pulmonary veins. The LA empties into the 
left ventricle (LV), which is responsible for ejection of oxygen-
ated blood into the aorta (Ao) and rest of the body [1, 2].

Unidirectional flow is made possible by the presence of 
four valves in the heart:
 1. The tricuspid valve (TV) between the RA and RV
 2. The pulmonary valve (PV) between the RV and PA
 3. The mitral valve (MV) between the LA and LV
 4. The aortic valve (AoV) between the LV and the aorta.

Pictorially the heart is commonly represented in an upright 
position, with the atria being superior and the ventricles 
inferior. However, anatomically, the heart is obliquely placed 
in the thorax such that the RV forms the anterior surface, 
the RA forms the right lateral border, the LV forms the left 
lateral border, and the LA forms the posterior surface. The 
heart can be imagined as an inverted pyramid, with its base 
being formed by the AV groove and the apex being formed 
by its inferior angle. The heart, much like an onion, is a lay-
ered structure. From superficial to deep these layers are 
(. Fig. 17.1):

 S. Khanna
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       . Fig. 17.1 Layers of the heart 
(Reprinted under Creative 
Commons Attribution 3.0 
Unported from Blausen. com staff 
(2014). “Medical gallery of 
Blausen Medical 2014”. WikiJour-
nal of Medicine 1 (2). https://doi.
org/10.15347/wjm/2014. 010. 
ISSN 2002-4436)

 1. The pericardium: This is a serous layer which invests the 
heart and typically has two components: an inner 
secretory visceral layer that is in contact with the 
myocardium and an outer parietal layer that separates 
the heart from other mediastinal structures. The layers 
are separated by the pericardial cavity.

 2. The epicardium: This is formed by the visceral pericar-
dium. The visceral layer’s mesothelial cells secrete 
pericardial fluid into the pericardial cavity and this fluid, 
in turn, acts as a lubricant. The mesothelial cells adhere 
to the myocardium via fibroelastic and adipose tissue.

 3. The myocardium: This is the muscle wall of the heart 
and consists of muscle fibers arranged in a circular and 
spiral manner.

 4. The endocardium: This is the innermost layer of the 
heart and lines the chambers. It essentially consists of 
endothelial cells which are in continuity with the 
endothelium of the veins and the great arteries.

Similar to constructing a house, a backbone or scaffolding is 
required in the heart to attach components and provide a 
weight bearing infrastructure. This function is provided by 
the “skeleton” of the heart.

The “skeleton” is formed by flexible cartilaginous and 
dense connective tissue. This “backbone” typically consists of 
annuli of the cardiac valves, the trigones, the roots of the 
great vessels, and the central fibrous body. It forms an anchor 
for the valves and cardiac muscle bundles, allowing develop-

ment of high intracavitary pressures without compromising 
the heart’s structural integrity. Importantly it electrically 
insulates the atria from the ventricles, allowing electrical 
impulses between both the structures to flow through the AV 
node only.

While the atria consist of two thin bands of myocardium, 
the ventricles contain deep and superficial spiral muscles. 
The organization of muscle bundles allow the ventricles to 
“twist and squeeze” as opposed to just squeezing, thereby 
enhancing their force. For example, if you take a wet piece of 
cloth, you can express more water out when you wring it as 
compared to just squeezing it. In congestive heart failure 
(CHF), this ability to “wring” is diminished, leading to a 
decrease in contractility. During diastole, unwinding of the 
twisted ventricle contributes to pulling in blood from the 
atrial chambers and is known as diastolic suction.

Functionally, the heart has two parts connected in series: 
(1) a right heart, which receives and pumps out deoxygen-
ated blood, and (2) a left heart, which receives and pumps 
oxygenated blood. Although both the LV and RV are efficient 
pumps, they differ in their organization, shape, and muscle 
content. The ellipsoid LV displays temporally uniform con-
traction and is thicker. The thinner RV is crescent shaped, 
has embryologically distinct inflow and outflow tracts, and 
contracts in a peristaltic manner. The IVS couples RV and LV 
function and allows the RV to contract against it to generate 
force. The thinner RV, being compliant, adjusts easily to vol-
ume overload by dilating, but tends to fail when presented 

Cardiovascular Physiology

http://blausen.com
https://doi.org/10.15347/wjm/2014.010
https://doi.org/10.15347/wjm/2014.010


302

17

with an acute increase in afterload or pulmonary vascular 
resistance (PVR). For example, in response to a pulmonary 
embolus, the RV dilates and its function decreases. Its apex 
tends to function better than its walls. This can be seen on 
echocardiography and is called the McConnell’s sign. The 
thicker LV, on the other hand, can withstand acute and 
chronic afterload increases better compared to the RV.

The heart utilizes electrical input and converts it into a 
mechanical output. The electrical part of the heart is repre-
sented by a specialized conduction system that is responsible 
for generating the “spark” for a heartbeat. It also ensures that 
this spark travels to all parts of the heart in a timely and 
orderly fashion. On a cellular level, the conduction system is 
made up of excitatory and conductive cardiac muscle cells or 
cardiomyocytes. Anatomically it is made up of sinoatrial 
node (SA), interatrial nodal pathways, atrioventricular node 
(AV), the bundle of His, and the Purkinje system. Broadly, 
the mechanical system consists of contractile myocytes and 
connective tissue.

Like skeletal muscle, cardiac muscle contracts and relaxes. 
This contraction and relaxation is preceded by precise electri-
cal events. The interplay between the electrical and mechani-
cal events, leading to generation of a single heartbeat, 
constitutes the cardiac cycle (CC). It can be broadly divided 
into systole (contraction phase) and diastole (relaxation 
phase). Electrical systole precedes mechanical systole and 
leads to sequential contraction of atria and ventricles with 
ejection of blood into vessels. Similarly electrical diastole pre-
cedes mechanical diastole and leads to relaxation of atria and 
ventricles, allowing filling of relatively empty chambers [3, 4].

17.2.1  Electrical Components and Activity 
of the Heart

Different parts of the conduction system are capable of spon-
taneously discharging and generating action potentials. The 
part that discharges most frequently, however, determines 
the rate at which the heart beats and is termed the cardiac 
pacemaker. The atrial conduction system consists of the:
 1. SA node: Located at the junction of the superior vena 

cava (SVC) and RA. Normally, it acts as the cardiac 
pacemaker. It develops from the right side of the embryo 
and is predominantly innervated by the right vagus nerve. 
Sympathetic innervation comes from the stellate ganglion.

 2. Internodal atrial fibers: These are arranged in three 
tracts: (1) anterior, which gives rise to the Bachmann 
bundle; (2) middle, or tract of Wenckebach; and (3) 
posterior, or tract of Thorel. These transmit impulses 
from SA node to AV node in about 30 milliseconds 
(ms). The Bachmann bundle is responsible for left atrial 
depolarization. Conduction via atrial fibers is fast, 
leading to atrial depolarization in about 100 ms.

 3. AV node: Located in the right posterior portion of the 
interatrial septum. It develops from the left side of the 
embryo and is predominantly innervated by the left 
vagus. Sympathetic innervation comes from the stellate 
ganglion. Conduction is slow in the AV node and this 
leads to an AV nodal delay of about 100 ms before 
ventricular excitation takes place. This delay is length-
ened by stimulation of the vagus nerve and shortened by 
stimulation of sympathetic nerves.

The ventricular conduction system consists of the bundle of 
His (BOH) and Purkinje system (. Fig. 17.2). The impulses 
after traversing the AV node travel to the BOH, which divides 
into a left bundle branch (LBB) and a right bundle branch 
(RBB) at the top of the interventricular septum. Anatomically, 
the AV node and BOH reside in the triangle of Koch, which 
is bordered by the coronary sinus, tendon of Todaro, and the 
TV septal leaflet. The LBB further divides into anterior and 
posterior fascicles, which extend to the base of the left papil-
lary muscles. Fibers from the LBB and RBB then merge with 
the Purkinje system supplying all of the ventricular myocar-
dium and this enables depolarization of ventricles in about 
100 ms. Depolarization in the ventricles typically commences 
at the left side of the IVS, then moves across to the right side, 
followed by spread down the septum to the apex and culmi-
nates by returning along the ventricular walls to the AV 
groove.

The discharging cells that act as dominant pacemakers 
determine two things: the heart rate and the heart rhythm. 
The rate is usually determined by the rate of discharge while 
the rhythm is determined by which group of cells is acting as 
the dominant pacemaker. The SA node discharges at about 
60–100 times/min in adults. As this is higher than what other 
cells discharge at, the SA node acts as the dominant pace-
maker. This phenomenon is called cardiac overdrive suppres-
sion, wherein other cells fail to discharge in the presence of a 
more rapidly discharging focus. Tonic vagal discharge influ-
ences the SA node leading to a resting heart rate of about 75 
beats/min. Fluctuations in parasympathetic output during 
respiration, especially deep breathing, lead to acceleration of 
heart rate during inspiration and deceleration during exhala-
tion. This sinus arrhythmia is a normal phenomenon. If for 
some reason the SA node stops discharging, other cells in the 
conduction system, such as AV nodal cells and cells of the 
His Purkinje system, can take over the pacemaker function. 
However, these cells discharge at lower rates of 30–50 beats/
min. AV nodal rhythm is generated by AV nodal cells, and 
ventricular escape rhythms are generated by the His Purkinje 
system. Myocardial cells can also act as pacemakers, but they 
discharge sporadically and usually lead to ectopic or extra 
beats. This mechanism allows the heart to have multiple fall-
back options in case the SA node fails due to disease or 
degeneration [1, 2, 5].
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17.2.2  The Cardiac Action Potential in 
Ventricular Muscle and Pacemaker 
Tissue

Ventricular myocardial cells and pacemaker cells have some-
what different electrical properties. Although both generate 
action potentials, the former group of cells produces a fast 
response action potential while the latter group demonstrates a 
slow response action potential. Myocardial cells have a resting 
membrane potential (RMP) of about −90 millivolts (mv), 
which is determined mainly by ion fluxes across the plasma 
membrane. Although K+ equilibrium potential predominantly 
determines the RMP, other ions such as Na+, Ca 2+, and Cl- 
play an important role in generation of the action potential. 
Cells are mechanically connected via intercalated discs and 
electrically connected through gap junctions. This allows them 
to act as a syncytium and ensures rapid spread of electrical 
impulses. Fast response action potentials have 5 phases that are 
generated as follows:
 1. Phase 0: Rapid depolarization due to Na + influx. Once 

the RMP is shifted to −60 to −70 mv (critical threshold), 
there is a rapid influx of Na + leading to a rapid 
upstroke.

 2. Phase 1: This is followed by rapid repolarization due to a 
transient outward K+ current, ito.

 3. Phase 2: The plateau phase occurs because of inward 
influx of Ca 2+ through L type channels and efflux of K+ 

via different channels: inward rectifier ik, delayed 
rectifier ik1 and ito.

 4. Phase 3: Slow repolarization phase is characterized by 
predominance of K+ efflux

 5. Phase 4: Return to RMP or −90 mV occurs in this 
phase. Ionic flow is minimal.

In contrast to the fast response action potential, the slow 
response action potential of pacemaker cells is characterized 
by a less steep Phase 0, absent Phase 1, shortening and merg-
ing of Phase 2 and 3 with repolarization occurring to firing 
levels (approximately −40 mV), and a Phase 4 that is charac-
terized by spontaneous diastolic depolarization (. Fig. 17.3). 
Phase 4 in the SA node occurs predominantly due to a mixed 
cation current (Na  +  and K+). Because of its unusual 
 activation following hyperpolarization, this channel has been 
termed the “funny” channel and the current If as the funny 
current. The membrane starts depolarizing because of the 
funny current, leading to activation of transient (T) and long 
(L) Ca 2+ channels, which generates a Ca 2+ influx leading to 
Phase 1. At the peak of the impulse, K + efflux ensues bring-
ing about phase 3 or repolarization. When the membrane 
potential reaches firing levels, funny current kicks in and 
causes spontaneous diastolic depolarization during Phase 4, 
thereby ensuring automatic firing of pacemaker cells.

Action potentials generated at one region, tend to depo-
larize neighboring regions and as myocytes are electrically 
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       . Fig. 17.2 The conduction 
system of the heart. Normal 
excitation originates in the 
sinoatrial node then propagates 
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through the bundle of His to the 
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continuous; this leads to rapid spread of depolarization as an 
electrical signal through the heart [3, 4].

Now that we know how the heart generates and spreads 
an “electric” spark, let us see how this spark is translated into 
a contraction.

17.2.3  Contractile Cardiomyocytes 
and Excitation- Contraction Coupling

Unlike the excitatory and conducting cardiomyocytes, which 
function as electric generators, the primary role of contractile 
cardiomyocytes is to function as force generators. Both these 
cells are supported by extracellular connective tissue, which pre-
dominantly contains collagen, elastin, proteoglycans, and 
metalloproteinases. A group of cardiomyocytes supported by 
this distinct extracellular matrix network constitutes a myofiber.

Cardiomyocytes typically have an outer plasma mem-
brane, called sarcolemma, that becomes highly specialized at 
the junction of adjoining cells to form intercalated discs 
(. Fig. 17.4). These bind adjacent cells in series and parallel, 
thereby creating a syncytium of cells. This enables mechani-
cal coupling between cells and effective transmission of the 
force generated by the heart. Recall that electrical coupling 
between cells is provided by Gap junctions. The sarcolemma 
also invaginates into the cell to form an extensive tubular net-
work called transverse tubules or T tubules.

Most of the contractile cardiomyocyte’s cell volume is 
made of myofibrils. The rest is made up of cytosol, mitochon-
dria, nucleus, and sarcoplasmic reticulum (SR). Unlike skeletal 
muscle cells, cardiomyocytes have a high density of mitochon-
dria and strategic positioning of SR in the vicinity of T tubules.

Myofibrils consist mainly of two types of contractile pro-
teins: thin filament actin and thick filament myosin. These 

are arranged in a specific pattern to generate the basic unit of 
contraction: the sarcomere. The arrangement of sarcomeres 
in turn gives cardiac muscle a distinct striated appearance 
when examined under the electron microscope. This is due 
to differences in refractive properties of the elements. These 
striations are identified by letters and represent either specific 
lines or bands of refraction. Z lines (from the German word 
zuckung or twitch line), are dark lines present at regular 
intervals along the myofibril. For the sake of understanding, 
let us imagine the sarcomere to be a square, with two lateral 
pillars, a roof, and a base (. Fig. 17.5).

The “pillars” then represent the Z lines. Now imagine a 
line running through the center of this square. This is the M 
line, which anchors the myosin filaments. Actin filaments 
anchor onto Z lines via actinin and extend toward the M line, 
interdigitating with the myosin filaments. The region occu-
pied by myosin filaments (with and without overlapping 
actin) is termed the A band (appears dark). The region occu-
pied by actin filaments without any overlap with myosin, is 
called the I band (appears light). Z lines are connected to the 
sarcolemma via desmin. Scaffolding for the sarcomere is pro-
vided by the largest known protein, titin. Thus each sarco-
mere consists of two half I bands and 1 A band between 2 Z 
lines. Sliding of the thin filaments over the thick filaments 
generates contraction. Actual lengths of the filaments do not 
change; shortening is brought about by increasing overlap 
between the thin and thick filaments. This is represented by 
lengthening of A band and shortening of I band during con-
traction. The sarcomeres are arranged in series along the 
length of the cylindrical myofibril and adjacent sarcomeres 
are joined at the Z lines.

At rest, actin is covered by the troponin- tropomyosin 
complex. These are regulatory proteins that prevent myosin 
from binding to actin in the resting state. Troponin has 
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       . Fig. 17.3 Typical cardiac 
action potentials (slow on top 
and fast below). The resting 
membrane potential, threshold 
potential, and the phases of 
depolarization (0–4) are shown 
(Reprinted with permission from 
Iaizzo [5])
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three subunits: troponin C, which binds Ca 2+; troponin I, 
which inhibits muscle contraction; and troponin T, which 
binds the troponin complex to tropomyosin. The myosin 
protein has two heads attached to a long tail via a hinge. It 
rests in an extended position and is bound to a molecule of 
ATP.

The T tubule network is responsible for transmitting the 
electrical current or action potential to the myofibrils. The 
dihydropyridine receptors (DHPR) in the T tubules are acti-
vated by the action potential and being voltage gated L-type 
Ca 2+ channels cause an influx of Ca 2+ into the cell. This 
 triggers the ryanodine receptors (RyR) in the SR, leading to 
Ca 2+ release from the SR and amplification of Ca 2+ concen-
tration in the cytosol. This phenomenon is called calcium-
induced calcium release.

The released Ca 2+ then binds troponin C, causing the tro-
ponin I-tropomyosin curtain to move and uncover the bind-
ing site on actin, thereby making it “available.” The myosin 
head can now interact with the “available” actin, leading to 
formation of a cross bridge. Cross bridge cycling in turn 
leads to an actual contraction. ATP bound to the myosin 
head gets hydrolyzed to ADP and energizes the myosin head. 
A conformational change occurs with release of ADP that 
causes the thin actin filament to move in relation to the thick 
myosin filament increasing their overlap, and producing a 

“power stroke.” The myosin head goes from a resting 
“extended” to an active “flexed” position, moving the actin 
molecule along. ATP binds to the free site on myosin, inter-
rupting the myosin actin interaction. Rapid hydrolysis of 
ATP to ADP via myosin ATPase enzyme, leads to “re- 
extension” of the myosin head and return to the original 
state. This myosin head is then ready for interaction with the 
next “available” actin. This can be visualized as follows: Lay 
your left arm supine on a table with palm facing the ceiling 
such that your elbow and wrist are in a straight line. Now 
make a fist and bend your elbow, making a 120° angle 
between your arm and forearm. Place the palm of right hand 
on top of your left fist. Your left fist represents a myosin head, 
your left elbow is the hinge, and your right palm is an actin 
molecule. Flex your left elbow to bring your right hand/palm 
toward your left shoulder. That represents the myosin head 
moving the actin molecule. Now disengage your left fist from 
your right palm. Let your right palm stay at the level of the 
left shoulder and bring your left fist back to its extended 120° 
position. Your left fist is ready to “cross bridge” with another 
palm (ask a friend to lend one). This is how myosin moves 
actin. Two ATPs are required: one to energize the myosin 
head and other to disengage from actin.

This process is repetitive and depends only on the avail-
ability of Ca 2+ and ATP.  Many myosin heads cycle almost 
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       . Fig. 17.4 A cross-section of 
cardiac tissue showing two cells 
separated by a blood vessel 
containing red blood cells. The 
repeating sarcomeric structure of 
the myofibrils and the names of 
the sarcomeric landmarks are 
highlighted on the left of the 
figure. On the right of the figure 
the legend points out the 
membrane specializations of the 
cell. These include the interca-
lated disks, gap junctions, the 
transverse tubules that punctuate 
the sarcolemma (plasma 
membrane), and the sarcoplasmic 
reticulum. Also shown are 
mitochondria compacted into a 
limited space because of the 
abundance of the myofibrils 
(Reprinted with permission from 
Iaizzo [5])
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simultaneously to produce gross muscle contraction. The 
sarcoplasmic or endoplasmic reticulum Ca 2+ ATPase 
(SERCA) is an ATP-dependent pump that moves cytosolic 
Ca 2+ back into the SR. Along with the Na + − Ca 2+ exchanger, 
it is responsible for the decrease in cytosolic Ca 2+. Calmodulin 
is one of the primary sensors of cytosolic Ca 2+. Fall in cal-
cium levels restores the inhibitory function of the troponin- 
tropomyosin complex, ceasing the interaction between actin 
and myosin. This in turn leads to relaxation. Thus, both con-
traction and relaxation are ATP-dependent processes. 
SERCA activity is inhibited by the protein phospholamban. 
Once Ca 2+ enters back into the SR, it is stored bound to 
calsequestrin and calreticulin. These proteins release Ca 2+ 

when the next wave of action potential arrives. This entire 
process is called excitation-contraction coupling (. Fig. 17.6) 
and is responsible for the heart’s ability to act as a tireless 
electromechanical pump.

The cardiomyocyte also has cytoskeleton proteins: inter-
mediate filaments, microtubules, and microfilaments. 
Intermediate filaments are important for mitochondrial func-
tion. Microtubules are important for cell transport mecha-
nisms and microfilaments are important linking-anchoring 
proteins. Familial hypertrophic cardiomyopathy is a sarco-
meric protein disease that arises from mutations in genes 
encoding myosin, actin, titin, tropomyosin, and  troponins. 
Familial dilated cardiomyopathy, on the other hand, is a cyto-
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       . Fig. 17.5 yofibrils are constructed of repeating sarcomeres within 
cardiac muscle cells. Each sarcomere is defined as the structures 
bounded on each end by Z-disks (Z-lines). Thin filaments of the protein 
actin are attached to the Z-line and reach toward the center of each 
sarcomere. Two regulatory proteins are found on the double-stranded 
actin thin filaments—tropomyosin and troponin. Tropomyosin is a 
doublestranded a-helical protein dimer that binds across 7 actin 
monomers on the thin filament obscuring a binding site for myosin. 

Troponin is a 3-subunit globular protein that binds 1 per tropomyosin. 
Thick filaments of the protein myosin are found in the center of the 
sarcomere. The area that contains the thick filaments is also known as 
the A-band. The myosin molecules are asymmetrically shaped with a 
coiled-coil “tail” and two globular “head” domains. The head domains 
bind to actin to form crossbridges between the filaments and generate 
contractile force (Reprinted with permission from Iaizzo [5])
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skeleton protein disease arising from mutations in genes 
encoding actin, desmin, lamin, and sarcoglycan. [1–5]

17.3  The Electrocardiogram

Efficiency of contraction in the heart is achieved by precise 
timing of events during the cardiac cycle. The atria depolar-
ize and repolarize before the ventricles. Thus at any given 
point of time, different parts of the heart are in different 
phases of depolarization and repolarization. These discrep-
ancies are responsible for generating a fluctuating potential 
difference. Given that the heart is enclosed by conducting 

fluid, much like a battery suspended in saltwater, it generates 
an electrical field around it. This can be measured and dis-
played by appropriately placed electrodes as an electrocar-
diogram (ECG). The ECG is not a display of individual action 
potentials occurring in the myocytes; it represents the cumu-
lative change in electrical activity over time. When the ECG 
is measured by electrodes placed on skin, it is typically 
referred to as surface ECG.  Electric potentials, other than 
that generated by the heart, can interfere or influence the net 
potential measured at the level of the skin. Patients are usu-
ally instructed to breathe quietly and lay still while an ECG is 
being recorded to minimize interference from skeletal mus-
cle potentials. In the perioperative setting, it is difficult to get 
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Membrane depolarization
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Na+
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complex

Myofilaments

T-Tubule

Voltage-gated
Ca-channel

Voltage gated Na-channels transiently
open initiating a cardiac action potential

Plateau of cardiac AP
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Ca++  binds Troponin-C
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Force generation

Voltage gated Ca-channels  open
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T-Tubule Ryanodine receptor
triggers SR calcium release

channel opening

       . Fig. 17.6 Excitation-contraction coupling. In systole, an electrically 
depolarizing signal triggers the transient opening of voltage-gated 
Na-channels; the influx of positively charged Na ions further depolar-
izes the cell. This further depolarization causes the opening of L-type 
Ca-channels (long duration opening) and calcium enters the cell. This 
also causes ryanodine receptors in the T-tubules to trigger the release 
of calcium from Ca-channels in the sarcoplasmic reticulum. This 

initiates the plateau of the cardiac action potential. The rise in 
intracellular calcium concentration triggers additional calcium release 
from the sarcoplasmic reticulum via Ca-channels. The calcium binds to 
troponin on the thin filaments, inducing the movement of tropomyo-
sin. Crossbridge cycling begins generating tension in the cardiac 
myocytes (Reprinted with permission from Iaizzo [5])
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a good ECG trace from patients who are shivering or when 
electrocautery is being used.

William Einthoven did pioneering work in the field of 
electrocardiography and was awarded the Nobel Prize in 
1924. His hypothesis: The Einthoven’s triangle is used to 
obtain a surface ECG. According to the hypothesis, if a cur-
rent source is placed in the center of an equilateral triangle, 
the sum of potential at the points of the triangle is zero at all 
times. Clinically this can be approximated by placing record-
ing electrodes on both arms and the left leg. The heart then 
lies in the center of this imaginary triangle. If all these “active” 
electrodes are connected together, a fourth indifferent elec-
trode with zero potential can be formulated. This indifferent 
electrode can hypothetically be thought to reside in the cen-
ter of the triangle, just like the heart.

Two electrodes constitute a lead. Each lead has two ends: 
a positive potential end and either a negative or zero poten-
tial end. Current can therefore flow between an active and an 
indifferent electrode or between two active electrodes. The 
former is an example of a unipolar lead and the latter repre-
sents a bipolar lead.

There are three standard bipolar limb leads (I, II, and III) 
and nine unipolar leads. Originally only bipolar limb leads 
were used to generate a 3-lead ECG, but later with addition of 
nine unipolar leads (six chest leads: V1 to V6, and three aug-
mented limb leads: aVL, aVR, and aVF), it was possible to 
obtain a 12-lead ECG.

In clinical practice, to generate a 12-lead ECG, 10 elec-
trodes need to be placed on the skin as follows (. Fig. 17.7):
 1. Right Arm: anywhere between the right shoulder and 

elbow
 2. Right Leg: anywhere between the torso and right ankle
 3. Left Arm: anywhere between the left shoulder and elbow

 4. Left Leg: anywhere between the torso and left ankle.
 5. Precordial V1: 4th intercostal space, to the right of the 

sternum
 6. Precordial V2: 4th intercostal space, to the left of the 

sternum
 7. Precordial V3: midway between V2 and V4
 8. Precordial V4: 5th intercostal space at the midclavicular 

line
 9. Precordial V5: anterior axillary line at the level of V4
 10. Precordial V6: midaxillary line at the level of V4 and V5.

Standard limb leads would then be:
 1. Lead I: between left arm and right arm, left arm being 

positive
 2. Lead II: between right arm and left leg, left leg being 

positive
 3. Lead III: between left arm and left leg, left leg being 

positive

Intraoperatively, usually a 5-electrode system is used 
(. Fig. 17.8). This has the capability of monitoring standard 
limb leads I, II, III; the augmented limb leads aVR, aVL, and 
aVF; and 1 precordial limb lead (typically V5). Monitors in 
the operating room, however, generally display only two of 
these seven possible leads. Commonly, leads II and V5 are 
displayed, as this combination allows the clinician to diag-
nose arrhythmias and ischemia optimally. The monitor can 
be configured to display any of the aforementioned seven 
leads. To yield accurate information, it is imperative that the 
clinician places the leads in recommended anatomical posi-
tions. Ideally, the right arm, left arm, and left leg electrodes 
should be equidistant from the heart to accurately reflect the 
electrical axis of the heart.

Back

Chest V1
V1

V2 V2
V3

V3

V5

V5

V4

V4

V6

V6

a b

       . Fig. 17.7 a A cross-section of the chest shows the relative position 
of the six precordial leads in the traverse plane, along with a typical 
waveform detected for ventricular depolarization. b An anterior view of 

the chest shows common placement of each precordial lead, V1 
through V6 (Reprinted with permission from Iaizzo [5])
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By convention, an upward deflection on the ECG trace 
occurs when the active electrode becomes positive, whereas a 
downward deflection is generated when the active electrode 
becomes negative. The wave of depolarization moves from 
the SA node to the rest of the heart in multiple directions, but 
these can be summated to present a single electrical vector. 
The way the different leads are positioned to this vector 
determines if they record positive or negative deflections. 
These deflections give rise to the waves, segments, and inter-
vals of the ECG.  In a standard ECG strip, 1  mm square 
equates to 40  ms of duration on the horizontal axis and 
0.1 mV of amplitude on the vertical axis. One mm square is 
often referred to as a “small” box. Five 1 mm squares form a 
5 mm or large box (. Fig. 17.9).

The component waves are as follows:
 1. P wave: Represents atrial depolarization. As it includes 

right and left depolarization, it may be biphasic or twin 
peaked. It is usually upright. Height in Lead II is less than 
2.5 mm and duration is less than 0.11 s. Although the SA 
node is the first group of cells to fire, its electrical activity 
cannot be measured with surface electrodes. The cumula-

RA

RL LL

C

LA

       . Fig. 17.8 Placement of the common 5-wire ECG electrode system 
leads on the shoulders, chest, and torso. The chest electrode is placed 
according to the desired precordial lead position. C chest, LA left arm, 
LL left leg, RA right arm, RL right leg (Reprinted with permission from 
Iaizzo [5])
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       . Fig. 17.9 Single components 
of an ECG and their temporal 
relations (Reprinted with 
permission from Romanò [6])
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tive activity of the atria can, however, be recorded. Taller 
P waves may be a sign of RA enlargement, and wider or 
M-shaped P waves may represent LA enlargement.

 2. Q wave: It is a negative deflection that follows the P wave 
and represents septal depolarization. After myocardial 
infarction, pathologic Q waves develop (duration greater 
than 30 ms, depth greater than 0.1 mV) after a couple of 
days. These represent scar tissue; and as dead tissue does 
not conduct impulses, it produces a wide and deep 
negative deflection (pathological Q wave) representing 
flow of current away from the tissue.

 3. QRS complex: Represents ventricular depolarization. As 
left ventricle has more muscle mass than right, it 
contributes more to the genesis of the QRS complex. 
Usually duration is less than 0.12 s. R wave is upright 
and represents early ventricular repolarization whereas 
the S wave is negative and represents late ventricular 
depolarization. During the time when QRS is generated, 
the atria are repolarizing. This atrial repolarization wave 
or Ta is not usually seen due to the overwhelming signal 
generated by QRS.

 4. T wave: Represents ventricular repolarization. Usually 
these are upright but can be inverted or flat in myocar-
dial ischemia, bundle branch blocks, LV hypertrophy, 
and ventricular ectopic beats. These are peaked in 
hyperkalemia. Tall T waves (hyperacute T waves) are 
also seen minutes after myocardial infarction and 
represent a phase of reversible myocardial ischemia that 
precedes myocardial necrosis. It generally occurs before 
ST elevation.

 5. U wave: usually seen in V2 to V4 leads. It follows the T 
wave, is usually upright, and represents late repolariza-
tion, after depolarizations, or possibly septal repolariza-
tion. Prominent U waves are seen in hypercalcemia, 
hypokalemia and digoxin toxicity.

Segments in ECG are the regions between two waves whereas 
intervals include one segment and one or more waves:
 1. PR segment: It extends between end of P wave and 

beginning of QRS complex. It is an isoelectric segment 
and represents the time taken for the impulse to propa-
gate through the AV node to the bundle of His and 
bundle braches. It is sometimes referred to as the P-Ta 
segment.

 2. PR interval (PR segment + P wave): It extends from 
beginning of the P wave to beginning of the QRS 
complex and represents the time taken for the impulse 
to reach the ventricles from the SA node. As the Q 
wave is frequently absent, it is called PR interval 
rather than PQ interval. Normal values lie between 
120 and 200 milliseconds. It is shortened in pre-
excitation syndromes such as Wolf-Parkinson-White 
syndrome where an accessory pathway between the 
atria and ventricles allows the impulse to bypass the 

AV node. It is greater than 200 ms in first-degree AV 
block.

 3. QT interval: It begins at the onset of QRS and ends at the 
end of T wave. Thus, it includes the QRS complex, ST 
segment, and T wave. It represents the duration from 
depolarization to repolarization of the ventricles. Its 
duration depends upon heart rate (HR), gender, and age. 
It is usually corrected to the HR as it shortens with faster 
rates and lengthens with slower rates. This correction is 
done using Bazett’s formula but is not error proof:

Corrected QT or QTc QT square root of heart rate= /

The normal value for the QTc in men is ≤0.44 s and in women 
is ≤0.45–0.46 s. Hypercalcemia, hyperthyroidism, hyperkale-
mia, digitalis toxicity, and class IB drugs shorten the interval. 
Myocarditis, hypokalemia, hypocalcemia, CHF, class 1A and 3 
drugs prolong it. Long QT intervals predispose to development 
of ventricular arrhythmias, torsade, and sudden death. In the 
perioperative setting, use of halogenated volatile gases (sevo-
flurane particularly) and antiemetics (droperidol, ondanse-
tron) has been associated with prolonged QT interval.
 4. ST segment: Starts from end of QRS to onset of T wave. 

The initial part of the ST segment is called J point. It is 
normally isoelectric and represents ongoing atrial 
relaxation and ventricular contraction. Depression of ST 
segment greater than 0.5 mm helps in diagnosing 
ischemia and subendocardial infarction. ST segment 
elevation of more than 1 mm occurs with transmural 
infarctions, Prinzmetal’s angina, pericarditis, and 
ventricular aneurysms.

 5. RR interval: RR interval is defined as the distance 
between the peak of one R wave and the peak of the 
preceding R wave. It is usually regular and can be used to 
calculate the HR on a standard ECG strip. Assuming 
heart rhythm is regular, 1500 divided by number of 1 mm 
squares between two consecutive RR intervals will give us 
the HR. You can also divide 300 by number of large boxes 
to get the HR. If the rhythm is irregular, do the following:
A. Obtain a 6 s ECG strip. The ECG strip is usually 

marked at 3 s intervals. Recall, each small box is 
40 ms, each large box is 200 ms or 0.2 s and thus, 15 
large boxes will constitute 3 s (15 × 0.2 = 3 s).

B. A 6 s strip will have 30 large boxes. Count the 
number of R waves in 30 large boxes (or 6 s) and 
multiply by 10 to get the HR per minute.

17.4  The Cardiac Cycle

The sequence of electromechanical events that take place 
during the course of a heartbeat constitutes the cardiac cycle 
(CC). As outlined before, CC can be broadly divided into 
systole (phase of contraction) and diastole (phase of relax-
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ation). The atria as well as the ventricles undergo contrac-
tion and relaxation. However, we shall use the terms systole 
and diastole to denote ventricular contraction and relax-
ation, unless otherwise specified. Keeping this in mind, CC 
then comprises broadly of six events that occur sequentially: 
isovolumic (ventricular) contraction, ventricular ejection 
(rapid and slow phases), isovolumic (ventricular) relax-
ation, ventricular filling (early filling), diastasis, and atrial 
systole.

The QRS complex of the ECG represents ventricular 
depolarization. This triggers ventricular contraction and an 
increase in ventricular intracavitary pressures. This leads to 
closure of the tricuspid and mitral valves, which in turn gen-
erates the first heart sound or S1. This heralds the beginning 
of the isovolumic contraction phase wherein ventricular 
pressure increases without change in volume and in this 
phase, all the valves are closed (beginning of R to end of S 
wave). The continuing increase in ventricular pressures even-
tually leads to opening of the pulmonary and aortic valves 
with rapid ejection of blood into the great arteries (rapid ven-
tricular ejection phase). This leads to increasing pressures in 
the great arteries and the rate of ventricular ejection slows 
down (end of S wave to approximately distal portion to end 
of T wave represents ventricular contraction). As action 
potentials are time-dependent, the LV and RV start repolar-
izing (T wave) and eventually stop ejecting. When the ven-
tricles stop ejecting, the PA and aortic pressures briefly 
exceed ventricular pressures, leading to closure of PV and 
AoV. This generates the second heart sound (S2) and repre-
sents end systole (approximately at around peak of T wave). 
The RV being crescent-shaped demonstrates peristaltic con-
traction and typically does not exhibit the isovolumic con-
traction phase like the LV.

The diastolic period has four phases: isovolumic relax-
ation, ventricular filling, diastasis, and atrial systole. The 
ventricular diastolic period (distal portion to end of T wave 
to beginning of QRS) starts after PV and AoV closure. The 
pressure in the ventricles decreases rapidly without an ini-
tial change in volume. This is called isovolumic relaxation 
and all the valves are closed in this phase. Atrial diastole 
starts and continues during ventricular depolarization 
(QRS) and contraction (ST). Electrically it is overshadowed 
by the QRS and is thus the atrial T wave or Ta (atrial repo-
larization wave) is not represented on the ECG. The ventri-
cles continue to untwist and relax with continuing fall in 
their intracavitary pressures. On the other hand, the atrial 
pressures rise, given that they have been filling during atrial 
diastole. This pressure difference leads to opening of TV 
and MV, leading to rapid ventricular filling. Early filling is 
due to diastolic suction and contributes to about 70% of 
ventricular filling. It generates the third heart sound (S3). 
This phase is followed by diastasis, wherein rapid ventricu-
lar filling and subsequent ventricular pressure rise, imped-
ing further filling from the atria to such an extent that the 

atria simply act as passive conduits for blood flow from the 
pulmonary veins into the left ventricle. This phase contrib-
utes about 5% to total ventricular filling and may disappear 
with tachycardia.

Atrial systole follows diastasis and is constituted by atrial 
depolarization (P wave) and contraction (PR segment) or “atrial 
kick.” This “kick” contributes to about 20%–30% of ventricular 
filling and generates the fourth heart sound (S4). When the 
heart is hypertrophied or has low compliance, the atrial kick 
may be responsible for up to 40% of ventricular filling.

Atrial contraction is followed by atrial relaxation or dias-
tole. Following atrial contraction, the propagating impulse 
leads to ventricular depolarization (QRS). This marks the 
beginning of ventricular systole. As the ventricles fill up dur-
ing diastole, the intracavitary pressures rise, leading to clo-
sure of TV and MV and beginning of isovolumic contraction 
completing the cardiac cycle.

Thus, atrial systole occurs during ventricular diastole and 
ventricular systole occurs during atrial diastole. This mecha-
nism of sequential activation is important to ensure forward 
flow of blood through the pulmonary and systemic circula-
tion. Additionally, the kinetic energy of ventricular ejection 
is stored as potential energy in the great arteries and released 
to the distal vasculature during diastole ensuring forward 
flow through the entire CC [3, 4].

17.4.1  Timing of Events

Although the right and left hearts undergo similar events dur-
ing the CC, the timing of events is asynchronous. RA depolar-
ization precedes LA depolarization but they contract almost 
simultaneously. As the LV depolarizes first, its contraction 
precedes RV contraction. However, as the PA pressures are 
lower compared to systemic pressures, the PV opens first 
allowing the RV to eject before the LV. The pulmonary vascu-
lar impedance is lesser than that of the aorta and this allows 
the RV to eject for a longer time than the LV, leading to a later 
closure of the PV as compared to the aortic valve. This differ-
ence in timing of closures of aortic (early) and pulmonary 
valves (later), leads to splitting of the second heart sound (S2).

17.4.2  Heart Sounds and Waveforms 
Generated During the Cardiac Cycle

Heart sounds can be auscultated at the bedside using a stetho-
scope. A stethoscope usually has a bell and a diaphragm; the 
former is used to listen to low frequency sounds (S3 and S4) 
and the latter for high frequency sounds (S1 and S2).

The following heart sounds are usually generated:
 5 S1: It has a frequency of about 30 Hz and is commonly 

heard as “lub.” It has two components: one generated by 

Cardiovascular Physiology



312

17

closure of MV or M1 (occurs first) and the other by 
closure of TV or T1 (occurs later). However, the two 
events occur too closely to usually differentiate by 
auscultation. S1 occurs coincident with the upstroke of 
the carotid pulse and is best heard at the cardiac apex as 
its intensity is primarily determined by M1. It is accentu-
ated in mitral stenosis (MS) or tricuspid stenosis (TS), 
atrial myxomas, tachycardia, pre-excitation syndromes 
(short PR intervals), and conditions associated with 
increased flow through the valve such as patent ductus 
arterious (PDA) or ventricular septal defect (VSD). Its 
intensity is decreased when the valves are immobile due 
to fibrosis (mitral regurgitation/MR) or calcification and 
with long PR intervals. As S1 has two components, it can 
be split in pathological conditions such as complete 
RBBB, LV pacing, atrial septal defects (ASD), and 
Ebstein’s anomaly. In ASD, the split is wide and fixed: it 
does not vary with the phase of respiration. In most 
other conditions, the split varies in intensity with 
inspiration and expiration.

 5 S2: It has a frequency of about 50 Hz and is commonly 
heard as “dub.” It has two components: A2 generated by 
AoV closure (occurs first) and P2 generated by PV 
closure (occurs later). It coincides with the downstroke of 
the carotid pulse. A2 is best heard in the right second ICS 
and P2 in the left second ICS. At the apex, A2 is probably 
the only component of S2 that can be heard. Ability to 
hear P2 at the apex signifies increased P2 intensity (PA 
hypertension or ASD). A decreased P2 usually is present 
with PV stenosis or absent congenital PV.

Increased A2 intensity can be appreciated in systemic HTN 
and coarctation of aorta. Decreased A2 intensity is present in 
significant aortic regurgitation (AR) as well as in calcific aor-
tic stenosis (AS).

Like S1, abnormal splitting of S2 is present in conduction 
abnormalities (RBBB, WPW syndrome, pacing) and large ASDs.

 5 S3: Generated by rapid ventricular filling. It is best heard 
at the apex with the patient positioned in the left lateral 
decubitus (LLD) position. Although it can commonly be 
heard in young adults, its presence in older individuals 
(> 40 years of age) is usually pathological. It can nor-
mally be heard in high output states such as pregnancy. 
S3 gallop is usually present in chronic MR, chronic AR, 
and symptomatic heart failure.

 5 S4: Generated by atrial systole. It is best heard at the 
apex with the patient positioned in the left lateral 
decubitus (LLD) position. Its presence in children 
and young adults, unlike S3, is usually pathological. It 
is typically heard in hypertension, AS, and hypertro-
phic cardiomyopathy.

The peak velocity of blood flowing through the aorta during 
systole ranges from 1 to 1.7 m/s. However, as noted before, 
the kinetic energy imparted by the LV, also sets up a pressure 
wave that expands the arterial walls as it travels distally. This 

expansion is palpable as a pulse. The velocity of this wave-
form is far greater than that of the velocity of blood and it 
increases as it moves distally. Typical velocities are 4 m/s in 
the aorta, 8 m/s in the large arteries, and 16 m/s in the small 
arteries in younger individuals. Thus, after LV systole occurs, 
a pulse can be felt at the wrist in about 0.1 s. As we age, the 
arteries lose elastin, become stiffer, and they conduct these 
pulses even faster. As the arterial tree branches, this pressure 
waveform keeps on reflecting in different directions and on 
itself, leading to amplification. This leads to increases in sys-
tolic blood pressure (SBP) and decreases in diastolic blood 
pressure (DBP) as we move distally from the heart. However, 
the mean arterial pressure (MAP) tends to remain similar if 
measured either centrally at the aorta or peripherally at the 
wrist or foot. Although, MAP can only be accurately mea-
sured by calculating the area under the pressure waveform, 
clinically it is often calculated as:

SBP SBP DBP+ −( ){ }/ 3

The CC typically generates a SBP of 120 mm Hg, and DBP of 
70 mm Hg. The pressure waveform exhibits a rapid upstroke 
during systole, a dicrotic notch that occurs due to AoV clo-
sure (reverberations from the valve interrupt the smooth 
descent of the arterial waveform), and a smooth diastolic 
downstroke. The pulse pressure (PP) is the difference between 
the SBP and the DBP and is normally 40–50 mm Hg. It deter-
mines the intensity or strength of the palpable pulse. The 
wider the pulse pressure, the stronger the palpable pulse. This 
is commonly seen in older people. In certain pathological 
conditions, such as severe AR where the pulse pressure can be 
very wide (high SBP and near zero DBP), the intensity of the 
pulse can make the head nod. This is called Corrigan’s sign.

Atrial systole and diastole also lead to characteristic 
changes in the central venous pressure (CVP) on the right 
side and LA pressure waveform on the left side (. Fig. 17.10). 
The “a” wave occurs due to atrial systole and backflow of 
blood into the SVC (or pulmonary veins on the left side). 
This is followed by the c wave, which occurs during early ven-
tricular systole as the tricuspid valve is pushed into the 
RA. The “x” descent denotes the negative pressure generated 
in the RA by pulling down of the TV during late ventricular 
systole. The “v” wave occurs due to passive filling of the RA 
during atrial diastole or ventricular systole. This is followed 
by the “y” descent that represents opening of the TV and 
 filling of the RV. Sometimes another wave representing dias-
tasis, called “h” wave, is seen following the y wave, especially 
during slow heart rates. Thus there are three waves that occur 
during ventricular diastole: y, h, and a (representing rapid 
filling, diastasis, and atrial systole) and there are three waves 
that occur during systole: c, x, and v (representing early sys-
tole, late systole, and atrial diastole).

The venous waveform can be examined by observing the 
internal jugular venous pulse (JVP) just adjacent to the tra-
chea in the neck. Patients are semirecumbent at 30°–45° and 
turn their heads slightly to the opposite side to facilitate 
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examination. The venous pulsation’s predominant movement 
is inward (x or y descent) and this helps distinguishing it 
from the carotid pulse, which predominantly moves out-
ward. The height of oscillation from the sternal border is 
measured and 5 cm is added to it to estimate RA pressures, as 
it is assumed that the RA lies 5 cm below the sternum.

Abnormalities of the CVP waves:
 5 Increased A Wave: usually indicates obstruction to RA 

emptying. This is seen in tricuspid stenosis, RA myx-
oma, carcinoid heart disease, RA thrombus, tricuspid 
atresia, PV stenosis, and RV hypertrophy. Very pro-
nounced waves are called canon waves and are seen in 
complete AV block, junctional rhythms, and premature 
beats.

 5 Absent A Wave: Atrial fibrillation, severe Ebstein’s 
anomaly (dilated RA cannot generate an effective 
systole)

 5 Tall V Waves: Seen in TR (Lancisi sign), atrial septal 
defects without PA hypertension, arteriovenous fistulas

 5 Attenuated Y Descent and Dominant X Descent: 
cardiac tamponade

 5 Sharp Y Descent: Seen in constrictive pericarditis (CP), 
restrictive cardiomyopathy, right heart failure. Rapid y 
descent without a prominent v wave suggests CP, but if 
accompanied by a prominent v wave it usually suggests 
TR [3, 4].

17.4.3  The LV Pressure: Volume (P-V) Loop

The P-V loop is generated by plotting LV pressure on the y 
axis and LV volume on the x axis and provides an assess-
ment of LV function (systolic and diastolic) during a single 
cardiac cycle (. Fig. 17.11). The mechanical events during 
a single CC proceed in a counter clockwise manner over 
time. As denoted by the figure, the following events occur:
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       . Fig. 17.11 Pressure–volume diagram of a single cardiac cycle (Reprinted with permission from Iaizzo [5])
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       . Fig. 17.10 A typical example of a central venous pressure wave 
form consisting of a, c, and v waves and x and y descents.The a wave is 
associated with atrial contraction. The c wave occurs as the tricuspid 
valve bulges up toward the right atrium during early ventricular systole. 
The v wave is associated with passive filling of the right atrium with 
closed valve. The x descent corresponds to the tricuspid valve being 
pulled down toward the right ventricle during late systole. The y 
descent corresponds with opening of the tricuspid valve as the right 
atrium begins to empty. CVP central venous pressure, ECG electrocar-
diogram (Reprinted with permission from Iaizzo [5])
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A: Mitral valve opens, begin ventricular filling
B: Mitral valve close, end diastole
C: Aortic valve opens, begin ejection
D: Aortic valve closes, end systole
A-B: Ventricular filling, diastasis, atrial systole
B-C: Isovolumic contraction
C-D: Ejection, rapid and slow
D-A: Isovolumic relaxation
E: Contractility

The area inside the loop is the myocardial energy or stroke 
work expended to generate a stroke volume/SV for a single 
beat. The width of the loop represents the SV and the slope of 
the end-systolic P-V relationship (ESPVR) represents con-
tractility (slope through point D). Slope AB represents the 
end diastolic P-V relationship (EDPVR). The P-V loops are 
great diagnostic tools. A variety of conditions can be assessed 
with changes in their morphology, position of the loop, and 
position of ESPVR and EDPVR slopes. However, it is impor-
tant to remember that these are generated over a single beat 
or CC, and although they help us understand different heart 
conditions, they are difficult to obtain clinically [1, 2].

17.5  Assessment of Cardiac Performance

Assessment of cardiac performance includes examining the 
systolic and diastolic function of the right and the left heart. 
Although this can be done invasively via right and left heart 

catheterization, it is commonly done non-invasively by echo-
cardiography.

Usually the right and left hearts pump the same amount 
of blood per unit time and this represents the cardiac output 
(CO). Mathematically then:

CO Stroke Volume SV Heart Rate HR= ( )× ( )

SV being the volume of blood pumped per beat or CC and the 
HR being the number of times the heart beats in a minute. 
When the CO is indexed to body surface area (BSA), it is 
referred to as cardiac index (CI). Normal CO in adults is about 
5 L/min (range is 4–8 L/min) and CI is 2.5–4 L/min/m2. CO 
can be assessed by echocardiography, thermal dilution method 
via a pulmonary artery catheter, or via the Fick’s principle.

According to the Fick’s principle, blood flow to an organ 
can be calculated using a marker substance if the following 
can be ascertained:
 1. Amount of marker taken up by the organ per unit time
 2. Concentration of marker in arterial blood supplying the 

organ
 3. Concentration of marker in venous blood leaving the 

organ

In Fick’s original method, oxygen was the marker and the 
entire human body was the “organ.” Mathematically, this can 
be represented as:

CO = Oxygen consumption concentration of oxygen in pulmonary venou/ ss blood
concentration of oxygen in pulmonaryarterial blood− .

or

CO VO CpvO CpaO= 2 2 2/ −

Substituting CpvO2 with CaO2 (oxygen content of arterial 
blood) and CpaO2 with CvO2 (the oxygen content of mixed 
venous blood), the equation can be written as:

CO VO CaO CvO= 2 2 2/ −

or, oxygen consumption divided by the arteriovenous oxygen 
difference.

CaO Hb SaO PaO

CvO Hb SvO PvO
2 2 2

2 2 2

1 34 0 003

1 34 0 003

= × × + ×
= × × + ×

. .

. .

Where Hb is hemoglobin concentration in g/dl, SaO2 is the 
arterial oxygen saturation, and SvO2 is the mixed venous 
oxygen saturation.

Assuming an Hb level of 15 g/dl, calculated CaO2 is about 
200  ml/Liter or 20  ml/dl, and CvO2 is about 150  ml/dl or 
15 ml/dl.

Oxygen consumption varies with stress, gender, and exer-
cise capacity, but commonly is (erroneously) assumed to be 
250 ml/min. It can be calculated as follows:

Concentration of inspired oxygen or FiO Concentration of expired2 − ooxygen or EtO Minute Ventilation2[ ]×

Where minute ventilation is MV. For example, FiO2 of room 
air is 0.21. Exhaled EtO2 is 0.16 and MV is 5000   ml/min. 
Then VO2 is [0.21–0.16] × 5000 ml/min or 0.05 × 5000 ml/
min or 250 ml/min. CO is then 250 ml/min divided by 200–
150 ml/L or 250/50 or 5 L/min.

The left ventricle typically has about 120–130 ml of blood 
at the end of diastole (end diastolic volume or EDV) and nor-
mally ejects about 70–90  ml (stroke volume or SV) in the 
aorta to yield an ejection fraction (EF) of about 65%. The 

40–50 ml blood left after ejection is the end systolic volume 
(ESV). Thus:

EF EDV ESV EDV= − /

EF is commonly used to assess systolic function of the heart and 
can be measured non-invasively with echocardiography. Other 
modalities to measure right or left ventricular systolic func-
tion include fractional area change, myocardial performance 
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index, pulse wave tissue Doppler imaging (PW TDI) and 
strain.

Of note, heart failure (HF) can occur with or without 
decreases in EF as it is a symptom complex (dyspnea on exer-
tion, fatigue, syncope) arising from the inability of the heart 
to contract (systolic) or relax (diastolic) appropriately. When 
the EF falls below 40%, HF is called HF with reduced EF 
(HFrEF). When symptoms of heart failure occur with an EF 
of more than 50%, it is called HF with preserved EF (HFpEF). 
The former usually occurs with systolic dysfunction and the 
latter with diastolic dysfunction. HF with an EF of 41%–49% 
is referred to as HFpEF, borderline.

Systolic function typically depends upon preload, con-
tractility, and afterload; while diastolic function, amongst 
other factors, depends upon LV compliance. The HR influ-
ences both. In a single CC occurring with a normal HR, one- 
third of the time is taken up by systole and the rest by 
diastole. As tachycardia ensues, the diastolic time keeps on 
getting shorter. This leads to two things: less time for the 
ventricle to fill and impaired LV relaxation. The decrease in 
preload affects systolic performance while impaired LV 
relaxation adversely affects diastolic performance by 
decreasing LV compliance. Both processes, together or indi-
vidually, can lead to HF. If the LV does not relax completely, 
it retains end systolic volume in a smaller space and at a 
higher pressure. This makes it difficult to fill during diastole. 
For example, if you are manually inflating a basketball with 
an air pump, it is easier to pump initially when the ball is 
deflated but it takes more and more energy to pump as the 
ball starts filling up. Once the ball is all filled up, it takes a lot 
of force to over fill it. As it retains more volume, just like the 
LV, its compliance decreases and it becomes stiffer. 
Transmitral pulse wave Doppler analysis in conjunction with 
PW TDI on echocardiography can be used to gauge diastolic 
function.

Abnormal rhythms can dramatically affect heart function 
as the normal mechanical sequence of events depends com-
pletely upon presence of normal sequential electrical activa-
tion of the heart. An extreme example of this is ventricular 
fibrillation, wherein chaotic electrical activation of the ven-
tricles leads to complete loss of pumping action of the heart.

The ability of the heart to adequately pump and generate 
an adequate CO then depends upon five factors: HR, rhythm, 
preload, contractility, and afterload.

17.6  Heart Rate

If an isolated strip of cardiac muscle held at a fixed length is 
rapidly stimulated, it tends to generate more force with sub-
sequent stimulations. This staircase, or Treppe effect, is 
known as the Bowditch phenomenon. The basis of it is as 
follows: Each stimulus leads to transfer of calcium from the 
SR to the cytosol. This calcium initiates contraction, but 
before all of it can be pumped back into the SR or extruded 
from the cell via the Na+/Ca2+ exchanger, the next stimulus 
arrives, leading to transfer of more calcium from the SR and 

thereby increasing cytosol calcium concentration. This mis-
match in calcium influx and efflux leading to a stronger con-
traction is known as the force-frequency relationship. 
Clinically it is commonly seen with post extrasystolic poten-
tiation: Contraction following an extrasystole is stronger 
than a normal contraction. Does this mean that with increas-
ing HR, contractility and cardiac performance will improve? 
Unfortunately, the muscle fibers in the heart are not always 
stimulated at a fixed length and often rapid heart rates lead to 
decreased diastolic filling and increased myocardial oxygen 
consumption. The activation of proteases and lipases by cal-
cium leads to oxidative stress and injury. Eventually, cardiac 
performance falls due to diminishing preload, harmful 
effects of calcium on cellular structures, rapid depletion of 
ATP stores, and abnormalities of relaxation. Thus, in clinical 
practice, rapidly pacing the heart rate may initially improve 
inotropy or contractile force but the effect is limited. On the 
other hand, it is very common to see rapid HRs lead to 
hemodynamic collapse. Unstable rapid HRs should be syn-
chronized cardioverted to achieve a stable rate and rhythm. 
In contrast to rapid HRs, a slower HR can also adversely 
affect CO and lead to an unstable patient. Unstable slow HRs 
should be treated emergently with transcutaneous pacing, 
intravenous atropine, or epinephrine infusions to achieve an 
adequate perfusing rate.

17.6.1  Preload

Imagine a bodybuilder doing a bench press with a barbell. 
He or she lowers the barbell to the chest and then pushes it 
up. In this scenario, the barbell and gravity act as the after-
load while the preload can be envisioned as the length of the 
pectoralis muscle fiber immediately before contraction. In 
the heart, the end diastolic volume (EDV) acts as the pre-
load. The relation between preload and SV is defined by the 
Frank-Starling law (. Fig. 17.12). As preload increases, the 
sarcomere gets stretched and is able to generate greater con-
traction force. However, if the sarcomere gets over stretched, 
its performance falls. Initially it was thought that a greater 
stretch allowed for maximal myosin-actin cross-bridging, 
leading to an increased force of contraction. However, dur-
ing overstretching, myosin-actin cross-bridging decreases, 
leading to fall in performance. This simplified force-length 
theory may hold true for skeletal muscle but is yet to be com-
pletely elucidated for the heart. Increased preload while 
maintaining normal contractility leads to an increase in 
SV.  However, excessive increases lead to heart failure. 
Clinically, assuming normal biventricular function, pulmo-
nary physiology and biventricular compliance, preload or 
LV EDV is assumed to be related to the CVP by the follow-
ing relationship:

CVP PADP PCWP LAP LVEDP LVEDV= = = = =

However, this is seldom the case and EDV is best measured 
non-invasively by echocardiography.
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17.6.2  Contractility

It is the innate property of the heart to contract or eject when 
preload and afterload are kept constant. In an intact heart, it is 
nearly impossible to eliminate the effect of preload and after-
load and consequently it is difficult to quantify contractility. PV 
loops generated after left heart catheterization are one of the 
best representations of contractility in an intact heart. 
Noninvasive methods such as echocardiography can measure 
EF as a surrogate measure of contractility. Contractility is 
affected by factors that influence intracellular calcium concen-
trations or utilization such as exercise, sympathetic stimulation, 
drugs such as digoxin, temperature, and pH changes. Increases 
in preload and afterload also affect contractility. In systolic HF, 
initial increases in preload help maintain SV, but this eventually 
leads to fall in contractility and worsening of HF. This is reflected 
by a downward and rightward shift of the PV loop. If preload 
and afterload are kept constant, an increase in contractility 
leads to a leftward shift of the PV loop and an increase in SV.

17.6.3  Afterload

Afterload is represented by the systolic ventricular wall stress 
and impedance to ejection by the outflow valve and vessel. With 
regards to the LV, afterload is then represented by the LV wall 
stress and impedance offered by the aortic valve, aorta, and its 
branches. If there is no aortic valve stenosis, then the major con-
tributor of afterload is the systemic vascular resistance (SVR).

Wall stress in a sphere is given by the Young-Laplace’s law:

T p r h= × / 2

where p is pressure generated in the ventricle, r is the radius 
of the ventricle, and h is the wall thickness. With acute 

increases in afterload, unchanged contractility and preload, 
SV falls. Intact myocardium can respond by generating a 
higher intraventricular pressure, thereby restoring SV. This 
is represented by an upward and rightward shift of the PV 
loop.

In aortic stenosis or chronic hypertension, wall stress 
increases due to increased impedance to ventricular outflow 
necessitating an increase in intraventricular pressure. 
However, the wall thickness increases by concentric hyper-
trophy in presence of LV pressure overload and this 
decreases wall stress. In aortic or mitral regurgitation, the 
ventricular radius increases, thereby increasing wall stress. 
Eccentric hypertrophy occurs in these volume overload 
conditions, and the increased thickness tends to minimize 
wall tension.

SVR is determined by arteriolar tone and is calculated as:

SVR MAP CVP CO= ×( )80 - /

and is usually 900–1500 dyn · s cm−5.
Pulmonary vascular resistance or PVR is calculated as:

PVR PAP LAP CO= ×( )80 − /

and is usually 50–150 dyn · s cm−5.
PAP is the mean pulmonary artery pressure and LAP is 

the left atrial pressure (mm Hg). Pulmonary capillary wedge 
pressure (PCWP) is clinically used as a measure of LAP. CO 
is in L/min.

Clinically, a pulmonary artery catheter and arterial line 
are commonly employed to measure various hemodynamic 
data. These are shown in . Tables 17.1 and 17.2.

       . Table 17.1 Relative intracardiac pressures in the healthy 
heart

Pressures Mean Range

Left atrium 8 4–12

Left ventricle systolic 125 90–140

Left ventricle end-diastolic 8 4–12

Right atrium 5 2–12

Right ventricle systolic 25 15–30

Right ventricle end-diastolic 5 0–10

Pulmonary artery systolic 23 15–30

Pulmonary artery diastolic 10 5–15

Pulmonary capillary wedge 10 5–15

Mean pulmonary artery 15 10–20

Reprinted with permission from Iaizzo [5]
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       . Fig. 17.12 The “Frank–Starling relationship.” As the end- diastolic 
volume increases, the cardiac output also increases. Excessive preload 
may eventually result in decreased cardiac output (Reprinted with 
permission from Iaizzo [5])
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17.6.4  Cardiac Work

Work occurs when a generated force moves an object in the 
direction of the force. The heart does external and internal 
work, with both processes contributing to myocardial oxy-
gen consumption. External work is defined by stroke work or 
the product of stroke volume and pressure developed during 
ejection of blood. Thus, more external work occurs if the 
stroke volume increases or resistance to ejection increases 
(AS, chronic HTN). Internal work is proportional to wall 
tension. Increases in wall tension occur when there is 
increased pressure inside the ventricle, increase in radius of 
ventricle, or wall thinning. Increase in left ventricular end 
diastolic pressure (LVEDP) leads to greater pressure in the 
ventricle in diastole and increases internal work.

17.6.5  Cardiac Innervation and  
Control of Heart Rate

The heart is richly innervated by the autonomic system and 
exhibits predominance of parasympathetic influence at rest 

and of sympathetic system during exercise or stress. 
Autonomic regulation is provided by the medulla in the brain-
stem (central vasomotor center), which houses the cardio 
inhibitory and cardio acceleratory group of neurons. Afferents 
from the heart travel via the vagus nerve, while efferents travel 
via the cardiac nerves and the vagus nerves. Sympathetic 
efferents arise from the superior, middle, and inferior cervical 
ganglion and travel to the heart as superior, middle, and infe-
rior cardiac nerves. These efferents supply the SA node, AV 
node, conducting tissue, atrial and ventricular myocytes. 
Sympathetic innervation of the ventricles is denser compared 
to the atria. Norepinephrine is the predominant neurotrans-
mitter and acts on alpha (α) and beta (β) receptors. Although, 
β(beta) 1, 2, and 3 receptors are present in the heart, β(beta)-1 
receptors are the most numerous. However, β(beta)- 2 recep-
tors demonstrate more avid coupling to cAMP pathways. 
These receptors are coupled to G proteins and their activation 
leads to stimulation of adenylyl cyclase, increased levels of 
cAMP, and protein kinase A activation. This in turn causes 
opening of more calcium channels in myocytes, increased 
influx of calcium, and longer duration of calcium channel 
opening. The increased influx of calcium in SA node increases 
spontaneous depolarization and hence the HR, while the 
increase in intracellular calcium tends to increase contractil-
ity. Noradrenergic α(alpha)-1 receptors are involved in signal-
ling pathways that lead to cardiac hypertrophy; α(alpha)-2 
receptors are prejunctional and modulate norepinephrine 
release. To summarize, sympathetic activation generally leads 
to increase in chronotropy (heart rate), inotropy (contractil-
ity), dromotropy (conduction velocity), and lusitropy (relax-
ation). Activation of the parasympathetic system demonstrates 
opposite effects. The vagus nerve is the main parasympathetic 
supply to the heart and innervates the atria, SA node, and AV 
node preferentially. Ventricular innervation is sparse. The 
right vagus nerve supplies the SA node and the left vagus 
nerve supplies the AV node but there may be significant over-
lap. Acetylcholine is the predominant neurotransmitter and 
acts on muscarinic receptors, mainly M2 [1, 2, 5].

17.6.6  Cardiac Reflexes

Common cardiac reflexes include:
 5 Baroreceptor Reflex: This is primarily a negative 

feedback loop that plays a role in short-term regulation 
of arterial blood pressure. Baroreceptors are present in 
the carotid sinus and aortic arch in the adventitial layers. 
They respond to arterial distension by pulsatile pressure. 
Thus, hypertension increases baroreceptor discharge. 
This leads to inhibition of sympathetic outflow and 
increase in vagal influences to the heart. Consequently 
there is slowing of HR, inotropy, and dromotropy, which 
results in normalization of blood pressure. The reverse is 
seen with hypotension.

Afferents from the carotid sinus form the carotid sinus nerve 
or Hering’s nerve (branch of glossopharyngeal nerve), while 

       . Table 17.2 Cardiac hemodynamic parameters (with normal 
ranges)

Hemodynamic 
parameter

Derived formula Range

CO HR × SV 4–6 L/min

CI CO/BSA 2.6–4.3 L/min/m2

SV CO × 1000/HR 50–120 mL/beat

SI SV/BSA 30–65 mL/beat/m2

SVR (MAP – CVP) × 80/CO 800–1400 dyne s/
cm5

SVRI (MAP – CVP) × 80/CI 1500–2300 dyne s/
cm5/m2

PVR (PAP – PCWP) × 80/CO 140–250 dyne s/
cm5

PVRI (PAP – PCWP) × 80/CI 240–450 dyne s/
cm5/m2

LVSWI 1.36 (MAP – 
PCWP) × SI/100

45–60 g m/m2

RVSWI 1.36 (PAP – 
CVP) × SI/100

5–10 g m/m2

Reprinted with permission from Iaizzo [5]
BSA body surface area, CI cardiac index, CO cardiac output, CVP 
central venous pressure, HR heart rate, LVSWI left ventricular 
stroke work index, MAP mean arterial pressure, PAP pulmonary 
artery pressure, PCWP pulmonary capillary wedge pressure, PVR 
pulmonary vascular resistance, PVRI pulmonary vascular 
resistance index, RVSWI – right ventricular stroke work index, SI 
stroke index, SV stroke volume, SVR systemic vascular resistance, 
SVRI systemic vascular resistance index.
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those from the aortic arch form the aortic depressor nerve 
(branch of vagus nerve). These synapse in the medulla with 
the cardio inhibitory and acceleratory group of neurons. 
Efferents are via the cardiac nerves and vagus nerve.

The reflex gets activated once SBP increases to about 
170 mm Hg and does not function if SBP is less than 50 mm 
Hg. It is inhibited by volatile anesthetics and anti- hypertensive 
drugs such as calcium channel blockers. The reflex helps in 
normalizing blood pressure during postural changes such as 
supine to sitting or standing. In the operative room, use of 
phenylephrine usually triggers a reflex bradycardia via this 
reflex.

 5 Peripheral Chemoreceptor Reflex: Stimulation of aortic 
and carotid bodies by hypoxemia (PaO2 of less than 
50 mm Hg) and fall in pH leads to activation of the 
chemosensitive area of the medulla leading to increase 
in respiratory drive and ventilation. Usually, vagal 
efferents to the heart are also activated. However, if there 
is increased catecholamine secretion from the adrenal 
medulla due to hypoxia, it leads to tachycardia and 
increased contractility.

 5 Cushing Reflex: Increased intracranial pressure leads to 
medullary ischemia. This elicits an intense sympathetic 
response that initially causes a rise in blood pressure and 
tachycardia in an attempt to restore blood flow to the 
medulla. The hypertension activates baroreceptors 
leading to bradycardia. Medullary compression also 
depresses respiration. The classic Cushing’s triad consists 
of hypertension, bradycardia, and respiratory depres-
sion.

 5 Oculocardiac Reflex: Increased traction or pressure on 
the eye or surrounding structures (especially medial 
rectus muscle) leads to bradycardia (at least an HR 
decrease of 10%) via this reflex. Afferents flow via the 
ciliary nerves to the ophthalmic division of trigeminal 
nerve to the gasserian ganglion and then to the visceral 
motor nucleus of the vagus nerve. Efferents travel to the 
heart via the vagus nerve leading to decrease in HR. In 
addition to sinus bradycardia, junctional rhythms, 
asystole, and ventricular tachycardia may also be seen. 
Hypoxia, hypercarbia, acidosis, and light anesthesia 
exacerbate the reflex and it is elicited more frequently in 
the younger population. Interestingly, this reflex can 
occur in the absence of an eyeball.

 5 Bainbridge Reflex: This is elicited by stretch of cardio-
pulmonary receptors located in right atrial wall and 
atriocaval junction. Increase in right-sided filling leads 
to activation of vagal afferents and decrease in vagal 
discharge, eliciting increases in HR.

 5 Bezold Jarisch Reflex: Following intravenous injection 
of veratrum alkaloids, a triad of apnea, hypotension, and 
bradycardia was reported by von Bezold in 1867 and 
later confirmed by Jarisch. Cardiac sensory receptors 
found in the left ventricle (especially the inferoposterior 

wall) mediate this reflex. Afferents are via nonmyelin-
ated vagal C fibers and the receptors are activated by 
stretch, drugs, or noxious stimuli leading to reflex 
bradycardia, vasodilatation, and hypotension. This is 
mediated via both inhibition of sympathetic discharge 
and increase in vagal discharge.

 5 Valsalva Maneuver: After a normal inspiratory effort, 
the subject is instructed to exhale against a closed glottis 
for about 15 s (strain period) and then breathe normally. 
Traditionally this maneuver has been described as 
having 4 phases, beginning from initiation of strain to 
after release of strain:

 5 Phase 1: brief increase in blood pressure (BP) and 
decrease in HR. This is due to increase in intratho-
racic pressure.

 5 Phase 2: BP falls slowly to normal with increase in 
HR. Possibly due to decreased venous return.

 5 Phase 3: Strain is released and it leads to fall in BP 
and rise in HR. This is due to decrease in intratho-
racic pressure.

 5 Phase 4: BP overshoots above the resting value and 
bradycardia. This is due to baroreceptor reflex.

 5 The Transplanted Heart: A transplanted heart is 
essentially completely denervated. The loss of 
parasympathetic tone leads to a higher resting HR of 
90–100 beats/min. Drugs that act indirectly fail to 
elicit desired hemodynamic responses. Atropine does 
not lead to tachycardia and phenylephrine will not 
cause bradycardia. Response to direct acting agents 
such as isoprenaline and epinephrine is intact. 
Although HR increases after exercise, this response is 
delayed as it is mediated by catecholamines released 
by the adrenal medulla and not by increased sympa-
thetic stimulation that usually occurs with exercise. 
Transplant recipients do not experience angina due 
to loss of afferent fibers that carry sensation of pain. 
A donor heart is an example of post ganglionic 
denervation. The most common cause of such 
denervation in the non-transplant population is 
diabetes mellitus. Shy Drager syndrome leads to 
preganglionic denervation [3, 4].

17.7  Systemic Circulation

The circulatory system consists of the pulmonary and sys-
temic circulation. Systemic circulation broadly consists of:

 5 Macrocirculation: This consists of arteries and veins. 
The function of the macrocirculation is to transport 
oxygenated blood to organs via strong-walled arteries 
and deoxygenated blood back to the heart via thin 
walled compliant veins.

 5 Microcirculation: This consists of arterioles, capillaries, 
and venules. Arteries divide into smaller arterioles, 
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which regulate tissue perfusion and capillary flow. 
Arterioles being muscular, contribute considerably to 
peripheral resistance or SVR. Capillaries participate in 
nutrient exchange with cells and venules collect blood 
from capillaries. Venules join together to form veins that 
then empty into the heart via the venae cava.

17.7.1  Anatomical and Biophysical 
 Considerations

Normal blood volume in adults is 70–75 ml/kg. Of this, about 
60 ml/kg (80%–85%) is present in the systemic circulation, 
6 ml/kg in the pulmonary (7%–9%) circulation, and 5 ml/kg 
(5%–7%) in the heart. Veins being capacitance vessels hold 
the majority of the systemic blood volume, up to 45 ml/kg; 
arteries hold up to 11 ml/kg; and capillaries hold up to 4 ml/
kg. Although capillaries hold only about 5% of the total blood 
volume at any time, their cross-sectional area is staggering at 
about 2500  cm2. This allows the red blood cells to form a 
“single line” as they traverse through the microcirculation.

Pressure (P) across a cylinder through which a fluid is 
flowing, can simplistically be represented as product of flow 
(F) and resistance (R). Thus:

P F R= ×

Resistance is given by Poiseuille-Hagen formula:

R = ( ) ( )8 4µ πmu piL r/

where μ(mu) is viscosity, L is the length of the cylinder or 
tube, and r is the radius of cylinder.

Thus, resistance is determined not only by the radius but 
also by viscosity. In vivo, the primary determinant of viscos-
ity of blood is the hematocrit, protein content of plasma, and 
rigidity of red blood cells. Viscosity is commonly increased 
in polycythemia vera, macroglobulinemias, and sickle cell 
disease (red blood cells are less deformable). Conversely, ane-
mia often causes decreases in viscosity.

Flow is constituted by movement of a certain volume of 
fluid per unit time. It can be laminar or turbulent. Consider a 
slow stream of water flowing from an open faucet into a sink. 
When this stream hits the sink, it moves in different direc-
tions. The former is an example of laminar flow and the latter 
of turbulent flow. Imagine a bunch of red blood cells (RBCs) 
flowing slowly through a vessel. Laminar flow is character-
ized by a parabolic profile. RBCs in the center of the lumen 
have higher velocities than those that are in contact with the 
vessel wall. Such a flow pattern is layered and orderly; each 
layer moves at its own speed without disturbing the adjacent 
layer. Laminar flow patterns are associated with less energy 
losses and are commonly thought to be present in the aorta 
and larger arteries. Importantly this flow creates high shear 

stress, which upregulates endothelial cell genes that produce 
proteins protective against atherosclerosis. When flowing 
fluids encounter an obstruction or branching, smooth flow 
gets disrupted and tends to become turbulent. This flow pat-
tern is characterized by eddy currents. RBCs move in differ-
ent directions and with different velocities. Turbulent flow is 
associated with more energy losses, and the low shear stress 
exerted on endothelial cells leads to production of proteins 
that promote atherogenesis. Thus plaques are more com-
monly seen in branching points in the aorta such as iliofemo-
ral arteries. Type of flow can be predicted by the Reynolds 
number:

Re /= ( )dDv muµ

D is the diameter of the tube, d is density of the fluid, v is the 
velocity of the fluid, and μ(mu) is the viscosity of the fluid. 
The Reynolds number is dimensionless. Laminar flow occurs 
with values less than 2000, transitional flow with values 
between 2000 and 4000, and turbulent flow with values 
above 4000.

As mentioned earlier, typical SBP and DBP in young 
adults measured at the brachial artery is usually 120 and 
70 mm Hg. As BP is the product of CO and SVR, conditions 
that change CO and SVR affect BP. Conditions in which CO 
is increased such as AR, MR typically have high SBP. SVR is 
higher in stressed patients usually exhibiting “white coat 
hypertension.” Also, BP is typically higher in the elderly pop-
ulation as explained earlier. BP readings should be taken with 
the arm at the level of the heart as gravity influences the mea-
surement. The effect of gravity tends to increase pressures in 
vessels below the heart and decrease pressures in vessels 
above the heart. Changes are typically of the order of 0.7–
0.77 mm Hg per cm change in height [1, 2].

17.7.2  Regulation of Blood Pressure

As perfusion pressures of most tissue beds depend upon gen-
eration of an adequate BP, various physiological mechanisms 
have developed to ensure its adequacy. Immediate and short- 
term (activated in seconds, lasting for few minutes) control 
of blood pressure is provided by the autonomic system and 
the baroreceptor reflex. Intermediate control (activated 
within minutes, lasting for a few hours) is exerted by activa-
tion of the renin-angiotensin-aldosterone system (RAAS) 
and release of arginine vasopressin (AVP). Both systems pro-
tect the body against hypotension and hypovolemia primar-
ily. AVP is synthesized as a precursor protein in the 
hypothalamus and stored in the posterior pituitary. It causes 
vasoconstriction through V1a receptors, release of adreno-
corticotrophic hormone (ACTH) via V1b receptors, and 
exerts its antidiuretic effect via insertion of aquaporin-2 
channels through its action on V2 receptors in collecting 
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ducts of the kidney. AVP release is triggered by a fall in 
plasma volume; decrease in BP; rise in plasma osmolality; or 
increased stress such as trauma, surgery, or pain. RAAS gets 
activated by an increase in sympathetic stimulation, fall in 
BP, and decrease in sodium chloride delivery to the macula 
densa in the distal tubules of the kidney. Renin is stored in 
specialized cells called juxtaglomerular cells (JG) of the affer-
ent arteriole supplying the glomerulus. Β-1 stimulation 
causes release of renin. Renin being an enzyme cleaves 
angiotensinogen to the decapeptide angiotensin (AT) I, 
which gets further cleaved to the octapeptide angiotensin II 
by the angiotensin converting enzyme (ACE). ACE is found 
mainly in the lung, kidney, and endothelial tissue. 
Angiotensin II is a potent vasoconstrictor, acts via AT 2 
receptors, and stimulates aldosterone release from the adre-
nal glands leading to sodium and water retention. These 
actions tend to increase the BP.  Long-term control (over 
days) of BP, is provided by the kidneys, which alter sodium 
and water homeostasis to maintain normal BP. Increases in 
BP from excessive water or salt intake are prevented by the 
phenomenon of pressure diuresis and pressure natriuresis. 
Conversely, increased salt and water retention is seen in 
absolute or relative hypovolemic and hypotensive states (cir-
rhosis and HF).

17.7.3  Physiology of the Microcirculation

As fluids move along a high pressure to low pressure gradi-
ent, arterial and capillary pressures are usually higher than 
venous pressures. Resistance to blood flow in the large and 
medium arteries is low. Thus, pressure marginally changes as 
blood flows across them. At the arteriolar level, due to 

decreases in radius, there is greater resistance, leading to a 
drop in pressures to about 30–35 mm Hg. Capillaries have a 
functional pressure of approximately 17 mm Hg; pressures at 
the venular end are about 10 mm Hg and venous pressure 
varies from 2 to 7 mm Hg (. Fig. 17.13).

At the level of the microcirculation, arterioles communi-
cate with capillaries. Their junction is encircled with a smooth 
muscle fiber that acts as a precapillary sphincter. Traditionally 
it was thought as blood pressure increases, due to myogenic 
reflex, these sphincters contract maintaining normal capil-
lary perfusion. When cells need more oxygen, the sphincters 
relax to increase blood flow and perfusion. This may be 
mediated by accumulation of local factors such as adenosine 
and H+ ions. As blood flows through the capillary, it 
exchanges nutrients with the interstitial fluid. This exchange 
occurs via diffusion, bulk flow, filtration, and vesicular trans-
port. Fluid filtration across capillaries was described by 
Starling in 1896 using the Starling equation:

Net fluid movement across thecapillary

pi pi= −( ) − [ ] [ ](k P Pc i c i
π −π ))





k = capillary filtration coefficient
Pc = capillary hydrostatic pressure (approximately 

30–35 mm Hg on the arteriolar side and 15–18 mm 
Hg on the venular side of the capillary bed)

Pi = interstitial hydrostatic pressure (variable but usually 
considered to be −2 mm Hg to +2 mm Hg)

π(pi)c = capillary colloid osmotic pressure (approxi-
mately 25–28 mm Hg)

π(pi)i = interstitial colloid osmotic pressure (variable but 
usually considered to be 8 mm Hg)

Blood flow

Hydrostatic pressure

Osmotic pressure

Interstitial fluid

Capillary microcirculation

Capillary

Venous end

       . Fig. 17.13 Capillary 
microcirculation
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A positive value denotes net outward movement of fluid 
from the capillaries and a negative value represents inward 
movement of the fluid.

In the classic model, fluid egresses outward to the inter-
stitium on the arteriolar side and moves back into capillaries 
on the venular side. Usually more fluid moves out to the 
interstitium than returns to the venular side. This excess fluid 
is removed by the lymphatic system.

Research over the last two decades has questioned this 
rationale. The prevailing concept is that all vessels are lined by 
a glycocalyx layer along the endothelium. Glycocalyx is made 
up of syndecan and glypican (amongst other glycoproteins) 
and is associated with negatively charged compounds such as 
sulfates (heparan and dermatan), hyaluronic acid, and albu-
min. Together, they make up an endothelial surface layer (ESL), 
which prevents egress of plasma proteins and fluid out of the 
vessel. Small amounts leak out to the interstitium via fenestra-
tions. There is minimal or no reabsorption of fluid on the venu-
lar side. In addition to acting as a vascular permeability barrier, 
it has been postulated that the ESL protects the endothelium by 
inhibiting adhesion of leucocytes and coagulation.

 Venous Circulation and Venous Return
After traversing the capillary bed, blood is collected by venules, 
which coalesce to form bigger veins that in turn empty into the 
vena cavae and the right heart. This heartward flow in the 
venous circulation is made possible by three mechanisms: tho-
racic pump, peripheral muscle pump, and the indirect effect of 
ventricular pumping. Unlike arteries, which are valveless, 
veins have abundant valves that prevent retrograde flow.

During inspiration, the diaphragm descends into the 
intraabdominal cavity. This leads to generation of negative 
pressure in the pleural cavity (−5 mm Hg) and positive pres-
sure in the abdominal cavity. The negative pleural pressure is 
transmitted to the great veins and atria, leading to a drop in 
central venous pressure from 7 to 2  mm Hg. The positive 
intra- abdominal pressure squeezes the mesenteric veins. As 
fluids move from high to low pressure, this thoracic pump 
mechanism aids in venous return. Valves prevent venous 
blood from going to the legs from the abdominal cavity.

Blood, like all fluids, is influenced by gravity. In a stand-
ing person, blood normally pools in legs generating a venous 
pressure of about 80 mm Hg. However, leg muscle contrac-
tions force venous blood toward the heart, reducing venous 
pressures to about 30 mm Hg. Retrograde flow is prevented 
by valves. In patients with varicose veins, these valves are 
faulty and this often leads to venous congestion in the lower 
extremities. Similarly in upper extremities, skeletal muscle 
pump mechanism propels venous blood back to the heart.

During ventricular systole, the tricuspid valve is pulled 
towards the RV, generating a negative deflection in the CVP 
waveform (x descent). This negative atrial pressure aids in 
right atrial filling. When the RV relaxes and untwists, it pro-
duces a diastolic suction force that pulls in blood from the 
vena cavae into the RA and then into the RV. This ventricular 
contraction pump mechanism is also responsible for venous 
return [1–5].

17.7.4  Assessment of Adequacy 
of Circulation: Lactate and Mixed 
Venous Oxygen Saturation

One of the primary functions of the circulatory system is to 
deliver oxygen to tissues and remove metabolic waste. 
However, in certain situations there is failure to provide 
adequate oxygen for meeting metabolic demands. Amongst 
other mechanisms, this can arise from global tissue hypo-
perfusion. Cells then switch from an aerobic mode of 
metabolism to an anaerobic mode, generating lactate and a 
state of metabolic acidosis ensues. This syndrome of abnor-
mal decreased oxygen delivery or utilization by the cell is 
commonly referred to as shock. It can arise from inadequate 
circulating volume (hypovolemic shock: blood loss), failure 
of the cardiac pump to generate an adequate CO (cardio-
genic shock: MI, arrhythmias), obstruction of normal cir-
culatory flow (obstructive shock: cardiac tamponade, PE), 
or profound decreases in SVR (distributive shock: anaphy-
laxis, sepsis). In such situations, cells try to extract as much 
oxygen as possible from the arterial side and the normal 
arteriovenous oxygen difference widens. Clinically, this 
widening is commonly assessed by measuring SaO2 from an 
arterial blood gas and SvO2 (mixed venous oxygen satura-
tion) from venous sample aspirated from the tip of an 
appropriately placed pulmonary artery catheter. Normally, 
SvO2 is 68%–77%. It represents venous saturation of blood 
received from both the IVC and SVC. As the use of pulmo-
nary artery catheters is declining, sometimes physicians use 
central venous oxygen saturation (ScvO2) as a representa-
tive measure of mixed venous oxygen saturation. ScvO2 can 
be measured from a central venous catheter in the SVC and 
is usually 5% higher than SvO2. As oxygen extraction 
increases, the mixed or central venous oxygen saturations 
progressively fall.

Using Fick’s equation:

CO VO CaO CvO= −2 2 2/

and then rearranging it, we get:

CvO CaO VO CO2 22= − ( )/

This can further be written as:

SvO SaO VO CO Hb2 2 2 1 34= × ×( ) − / .

Thus, fall in SvO2 can be related to fall in SaO2, increased 
oxygen consumption (VO2), decrease in CO or Hb. SvO2 
measurements can be used to track the adequacy of global 
circulation. In late sepsis, at the microcirculatory level, tissue 
cells are unable to utilize delivered oxygen due to abnormal 
mitochondrial function and microcirculatory shunting. In 
this scenario, the SvO2 can be normal or increased even 
though the cell is not getting adequate oxygen. However, cells 
keep on producing lactate and increases in lactate can be 
used to track deficient oxygen utilization by cells.
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17.7.5  Regulation of Circulation

Circulatory system is regulated by neural, local, endothelial, 
and neurohumoral factors:

 5 Neural Control: With the exception of capillaries and 
venules, all other blood vessels contain smooth muscle. 
This smooth muscle is densely innervated in arteries 
with noradrenergic fibers. Sympathetic activation leads 
to vasoconstriction via α(alpha) receptors in arteries and 
venoconstriction in veins. Cholinergic innervation is 
sparse and only found in some blood vessels of erectile 
tissue of reproductive organs, uterus, and salivary 
glands. Vasodilatation is mediated either through 
β(beta)2 receptor stimulation via epinephrine released 
from adrenal medulla (as occurs during exercise) or loss 
of α(alpha) sympathetic stimulation (spinal anesthesia).

 5 Local Autoregulation: Autoregulation is the ability of 
tissues to regulate their own blood flow. This capacity is 
most developed in the kidney. However, the brain, 
skeletal muscle, liver, and myocardium also demonstrate 
autoregulation. In contrast, uterine blood flow is not 
autoregulated. In pregnancy, it is pressure-dependent. 
Two theories have been proposed to explain autoregula-
tion: myogenic and metabolic. The myogenic theory 
postulates that as blood pressure rises, per Laplace’s law 
to maintain normal wall tension, the radius of the vessel 
has to decrease. Smooth muscles demonstrate intrinsic 
contractile response to stretch. As pressure rises, vessels 
get stretched and decrease their radius by contraction, 
thereby limiting flow. The metabolic theory suggests that 
tissues generate a variety of vasodilatory metabolites 
(K+, adenosine, and lactate). When blood flow 
decreases, these accumulate causing local vasodilation 
and increasing flow. The increased flow then “sweeps” 
these metabolites away. While the myogenic theory 
explains vasoconstriction better, the metabolic theory 
explains vasodilation better. Other local factors that 
influence vasodilation include increase in temperature, 
fall in oxygen tension, acidosis, and increase in carbon 
dioxide tension. Vasoconstriction can be caused by 
hypothermia and serotonin release (seen during vessel 
injury).

 5 Effect of Endothelial Substances: Common vasodila-
tors secreted by the endothelium include prostaglandins 
such as prostacyclin and nitric oxide (NO). Endothelial 
vasoconstrictors include thromboxane A2 or TxA2 and 
endothelin.

NO activates guanylyl cyclase in smooth muscles leading to 
increased cGMP that mediates relaxation and vasodilatation. 
It is inactivated quickly by hemoglobin. Increased NO pro-
duction in sepsis and cirrhosis may account for the low SVR 
observed in these conditions. Prostacyclin commonly coun-
teracts the platelet aggregating and vasoconstrictive effects of 
TxA2. Mismatch in their production during  placental isch-
emia may play a role in development of pre-eclampsia in 
pregnancy. Endothelin is a potent vasoconstrictor and acts 

via phospholipase. There are three types of endothelin and 
they act on either ETA or ETB receptors. ETA receptors are 
specific for endothelin-1 (ET-1). ET-1 levels are consistently 
elevated in patients with PA hypertension (PAH). Endothelin 
antagonists such as bosentan (nonselective) and ambrisentan 
(selective action on ETA receptors) are commonly used in 
treatment of PAH.

 5 Effect of Neurohumoral Factors: Prominent vasocon-
stricting factors include angiotensin, vasopressin, and 
norepinephrine. Vasodilators include bradykinin and 
histamine. Estrogen leads to vasodilation via stimulation 
of NO synthase and exerts a protective effect on the 
heart in ischemia reperfusion models. Testosterone, on 
the other hand, worsens myocardial injury after reperfu-
sion. Substances secreted by cardiomyocytes include 
angiotensin, aldosterone, atrial natriuretic peptide 
(ANP), B-type natriuretic peptide (BNP), and adreno-
medullin. Angiotensin levels are increased in 
HF. Increased levels lead to cardiac hypertrophy and 
fibrosis via its action on AT-1 receptors. The heart has an 
abundance of AT 1 receptors, unlike the blood vessels, 
which have an abundance of AT two receptors. 
Aldosterone has also been implicated in this process. 
Therefore, ACE inhibitors are used in HF to effect 
remodelling. ANP and BNP levels increase in response 
to hypervolemia and promote diuresis, natriuresis, and 
vasodilatation. Although normally atria secrete ANP 
and ventricles secrete BNP, in HF, ventricular cells 
secrete both hormones.

17.8  Coronary Circulation

Just like other organs, the heart is supplied by arteries, capil-
laries, and veins, and has a macro as well as microcirculation 
(. Fig. 17.14). The arterial macrocirculation is constituted by 
the right coronary artery (RCA) and the left main coronary 
artery (LM) that arise from the ostia in the right and left 
sinuses of the aortic valve respectively. These divide into 
various branches as follows:

 5 RCA: After emerging from the aorta it gives off 2 
branches: the atrial branch to the RA and conus branch 
that supplies the RVOT. The atrial branch gives rise to 
the SA nodal artery in 50%–75% of adults. As the RCA 
descends in the AV groove travelling toward the apex of 
the heart, it gives off the marginal branch (supplies the 
right margin of the heart), AV nodal branch (supplies 
the AV node in 50%–60% of adults) and the posterior 
descending artery (PDA) or posterior interventricular 
artery that supplies the posterior one-third of the IVS in 
80%–90% of adult hearts. Dominance of circulation is 
depends upon which artery gives rise to the PDA. When 
the PDA arises from the RCA, it is called a right 
dominant circulation.

 5 LCA or Left Main: After emerging from the aorta, it 
travels a short distance between the pulmonary trunk 
and left atrial appendage and gives rise to the left anterior 
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descending artery (LAD) and the left circumflex artery 
(LCx). In about 30%–50% of the population, there may 
be a third branch called the ramus intermedius. The LCx 
supplies the LA, the SA node in 25%–50% of the 
population, the lateral free wall of the LV, posterior wall 
of the LV, and both anterior and posterior papillary 
muscles of the LV. It gives rise to the obtuse marginal 
(OM) arteries. In 10%–20% of people, the LCx can give 
rise to the PDA, and when this happens, the circulation is 
termed left dominant. The LAD artery supplies the bulk 
of the heart and unfortunately is the most often occluded 
artery in atherosclerotic coronary artery disease. Its 
branches include the septal perforators and the diagonal 
arteries. The first septal perforator supplies the AV 
conduction system. The second and third septal perfora-
tors supply the bulk of the IVS (anterior two-thirds), 
bundle branches, and give rise to the moderator artery, 
which is responsible for supplying the moderator band of 
the RV. LAD also supplies anterior papillary muscles of 
the TV and MV. The diagonal arteries supply the anterior 
wall of the LV. LAD forms 4 important collateral anasto-
moses with the RCA: at the level of the conus artery 
(circle of Vieussens), at the level of IVS (septal perfora-
tors and PDA), at the level of the apex (LAD with PDA), 
and at the level of the crux of the heart (LCx with PDA).

As arteries supply specific regions of the heart, ECG changes 
can help to localize the region of the heart experiencing isch-
emia or myocardial infarction (MI). This is outlined below:

 5 Leads I, aVL, V5, and V6 represent the lateral wall of LV 
(LCx territory). V5 and V6 represent the anterolateral 
wall can be supplied by LAD or LCx.

 5 Leads V1 and V2 represent the septal wall (LAD 
territory).

 5 Leads V3 and V4 represent the anterior wall of the LV 
(LAD territory).

 5 Leads II, III, aVF represent the inferior wall of LV (RCA 
territory in right dominance, and LCx territory in left 
dominance).

 5 Anterior wall MI involves LAD territory and is mani-
fested in Leads V1 to V6. Septal wall MI manifests with 
changes in V1 and V2. Lateral and anterolateral MIs 
manifest in Leads I, aVL, V5, and V6. Inferior wall MI 
manifests in Leads II, III, and aVF. Atrial MIs, although 
uncommon can occur. RA infarction (RCA territory) 
occurs more frequently and presents with PR or P-Ta 
segment elevation in leads V1.

17.8.1  Venous Macrocirculation

Venous macrocirculation of the heart is made up the great, 
middle, and small cardiac veins that form the coronary sinus 
and the anterior cardiac veins. Both the coronary sinus and 
anterior cardiac veins empty into the RA.

17.8.2  Coronary Microcirculation

Arteries typically run beneath or within the epicardium 
but above the myocardium. These epicardial vessels branch 
into smaller arteries and arterioles that then supply the 
myocardium and endocardium. The arterioles deliver oxy-
genated blood (and other nutrients) to capillaries that are 
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in close apposition to the cardiomyocytes and deoxygen-
ated blood (and metabolic waste products) is carried by 
venules to veins that empty into the RA. The venules may 
also empty into the atrial and ventricular chambers 
directly via very small intramyocardial veins known as 
Thebesian veins.

17.8.3  Biophysics of Coronary Circulation

Recall that flow is pressure gradient divided by resistance. As 
the LV and RV are muscular pumps, when they contract they 
compress intramyocardial vessels and impede flow by 
increasing resistance. In diastole when the ventricles relax, 

myocardial flow is restored. As blood moves from high to low 
pressure, it is necessary for aortic pressures to be higher than 
chamber pressures to allow blood to flow through the ostia 
and coronary arteries. However, LV systolic pressures are 
often higher than aortic systolic pressures. This impedes LV 
coronary flow. In contrast the RV and atria usually have 
lower systolic pressures than the aorta and hence receive 
coronary flow during systole. In diastole, aortic diastolic 
pressures (AoDBP) is usually higher than diastolic pressures 
in all the heart chambers. This coupled with relaxation of 
myocardium, allows unimpeded coronary flow in diastole. 
Thus, the LV gets perfused mainly during diastole whereas all 
other heart chambers are perfused during the entire CC. The 
coronary perfusion of the LV can be represented as follows:

Coronary perfusion pressure Aorticdiastolic blood pressure LV e= − nnd diastolic blood pressure

or

CPP AoDBP LVEDP= −

Factors that will decrease aortic DBP (such as low SVR, pres-
ence of AR), increase LV EDP (such as HF or AS), and 
decrease the diastolic time (tachycardia) will lead to decreased 
coronary perfusion to the LV. As the subendocardial layer is 
exposed to high levels of LVEDP it is most vulnerable to 
developing ischemia. The risk of ischemia is increased when 
the LV hypertrophies in conditions such as aortic stenosis. 
The relative capillary density is reduced in hypertrophied 
myocardium and due to diastolic dysfunction LVEDP is very 
high. Thus drops in AoDBP, as seen commonly during induc-
tion of anesthesia due to vasodilatory effect of anesthetic 
drugs, predispose patients to coronary hypoperfusion and 
ischemia.

Resting coronary flow is about 250 ml/min. Cardiomyocytes 
normally extract 70%–80% of the delivered oxygen, leaving 
little room for more extraction. When the myocardial work 
load increases, the only way to match the increase in oxygen 
demand is to increase the supply. This supply demand match-
ing is essential for preventing ischemia.

The diastolic pressure time index (DPTI) is the product of 
the coronary perfusion pressure and diastolic time and rep-
resents oxygen delivery. Oxygen demand can be represented 
by the tension time index (TTI), the product of systolic pres-
sure and systolic time.

The ratio DPTI/TTI is the endocardial viability ratio 
(EVR) and represents the myocardial oxygen supply-demand 
balance. A ratio < 0.7 is associated with subendocardial isch-
aemia (normal EVR is 1).

In aortic stenosis and hypertrophic obstructive cardio-
myopathy, the LV is commonly hypertrophied and generates 
enormous pressures during systole. Due to relatively 
decreased capillary density and increased LVEDP due to 
hypertrophy, these patients are at high risk for developing 
ischemia if their AoDBP falls.

Coronary circulation demonstrates autoregulation 
between MAPs of 60 and 140 mm Hg. Beyond this range, flow 
becomes pressure dependent. Metabolic autoregulation may 
be mediated by K+, adenosine, fall in oxygen tension, and fall 
in pH. Neural control of coronary flow is complex. Epicardial 
arteries predominantly have α(alpha) receptors and intra-
myocardial vessels have β(beta) receptors. Predominant effect 
of sympathetic stimulation is to cause vasodilatation. 
Parasympathetic influences are weak and negligible.

17.9  Conclusion

Cardiovascular physiology is a complex discipline, but it is 
imperative for budding and practicing anesthesiologists to 
master its fundamentals.

17.10  Questions and Answers

 ? Questions (choose the most appropriate answer)
 1. A 70-year-old man with calcific aortic stenosis is 

undergoing proctocolectomy under general 
anesthesia. His medications include aspirin and 
atenolol, which he took on the morning of surgery. 
After induction of anesthesia, his mean arterial 
pressure falls from 120 to 60 mm Hg. Heart rate is 70/
min and other vitals are unchanged. Which would be 
the best intervention?
 A. Give IV phenylephrine bolus dose as it will restore 

coronary perfusion pressure
 B. Give IV epinephrine bolus dose as it will increase 

HR and restore cardiac output
 C. Give IV esmolol bolus dose as it will decrease HR 

and allow more time for diastolic filling restoring 
cardiac output

 D. Give IV norepinephrine bolus dose as it will 
activate the baroreceptor reflex and cause 
tachycardia restoring blood pressure to normal.
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 2. Which of the following is most likely true?
 A. SA node is supplied by the right vagus nerve and 

the right coronary artery
 B. SA node is supplied by the right vagus nerve and 

the SA nodal artery, which is a branch of the 
ramus intermedius

 C. SA node is supplied by the left vagus nerve and 
the right coronary artery

 D. SA node is supplied by the left vagus nerve and 
the left anterior descending artery

 3. Assuming SA node is the pacemaker of the heart, all 
the following are correct except:
 A. Phase 1 of SA node action potential is mediated 

by sodium ion influx.
 B. Phase 2 of ventricular cardiomyocyte is mediated 

by calcium ion influx
 C. Phase 4 of SA node action potential is mediated 

by “funny” current.
 D. Phase 3 of ventricular cardiomyocyte is mediated 

primarily by potassium efflux.
 4. Which one of the following primarily functions as a 

cytosolic calcium sensor?
 A. Calsequestrin
 B. Calreticulin
 C. Phospholamban
 D. Calmodulin

 5. All of the following are true except:
 A. Sarcomere is the functional unit of contraction.
 B. Each sarcomere consists of two half I bands and a 

full A band.
 C. Dihydropyridine receptors and ryanodine 

receptors take part in the phenomenon of 
calcium-induced calcium release.

 D. Malignant hyperthermia occurs primarily because 
of defects in calcium reuptake by the 
sarcoplasmic reticulum in myocytes.

 6. All of the following are true except:
 A. Familial hypertrophic cardiomyopathy is a 

sarcomeric protein disease.
 B. X linked familial dilated cardiomyopathy results 

because of defective myosin production.
 C. Goals of anesthesia for patients with 

hypertrophic obstructive cardiomyopathy 
include keeping the SVR high.

 D. Intercalated discs are responsible for mechanical 
coupling between myocytes.

 7. In which of the following settings is intraoperative 
torsades de pointes more likely to occur?
 A. QT interval of 0.4 s, RR interval of 0.49 s
 B. QT interval of 0.3 s, RR interval of 0.64 s
 C. QT interval of 0.400 s, RR interval of 0.81 s
 D. QT interval of 0.3 s, RR interval of 1 s

 8. Which of the following is false regarding central 
venous pressure waveforms?
 A. a waves are absent in atrial fibrillation
 B. Canon a waves can be seen during junctional rhythm

 C. Cardiac tamponade is characterized by steep y 
descent

 D. Lancisi sign (tall v waves) can be seen in severe 
tricuspid regurgitation

 9. Which of the following is true in patients with severe 
LV hypertrophy with diastolic dysfunction?
 A. Ejection fraction is always low.
 B. LVEDP is decreased.
 C. Epicardium is more vulnerable to ischemia 

compared to subendocardium.
 D. Lusitropy is decreased.

 10. A patient underwent cystoscopy under general 
anesthesia uneventfully. He is shivering in the post 
anesthesia care unit. His core temperature is 39 ° 
C. Assuming he has normal cardiac function, 
hemoglobin, and arterial saturation, and does not 
have sepsis, what is the most likely effect of shivering?
 A. Increase in central and mixed venous oxygen 

saturation
 B. Increase in lactate but no change in mixed 

venous oxygen saturation
 C. Decrease in mixed venous oxygen saturation
 D. Decrease in central venous oxygen saturation but 

increase in mixed venous oxygen saturation.

 v Answers
 1. A. Explanation: In aortic stenosis, it is important to main-

tain coronary perfusion pressure (CPP) as the LV is prone 
to developing ischemia due to concentric hypertrophy, 
increased afterload, and increased LVEDP. These factors 
increase myocardial oxygen consumption. Myocardial 
capillary density is also relatively reduced. Additionally, 
the LV is perfused only in diastole. Compression of intra-
myocardial vessels during systole limits coronary blood 
flow during systole. Factors that will increase myocardial 
oxygen consumption while decreasing supply will lead 
to ischemia, worsening of both systolic and diastolic 
function, cardiogenic shock, and possibly cardiac arrest.

CPP is the difference of aortic DBP and LVEDP. Fac-
tors that reduce aortic DBP (anesthesia induced 
hypotension), increase the LVEDP or reduce diastolic 
perfusion time (tachycardia) can lead to subendo-
cardial ischemia. Anesthetic goals in AS include 
maintaining a normal preload, afterload, rhythm, and 
contractility. Decreases in afterload and tachycardia 
should be avoided. Phenylephrine increases SVR, 
restores vascular tone and coronary artery perfusion 
pressure. Increase in blood pressure activates the 
baroreceptor reflex leading to decrease in heart rate. 
Thus, it increases myocardial oxygen supply while 
reducing demand, minimizing risk of ischemia. Epi-
nephrine can cause tachycardia and is not preferred. 
Esmolol has no α(alpha) adrenergic action and does 
not restore the CPP. Norepinephrine increases SVR and 
blood pressure. Increased BP activates the barorecep-
tor reflex and leads to decreased HR, not tachycardia.
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 2. A. Explanation: SA node is supplied by the right 
vagus nerve and the SA nodal artery, which in 
50%–75% of the population arises from the RCA. The 
AV node is supplied by the left vagus nerve and the 
AV nodal artery, which arises from the RCA in 
50%–60% of the population.

 3. A. Explanation: SA node is a pacemaker and 
demonstrates slow response action potential as 
opposed to the fast response action potential of 
ventricular cardiomyocytes. This slow action 
potential is characterized by a less steep phase 0 
(calcium influx), absent phase 1, shortened phase 2 
and 3 (K+ efflux), and a phase 4 that is characterized 
by spontaneous diastolic depolarization (funny 
current: mixed ionic current mediated by Na + and 
K+). In contrast, in the ventricular cell, phase 0 is 
mediated by Na + influx, phase 1 by K+ efflux, phase 
2 by calcium influx, phase 3 by K+ efflux, and phase 4 
was minimal ionic flow.

 4. D. Explanation: The sarcoplasmic or endoplasmic 
reticulum Ca 2+ ATPase or SERCA is an ATP-dependent 
pump that moves cytosolic Ca 2+ back into the 
sarcoplasmic reticulum (SR). Along with the Na + − Ca 
2+ exchanger; it is responsible for the decrease in 
cytosolic Ca 2+. Calmodulin is one of the primary 
sensors of cytosolic Ca 2+. Fall in calcium levels restores 
the inhibitory function of the troponin- tropomyosin 
complex, ceasing the interaction between actin and 
myosin. This in turn leads to relaxation. SERCA activity 
is inhibited by the protein phospholamban. 
Phospholamban performs this inhibitory function in 
the dephosphorylated state. Once Ca 2+ enters back 
into the SR, it is stored bound to calsequestrin and 
calreticulin. These proteins release Ca 2+ when the next 
wave of action potential arrives. Adrenergic β(beta) 
stimulation leads to phosphorylation of 
phospholamban and deactivation. This increases 
SERCA activity and improves relaxation or lusitropy.

 5. D. Explanation: Malignant hyperthermia (MH) is a 
hypermetabolic crisis characterized by sustained 
muscle contraction that occurs when susceptible 
individuals are exposed to a volatile anesthetics or 
succinylcholine (triggering agents). Early signs of MH 
syndrome include hypercarbia, sinus tachycardia, 
and generalized muscle rigidity. Late signs include 
hyperthermia, arrhythmias, and myoglobinuria. The 
majority of MH-susceptible patients have mutations 
involving ryanodine receptor (RyR-1) or 
dihydropyridine (DHP). Triggering agents lead to 
unregulated passage of calcium from the SR, and 
accumulation of calcium causes sustained muscle 
contraction. Dantrolene is commonly used in 
treatment of an MH episode. It binds to SR and 
decreases calcium efflux to the cytoplasm. SERCA 
activity is unaltered.

 6. B. Explanation: Familial dilated cardiomyopathy 
(DCM) is commonly inherited in an autosomal 
dominant pattern and is primarily a disease of 

cytoskeleton proteins. Defects in sarcomeric proteins 
may be seen 30% of the time. However, X linked 
inheritance patterns is also possible. X linked DCM is 
related to defects in dystrophin and not myosin. 
Hypertrophic cardiomyopathy (HCM) is inherited in 
an autosomal dominant fashion and is due to genetic 
mutations involving sarcomeric proteins of the 
contractile apparatus, predominantly myosin. This 
disease is characterized by LV hypertrophy, diastolic 
dysfunction, mitral regurgitation, and myocardial 
ischemia. Anesthetic goals are similar to aortic 
stenosis. Intercalated discs are mechanical couplers 
and gap junctions are electrical couplers in the 
myocardial syncytium.

 7. A. Explanation: Corrected QT interval or QTc is QT 
divided by the square root of the RR interval. The risk 
of torsades is highest when the QTc is greater than 
500 milliseconds or 0.5 s. Choice A when solved for 
yields a QTc of 0.56 s.

 8. C. Explanation: Cardiac tamponade is characterized 
by a dominant x descent and attenuated y descent, 
while constrictive pericarditis (and diseases with 
restrictive behavior such as RV infarction) exhibits a 
steep x and y descent, producing an M or W 
configuration in the CVP waveform. Y descent 
represents rapid ventricular filling and is dependent 
upon the pressure differences between the RA and 
RV. In tamponade, because of external compression 
of all chambers (RA and RV), this filling is impaired 
from the get go as the difference in pressures 
between the RA and RV is decreased. This leads to 
an attenuated y descent. In constrictive pericarditis, 
RA pressures are typically increased. This causes an 
increased pressure differential for filling. But as soon 
as the RV starts filling (steep y descent), the low RV 
compliance leads to attenuation of this pressure 
differential, quickly leading to a diastolic plateau or 
h wave. The combination of a steep y, followed by 
recovery to a diastolic plateau, typically inscribes a 
“square root sign” pattern on the CVP waveform.

 9. D. Explanation: Lusitropy represents the ability of the 
ventricle to relax during diastole. This ability is 
commonly impaired in LVH and diastolic dysfunction. 
On the PV loop, decreased lusitropy is represented by 
upward shift of the end diastolic point.

 10. C. Explanation: Mixed venous oxygen saturation is 
decreased in the following conditions: increased 
oxygen consumption (hyperthermia, shivering, and 
seizures) or decreased oxygen supply (anemia, 
hypoxemia, most types of shocks). It can increase in 
the following situations: increased oxygen delivery 
(hyperoxia, hyperbaric oxygen therapy), or decreased 
demand (hypothermia, anesthesia, neuromuscular 
blockade), or high flow states (sepsis, 
hyperthyroidism, cirrhosis). High mixed venous 
oxygen saturation in the presence of ongoing end 
organ hypoxia can occur with cyanide poisoning or 
sepsis (mitochondrial dysfunction).
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Key Points
 1. Spirometry, lung volumes, diffusion capacity and 

exercise testing can be performed preoperatively 
in order to better understand a patient’s pulmo-
nary mechanics and identify those at high risk for 
postoperative complications.

 2. The equation of motion of the respiratory system 
helps in understanding the components that are 
involved in ventilation. It divides the components 
into elastic and resistive loads.

 3. The pressure volume curve can provide helpful 
information regarding the resistance and compli-
ance of the respiratory system in an invasively 
ventilated patient.

 4. Compliance of the respiratory system is a sum of 
lung compliance and the chest wall compliance 
and is affected by lung, chest wall, or abdominal 
cavity pathology.

 5. The surface tension is the force present at air-liquid 
interface, which tends to minimize the surface area 
of a liquid. Surfactant reduces the surface tension, 
and with this allows homogenous ventilation and 
avoids atelectasis of lung at low lung volumes.

 6. The major determinant of airway resistance is the 
radius of the airway. A decrease in radius will 
increase the airway resistance to a power of 4.

 7. A major determinant of gas exchange is ventila-
tion, perfusion, and its distribution. Dead space 
occurs when ventilation is higher than perfusion. 
Shunt occurs when perfusion is higher than 
ventilation.

 8. Diffusion of a gas through the alveolo capillary 
membrane is dependent on the distance for 
diffusion, the pressure gradient, molecular weight, 
the thickness of the membrane, and solubility 
coefficient of the gas.

 9. The lung serves other functions besides gas 
exchange. It serves as a filter for both the circula-
tion (emboli) and inhaled particles. It has the 
ability to metabolize endogenous compounds and 
secrete hormones.

 10. Perioperative smoking has effects systemically. This 
will affect not only the physiologic characteristics 
of the patients, but their outcomes.

18.1  Introduction

The lungs are in the chest cavity, surrounded by chest wall, 
bones, and muscles. The lungs have a resting size (volume), 
which depends on the elastic characteristics of the lung and 
the chest wall. In this interaction between the chest wall and 
the lungs, the lungs recoil inward (always trying to collapse), 
while the chest wall is trying to expand outward. This relation 

ends in a resting volume where the distending pressure of the 
chest wall balances with the collapsing pressure of the lung 
end in the resting volume or functional residual capacity. 
This is easily recognized after thoracotomy, the chest wall 
opens (outward) while the lungs collapse rapidly (no more 
negative pressure in the pleural cavity). The activity of the 
respiratory muscles, the habitus of the patient, and lung char-
acteristics will affect this relationship. We use several physi-
ological tests to evaluate this relationships.

We can assess the entire respiratory system physiology 
with three tests: (1) spirometry, (2) lung volumes, and (3) dif-
fusion capacity. More complex tests, such as the cardiopul-
monary exercise studies or ventilation perfusion studies are 
also useful for some specific cases (eg, lung resection). For 
most cases, the history and physical, spirometry, and a pulse 
oximetry will provide sufficient information on the status of 
the respiratory system to allow the anesthesiologist to under-
stand the condition and expectations of the patient.

18.1.1  Spirometry

A spirometry is a device that measures the volume (flow) of 
inspired and expired air in terms of time. The values gener-
ated by the patient are compared to “normal” or predicted 
values, which are calculated using population-based equa-
tions using the patient’s age, height, smoking status, gender, 
and race [1].

. Figure  18.1 depicts the different lung volumes mea-
sured with spirometry. The Y axis represents the lung vol-
umes, from being completely deflated (as if the thorax was 
open and the lung compressed to contain zero air) to com-
pletely inflated (total lung capacity; the lung cannot have 
any more air in it at maximal inspiratory pressure). 
. Figure  18.1 initially displays a patient breathing at rest. 
This is called the tidal volume or tidal breathing. You can see 
that there is lung volume above and below the tidal volume; 
this is the “reserve” the patient can inhale or exhale. To mea-
sure it, the patient is instructed to take the deepest breath 
possible. The volume generated is the inspiratory capacity (if 
measured from end expiration) or the inspiratory reserve 
volume (if measured from the top of the tidal volume). To 
measure the expiratory reserve, the patient is asked to exhale 
as much as possible to the point where no further air comes 
out in spite of maximal effort (this is the expiratory reserve 
volume). Indeed, there is still air in the lungs; however, this 
air cannot come out due to the elastic recoil from the chest 
wall and negative pleural pressure. This “remnant air” is 
called the residual volume. The curve demonstrates the vital 
capacity, which entails the amount of air exhaled after a 
maximal inspiration (we add forced, as we ask the patient to 
“forcefully” exhale). The functional residual capacity is the 
expiratory reserve volume plus the residual volume, which 
is the amount of air that remains in the lungs at end tidal 
breathing.
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In summary, the lung has four basic lung volumes that 
constitute both inspiratory and expiratory phases and are as 
follows [2, 3, 4]:
 1. Inspiratory reserve volume (IRV)
 2. Tidal volume (Vt)
 3. Expiratory reserve volume (ERV)
 4. Residual volume (RV)

When two or more volumes are combined, they constitute 
four distinct lung capacities that are as follows [2, 3, 4]:
 1. VT + IRV = inspiratory capacity (IC)
 2. RV + ERV = functional residual capacity (FRC)
 3. VT + IRV + ERV = vital capacity (VC)
 4. IRV+ VT + ERV + RV = total lung capacity (TLC)

A typical spirometry tracing that displays the measured lung 
volumes is depicted in . Fig. 18.2. Although the report will 
contain a large amount of numbers, the spirometry will only 
yield three values of interest for the anesthesiologist. The 
FVC (forced vital capacity), the FEV1 (forced expiratory vol-
ume in 1 s) and the ratio FEV1 to FVC. The absolute values 
are reported as percent of the predicted.

When interpreting a spirometry, the first thing to check is 
that the patient values entered are correct as this will affected 
the predicted values. The next value to read is the FEV1/FVC 
ratio, which is a marker of obstruction. If the value is below 
the lower limit of normal for the patient, then the patient has 
obstructive airway disease (eg, asthma, chronic obstructive 
pulmonary disease [COPD], tracheal stenosis) [5]. If there is 
obstruction, the next value to see is the FEV1. This will help 
gauge the degree of obstruction present. The lower the value 

the worse the obstructive physiology (in general, an 
FEV1 <50% predicted represents severe obstruction) [1]. The 
last value to see is the forced vital capacity (FVC). The FVC is 
subject to many influences (lung and chest wall elastance, 
pleura, airway resistance, patient effort, duration of effort). A 
reduction in FVC is interpreted as restriction (ie, the lung 
cannot expand as much), however, this can be due to 
decreased muscle strength, large abdomen displacing the 
diaphragm, pleural disease, spinal deformity, poorly compli-
ant chest wall, or a poorly done test. A decreased FVC 
requires clinical correlation, and if further clarification is 
needed to confirm restriction, then performing lung volumes 
is the necessary next step. In the setting of severe airflow 
obstruction, the FVC may be reduced [1].

18.1.2  Lung Volumes

We obtain all the lung volumes and capacities to better iden-
tify the type of physiological derangement the patient has. 
There are 3 methods available: (1) the plethysmography 
(body box), (2) the helium dilution technique, and (3) the 
nitrogen washout [2, 3, 4]. These techniques are used to mea-
sure the FRC and TLC (as these cannot be measured by spi-
rometry alone). Each technique has its details and caveats, 
which can be read in pulmonary physiology books. In brief, 
plethysmography is based on Boyle’s Law, which states that, 
under isothermal conditions, when a constant mass of gas is 
compressed or decompressed, the gas volume decreases or 
increases and gas pressure changes such that the product of 
volume and pressure at any given moment is constant [2, 4].
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       . Fig. 18.1 This Fig depicts the 
pressure volume curve of lung 
(PL), chest wall (PCW) and total 
respiratory system (PT). The 
diagram indicates the direction 
and magnitude of the elastic 
forces of lung (blue line), chest 
wall (red line) and total respiratory 
system (black dashed line) at 
various lung volumes. At total 
lung capacity (TLC) the PCW is 
positive, trying to return to its 
resting state. The volume of lung 
and chest wall at zero pressure is 
different: lung has to be 
expanded and chest wall has to 
be compressed to reach resting 
volume. At resting volume (FRC), 
the inward elastic recoil of lung is 
equal to outward elastic recoil of 
chest wall. The residual volume is 
the lowest lung volume that the 
chest wall will allow to occur [2]
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By placing the patient in a tightly enclosed box, we can 
measure the change in volume and pressure and calculate the 
FRC. The nitrogen washout and helium dilution rely on the 
volume of distribution of a known gas in order to determine 
FRC [5].

In the helium dilution technique, patients are attached to 
a spirometer that includes a known concentration of helium 
in a known volume. After several breaths the concentration 
of the helium is distributed over an increased volume (that 
includes the patient’s lung volume) and allowed to reach a 
new equilibrium. The final exhaled concentration can thus be 

measured and the FRC can be calculated based on the dilu-
tion of the gas [5].

Similarly, in the nitrogen washout technique the patient is 
attached to a spirometry and allowed to breathe in 100% FiO2 
while measuring exhaled volumes and nitrogen concentra-
tion at timed intervals. With each breath the exhaled concen-
tration of nitrogen is decreased until after several minutes 
(approximately 7 min) the entire concentration of the nitro-
gen in the lung has been washed out [5]. Once this happens 
FRC can be determined using a formula. A reduction on TLC 
below the lower limit of normal is consistent with restriction.

18.1.3  Diffusion Capacity

We measure the pulmonary diffusion capacity of carbon 
monoxide (DL,CO) to gain insight into gas exchange. CO is 
used due to its similarity to oxygen in both molecular weight 
and solubility coefficients. CO has an affinity for hemoglobin 
that is 210 greater than oxygen and thus able to maintain a 
very high pressure gradient across the alveolo-capillary 
interface as only the free unbound gas contributes to this gra-
dient [6]. Therefore, in theory, the diffusion of CO would be 
a reflection of the alveolo-capillary interface itself (see later 
section in the chapter: Diffusion). The most common method 
for measuring DL,CO is by the single breath method. This 
test is done by having patients completely exhale to the level 
of RV followed by maximal inhalation of a gas mixture con-
taining 0.3% CO to the level of the TLC [5]. The subject then 
holds their breath for 10 s followed by quick forceful exhala-
tion. After the initial portion of gas is expired, which accounts 
for dead space, a sample of expired air is collected to calculate 
DL,CO [5]. It is measured in ml/min/mm Hg, using the vol-
ume of inhaled CO compared to exhaled volume of CO.

DL,CO is not only a manifestation of the alveolo-capillary 
interface, it depends upon a number of physiological factors 
(eg, age, sex, height, hemoglobin, lung volumes, carboxyhe-
moglobin, and exercise and body position). To account for 
these changes, it is often reported with corrections to the 
absolute value using hemoglobin DL,hb and lung volumes 
DL,VA.

18.1.4  Exercise Testing

In exercising healthy individuals, the supply of oxygen by the 
pulmonary system (minute ventilation) and the oxygen 
delivery by the cardiovascular system (cardiac output) are 
increased to provide oxygen to meet the demand of the skel-
etal muscle mitochondria. A cardiopulmonary exercise test is 
a physiological study that can identify defects in pulmonary 
ventilation, cardiovascular function, or skeletal muscle func-
tion. In complex patients, it can provide insight into the spe-
cific clinical limitations causing cardiopulmonary limitation. 
Exercise studies are also used to estimate preoperative mor-
bidity and mortality in high-risk procedures [7].
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       . Fig. 18.2 a Depicts volume of air expired as a function of time in 
seconds with included examples of measured and expected values for 
FVC, FEV1, and FEV1/FVC ratio. b Flow volume curve obtained with 
spirometry with expiration above the x-axis and inspiration below 
x-axis (Reprinted with permission from Madsen et al. [31])
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Exercise testing is done with a metabolic cart connected 
via a non-rebreathing valve to a patient. The patient under-
goes progressive exercise load over 10–15  min on either a 
stationary cycle or treadmill [5]. The metabolic cart measures 
the fractions of inspired and expired O2 and CO2, oxygen 
consumption (VO2), CO2 production (VCO2), and minute 
ventilation (Ve) [7, 8].

The VO2 is measured breath by breath during the exercise 
test. It reflects the amount of oxygen your body uses per kilo-
gram per minute. In essence, it is the ability of a patient to 
deliver and use oxygen. Initially, during exercise VO2 
increases linearly and is matched by linear increases in CO2 
production, which reflects the increased skeletal muscle 
function [8]. The linear increase in VO2 continues until a 
maximum level is reached (VO2 max) and represents the 
patient’s aerobic capacity. If the patient continues to exercise 
after the VO2 max, it results in shifting of the skeletal muscle 
from aerobic to anaerobic metabolism. Anaerobic metabo-
lism results in increased lactic acid, which is converted into 
lactate and CO2. The point where in theVCO2 is higher com-
pared to VO2 is the anaerobic threshold (AT) [5].

VO2 max is usually lower in women compared to men 
and increases with exercise training. Impairment in aerobic 
function is defined as abnormally low VO2 max compared to 
predicted. A low VO2 max can be due to decreased cardiac 
output, decreased oxygen level, decreased hemoglobin, or 
muscle condition/function/size. The patterns of cardiac, pul-
monary and muscle interaction help define the physiological 
defects. In addition to identifying exercise limitations, car-
diopulmonary exercise testing can also be used to help gain 
insight in certain patient populations preoperatively. For 
example, a VO2max <15 ml/kg/min is associated with high- 
risk patients for thoracic surgery. An anaerobic threshold 
>11  ml/kg/min is associated with decreased perioperative 
mortality after surgery [7, 8]. As a consequence, several pro-
tocols include cardiopulmonary testing to assess candidacy 
for surgery (lung volume reduction, heart transplantation, 
and high-risk lung resections.

18.2  Lung Mechanics: Compliance  
and Resistance

The respiratory system can be characterized by two physio-
logical characteristics: (1) compliance and (2) resistance. 
These terms are further defined below. The best way to 
understand the characteristics of respiratory systems in our 
opinion is by using the equation of motion (the equation has 
been simplified for clarity). This equation illustrates the 
forces and their interaction during breathing:

P Pmus vent volume elastance flow resistance+ = ´( ) + ´( )
 

(18.1)

Where Pmus is the pressure generated by respiratory muscle 
activity and Pvent is the pressure difference across the respira-
tory system (ie, transrespiratory pressure  =  pressure at the 

airway opening minus pressure on the body surface) gener-
ated by a mechanical ventilator. Pressure, volume, and flow 
are variables (ie, change with time) while elastance and resis-
tance are considered to be constant. The first evident conclu-
sion is that the pressure from the respiratory muscles and/or 
the mechanical ventilator has to overcome the loads from the 
elastic component (elastance  ×  volume) and the resistive 
component (resistance × flow) [3, 4].

18.2.1  Compliance

Elastance is the constant of proportionality between volume 
change and change in transrespiratory pressure (or the slope 
of the volume-pressure curve) [4, 5]. In practice it may be 
calculated as the change in pressure difference across the sys-
tem divided by the change in lung volume (ie, tidal volume, 
VT) between two points in time when flow throughout the 
respiratory system is zero and Pmus = 0 (ie, the patient is para-
lyzed):

E
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D
D  

(18.2)

Compliance is the reciprocal of elastance (elastance = 1/com-
pliance) [3, 5]:
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D  

(18.3)

With this understanding, now we know that compliance 
describes the ability of change in pressure to distend the 
respiratory system and is expressed in mL/cmH2O.  The 
respiratory system is not only comprised of lungs, it also 
includes the chest wall and abdomen. We need to recognize 
that a compliance obtained at the bedside includes this com-
ponents [3, 9]. That is:

C
C C

C CRS
L CW

L CW

=
´
+  

(18.4)

Where CRS is the respiratory system compliance, CL is the 
total lung compliance and CCW is the chest wall compliance. 
The compliance calculated by the ventilator is CRS. In order to 
ascertain CL and CCW we need to know the transmural pres-
sures (pressures across the lungs and the chest wall). This 
means that we need to measure the pressure in the pleural 
space (or its surrogate, esophageal pressure) [9]. Hence the 
pressure across the lungs (transpulmonary pressure, PTP) is 
the pressure at the airway opening minus esophageal pres-
sure and trans-chest wall pressure, PTCW, is esophageal pres-
sure minus pressure on the body surface. Then CL and CCW 
are calculated by substituting PTP or PTCW into Eq. 18.3.

 Lung Compliance
The factors responsible for lung compliance are the elastin 
and collagen fibers present in lung parenchyma and the 
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alveolar surface tension [3, 6]. To better understand the elas-
tic components we see a pressure/volume curve of the lung 
under different conditions. . Figure 18.3 compares the com-
pliance curve of a normal lung with compliance curve of 
lung with different pathology.

The curves labeled fibrosis and RDS (respiratory distress 
syndrome) represent low lung compliance (ie, a small 
change in volume for a large in change pressure). The curves 
labeled asthma and emphysema represent a lung with 
higher compliance (ie, a large change in volume for a small 
change in pressure) from loss of elastic tissues. . Figures 18.3 
and 18.4 highlight that the compliance of lung depends on 
the FRC from where the change in volume occurs. In 
. Fig. 18.4 we can see that at the beginning or at the end of 
the inflation curve, minimal change in volume occurs with 
a large change in pressure. On the steeper part of the curve, 
a large change in volume occurs with less change in pres-
sure. Clinically, this phenomenon is observed in patients 
with acute respiratory distress syndrome (ARDS) with too 
little positive end- expiratory pressure (PEEP) (under 
recruited) or very high PEEP (over distended). The other 
clinical condition is severe COPD, where the FRC is ele-
vated due to air trapping and loss of elastic structures and is 
close to TLC, thus small changes in volume require high 
amounts of changes in pressure.

Surface Tension
The surface tension is a little bit counterintuitive and requires 
us to understand the Laplace law (. Fig. 18.5). Surface tension 
is the force present at the air-liquid interface caused by the 
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       . Fig. 18.3 This Fig compares the compliance curve of normal lung 
with various lung pathology. Note, that in emphysema and asthma the 
lungs are more compliant (ie, a small change in pressure causes a large 
change in volume) while in fibrosis and RDS (respiratory distress 
syndrome) the lung are less compliant (ie, a large in pressure is needed 
for small change in volume) (Reprinted with permission from 
Hildebrandt [32])
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       . Fig. 18.4 Depicts the pressure volume curve during inspiration 
and expiration. Note the difference in lung volume at same pressure in 
inspiration and expiration limbs. This phenomenon is called hysteresis 
[3, 5, 10] (Reprinted with permission from Nurok and Topulos [33])
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       . Fig. 18.5 Depicts 2 alveoli (A and B) with different radius. If the 
pressure inside both alveolus is same, the surface tension changes with 
change in alveolar radius to maintain stability. In this case, surfactant will 
lower the surface tension in alveoli B, reducing the pressure inside and 
prevent it from collapsing (Reprinted with permission from Haitsma [34])
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attraction of the particles in the surface layer of a liquid, which 
tends to minimize the surface area [6, 11]. In other words, 
liquids have an inherent elastic tendency to acquire the least 
surface area possible (ie, a drop of water is circular in order to 
have the least surface area). The Laplace equation states that:

P
T

r
=

2

 
(18.5)

Where, P is the pressure within the alveoli (dyn/cm2), T is the 
surface tension inside the alveoli at air-liquid interface (dyn/
cm), and r is the radius of the alveoli (cm).

Following this formula, for a constant surface tension, 
smaller alveoli will have higher pressure. The high pressure in 
smaller alveoli will force it to empty itself in large alveoli and 
collapse (atelectasis) while larger alveoli with less pressure 
would have preferential ventilation. This phenomenon is not 
observed under normal conditions due to presence of pul-
monary surfactant. The presence of pulmonary surfactant 
reduces the surface tension forces and results in lower pres-
sure inside the alveoli [5, 6, 11]. Surfactant prevents atelecta-
sis and allows even distribution of ventilation. The clinical 
correlate is ARDS in adults or RDS in premature neonates, 
where the absence of surfactant results in collapse of smaller 
alveoli and decreased total lung compliance.

The pulmonary surfactant is produced by type II pneumo-
cytes and released by exocytosis in response to high- volume 
lung inflation, increased ventilation rate, or endocrine stimula-
tion [6, 11]. It is composed of 90% lipid in the form of phospho-
lipids with the remainder of it being protein and carbohydrates. 
Dipalmitoyl phosphatidyl choline is the main constituent. The 
hydrophobic fatty acids project into the gas phase, while the 
hydrophilic end lies in the alveolar lining fluid. The surfactant 
gets packed densely together during exhalation, when alveoli 
assume a smaller radius exerting a greater effect in reducing 
surface tension and preventing the alveoli from collapsing.

Hysteresis
The difference in shape between the inflation and deflation 
limbs of the pressure volume curve is called hysteresis 
(. Fig. 18.4). That is, there is a higher lung volume, per unit 
of pressure, at any given point during deflation compared to 
inflation. Hysteresis is mostly due to the presence of pulmo-
nary surfactant and its effect on surface tension forces at the 
air-liquid interface. The other factor responsible for hystere-
sis is opening of closed alveoli during inspiration [2, 5]. These 
alveoli remain open during exhalation, explaining why more 
than the expected pressure is required during inflation. The 
loop becomes progressively broader as the tidal volume 
increases or, in ARDS, due to loss of surfactant.

 Chest Wall Compliance
The chest wall is composed of visceral pleura, rib cage, mus-
cle (including the diaphragm), fat, and skin. The abdominal 
cavity also contributes to the chest wall compliance; this 
becomes evident in conditions such as ascites, abdominal 
compartment syndrome, or obesity.

To measure the chest wall compliance, one needs to mea-
sure pleural pressure by placing a pleural catheter (rarely done, 
if ever) or using surrogate of pleural pressure (classically using 
an esophageal catheter) [9]. The gradient between the pressure 
at the airway opening and the pleural pressure will provide the 
transpulmonary pressure, which is a reflection of the lung 
compliance. The chest wall compliance then will be the total 
respiratory system compliance minus the lung compliance. 
The contribution of the chest wall to the respiratory system 
compliance ranges from 20% to 50% in normal to severe ARDS 
patients. Normal chest wall compliance is 200 ml/cm H2O.

 Static and Dynamic Compliance
Static compliance is measured in absence of any air flow in 
the entire respiratory system with no muscle activity (muscle 
paralysis). Because, in some conditions we can only hold it 
for a few seconds before we have to let the subject breathe, 
the system never reaches true static condition and thus is 
called quasi-static compliance. There are different methods 
to measure compliance [10]:

 5 The Super Syringe: In this method, a known amounts of 
gas (volume) is pushed into the lungs, and the pressure 
change is measured after flow has stopped. This is 
mainly used when trying to build a pressure volume 
curve. Another alternative is to use a very slow flow to 
increase the volume gradually while measuring the 
pressure change. Because the flow is low (<9 L/min), the 
resistive component is essentially eliminated.

 5 Single Occlusion Test: This is the most commonly used 
method at the bedside. An end inspiratory pause is 
performed in patients receiving mechanical ventilation. 
The pressure will decay to form a plateau, commonly 
known as plateau pressure (Pplat).

 5 Multiple Occlusion Test: Airway occlusions are per-
formed several times at different points of expiration. 
This allows the building of a volume/pressure curve.

Dynamic compliance is measured during an active breath, 
but the changes in volume and pressure are measured 
between points in time when flow at the airway opening is 
zero. This can be done by hand, but a ventilator uses linear 
regression. Because there may still be flow among lung units 
even when flow at the airway is zero (ie, pendelluft) the pres-
sure difference may be larger than under true static condi-
tions [3, 10]. Hence dynamic compliance tends to be lower 
than static compliance to the degree that the mechanical 
properties in the lungs are heterogeneous.

18.2.2  Resistance

Resistance opposes the flow of gas in and out the respiratory 
system. Resistance is defined as the constant of proportionality 
between pressure (P) and flow ( �V ) in a flow conducting sys-
tem and is usually expressed in units of cm H2O/ (L/s) [3, 5]:

R
P

V
=
D
D �
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The total respiratory system resistance is the result of airway 
(natural and artificial) and tissue resistance [3, 12]. The lung 
parenchyma and chest wall viscoelastic resistance to motion 
gives rise to tissue resistance. The contribution is minuscule 
and in clinical practice they are essentially ignored. Thus this 
section focuses on airway resistance.

The airway caliber, nature of the gas flow, viscosity, and 
density of the gas determine airway resistance. Under normal 
conditions, the most decisive of them is airway caliber [3, 5]. 
Poiseuille’s equation illustrates the relationship between air-
way caliber, laminar flow and viscosity:

�V
P r

L
=
D p
m

4

8  

(18.6)

Where, ∆(Delta) P is the pressure gradient across the flow 
path (airway), L is the length of the flow path, μ is a dynamic’s 
viscosity, �V  is the flow, r is a radius, and π(pi) is a mathemat-
ical constant. This equation demonstrates that the pressure 
gradient is directly proportional to gas flow. Because of this, 
for any flow rate, the pressure gradient divided by the flow 
rate equals a constant, called resistance:

Resistance =
D P

V�  
(18.7)

The equation can be rewritten to show the factors affecting 
resistance:

Resistance
length viscosity

radius
=

´ ´

´( )
8

4p
 

(18.8)

 Airway Caliber
The Poiseuille’s equation demonstrates that the major deter-
minant of resistance is the airway radius. In normal subjects, 
the larger airway contributes to 80% of total airway resis-
tance, while the rest stems from the smaller airways [2, 4, 6]. 
Although this seems counterintuitive (because the radius of 
the airway is the main contributor to resistance), the increase 
in  cross- sectional area as the airways divide (bronchial sub-
divisions) compensates for the small diameter, such that 
because of the increased cross-sectional area of the distal air-
way, the resistance to flow as a matter of fact is reduced [3]. In 
conditions such as airway edema, obstructive lung disease, or 
secretions where there is a decrease in airway radius, the air-
way resistance exponentially increases and so does the work-
load on respiratory muscles.

The airway caliber is also dependent on lung volume. 
Resistance is inversely proportional to lung volume. As lung 
volume decreases, there is a decrease in airway volume and 
thus in transmural pressure. This can result in closure of 
smaller airway and increased airway resistance [2, 3]. During 
forced expiration, high intrathoracic pressures can exceed 
the transmural pressure resulting in their collapse and 
increased resistance. The larger airway, due to presence of 
cartilage, has higher structural integrity and is less prone to 
collapse by changes in lung volume.

The airway caliber is mainly regulated by the autonomic 
system innervating the smooth muscle in the bronchus. The 
parasympathetic nervous system innervates via vagal nerve 
and plays a critical role in maintaining the airway caliber. The 
afferent fibers in the bronchial epithelium are stimulated by 
noxious stimuli and cytokines [5, 6]. These stimuli cause the 
efferent fibers to release acetylcholine, which acts on musca-
rinic receptors (M3) leading to bronchoconstriction. As a 
counterbalancing measure, there are ß(beta)2 receptors in 
bronchial epithelium that are responsive to circulating cate-
cholamine. The activation of ß(beta)2 receptors causes bron-
chodilation as seen during stress, exercise, and with drugs.

 Density, Viscosity, and Turbulent Flow
The other contributors to resistance, as demonstrated by the 
Poiseuille’s equation, are the characteristics of the gas (den-
sity and viscosity) and the nature of the flow (turbulent vs. 
laminar). From the equation one can note that resistance, 
during laminar flow, is directly proportional to gas viscosity. 
Thus, helium (a low density, high viscosity gas) will not 
improve gas flow in conditions of laminar flow. However, in a 
condition where there is turbulent flow (ie, asthma or upper 
airway obstruction), helium does improve flow [5, 13]. This 
described by the Reynolds number (dimensionless unit):

Reynolds number =
r n
h
d

 
(18.9)

Where, ρ(rho) is the density of the gas, d is the diameter of the 
tube, v us the linear velocity of the gas, and η(eta) is the vis-
cosity. It is known that turbulent flow occurs when the 
Reynolds number is greater than 2000. At that point, the pres-
sure gradient to generate flow is proportional to the gas den-
sity but independent of viscosity. As a consequence, helium 
(low-density gas) improves flow in asthma or airway stenosis.

In laminar flow, the gas flows in an orderly fashion as a 
series of concentric cylinders, which slide over each other 
forming the shape of a cone as they advance (. Fig. 18.6). The 

a b

       . Fig. 18.6 a Shows a laminar 
flow with convex front. The 
arrows denote the direction and 
magnitude of air flow. b 
Turbulent flow with a square 
front (Reprinted with permission 
from Chatterjee and Fisher [35])
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peripheral column of air in contact with wall is stationary 
while the center column of air slides over them. This greatly 
reduces the frictional forces acting on the airflow and hence 
the airway resistance is least with laminar flow. As can be 
seen from the diagram of laminar flow (. Fig.  18.6a), the 
center column of air will reach alveoli faster. During turbu-
lent flow, the gas flows in a chaotic pattern with a square front 
(. Fig. 18.6b). This increases frictional forces acting on the 
flow and hence the resistance.

 Measurement
In clinical practice, estimation of total respiratory system 
resistance (including the artificial airway) is often done during 
mechanical ventilation while delivering volume- controlled 
breath (at constant flow) with an end inspiratory pause (see 
. Fig. 18.7). In light of Eq. 18.7 we can rearrange Eq. 18.1 to get:

R
P

VRS
vent=

D
D �  

(18.10)

The pressure gradient, ΔPvent is the peak pressure minus the 
plateau pressure. The flow gradient, �V , is the set constant 
inspiratory flow relative to flow during the pause (ie, zero). 
The peak airway pressure constitutes both the elastic and 
resistive component. After occlusion there is a sharp drop in 
peak pressure followed by slow decline until it reaches pla-
teau pressure. The plateau pressure constitutes the elastic 
component (as there is no flow). Thus ΔPvent is the pressure 
required to overcome the resistance at the set flow.

As with compliance, modern ventilators can use linear 
regression to calculate resistance under dynamic conditions 
[2, 5].

18.2.3  Work of Breathing

Work of breathing is the external work (diaphragm or venti-
lator) required to move air in and out of lungs by overcoming 
the elastic and resistive forces opposing it (. Fig. 18.8). Under 
normal conditions, the work of breathing is completely per-
formed by the respiratory muscles. During respiratory fail-
ure, when respiratory muscles are unable to meet the 
demands, this work is partially or completely accomplished 
by the use of invasive or non-invasive mechanical ventilation.

Work occurs when force acting on an object causes dis-
placement of the object in direction of force:

Work Force Distance= ´  (18.11)

Pressure is the force acting on a unit area of an object and 
volume is the product of area and distance. They can be 
expressed as:

Pressure
Force

Area
=

 
(18.12)

Volume Area Distance= ´  (18.13)

Rearranging the equation:

Pressuret Volume Force Distance Work´ = ´ =  
 (18.14)

Hence, work occurs when a change in pressure causes a 
change in volume and can be calculated from the pressure 
volume curve:

Work PdV= ò  
(18.15)

∫PdV = Integral of applied pressure over a change in volume.
If you observe, the resting volume of lung and chest wall 

(ie, the volume at zero pressure) is different for lung and 
chest wall (. Fig.  18.8). The resting volume for lung is just 
above the residual volume. Hence, work is done to increase 
the lung volume to FRC.  While the resting volume of the 
chest wall is above the FRC, the chest has to compress to 
FRC. This work done on chest wall is stored as kinetic energy 
and utilized during normal tidal breathing [3, 14].

When the lung compliance is decreased (eg, ARDS, pul-
monary edema), the lung elastance curve is shifted to the 
left, requiring increased work of breathing. The increased 
work of breathing observed in obstructive lung disease is 
due to increased resistive component (ie, diagonally hatched 
area) [3, 14].

The work of breathing can also be expressed as O2 cost of 
breathing, which is the amount of oxygen consumed by the 
diaphragm and respiratory muscle during ventilation. The O2 
cost of breathing in normal individuals is 0.5–1.0 mL of O2 

Pressure

Peak

Plateau

Inspiration
Time

Expiration

       . Fig. 18.7 The pressure time curve on constant flow with end 
inspiratory pause. The ∆(Delta)pressure between the peak and plateau 
pressure, is the pressure required to overcome the resistive load, while 
the ∆(Delta)pressure between plateau and PEEP is pressure required to 
overcome the elastic load (Reprinted with permission from Rimens-
berger [36])
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per liter of ventilation, which is less than 5% of the total body 
oxygen consumption. During increased respiratory demand, 
the oxygen consumption by respiratory muscle can exceed 
30% of the total body oxygen consumption.

18.3  Ventilation Perfusion

The primary function of respiratory system is exchange of 
oxygen and carbon dioxide. This depends on the gas inhaled 
and perfusion of the lungs. The ventilation and perfusion are 
not equally distributed throughout the lung normally, giving 
rise to a mismatch (V/Q = 0.8).

18.3.1  Ventilation

Ventilation involves convective movement of gas from the 
atmosphere into alveoli through the airways. Airways are 
divided into two zones (see . Fig. 18.9):
 1. Conducting zone, where there is no exchange of gas. It 

includes mouth, nose, trachea and bronchi up to the 
terminal bronchioles.

 2. Respiratory zone, where the airway participates in gas 
exchange. It includes the respiratory bronchioles, 
alveolar sacs, alveolar ducts, and alveoli.

 Minute Ventilation
Minute ventilation is amount of air entering the respiratory 
tree in a minute and is calculated as a product of respiratory 
rate (RR) and tidal volume (VT). In literature and most 
mechanical ventilators, usually the exhaled minute ventila-
tion is reported:

MV RR T= ´V  (18.16)

For a healthy adult breathing 10 breaths/min and having a VT 
of 500 mL:

MV bpm mL L= ´ =10 500 5 / min  (18.17)

A fraction of gas remains in the conducting airways and will 
not participate in gas exchange. The fraction of VT that par-
ticipates in gas exchange is called “alveolar volume.” The frac-
tion of wasted breath in the conducting airway is called “dead 
space volume,” and it is estimated as 2 mL/kg of ideal body 
weight. Thus:

VL
VL

End of inspiration

Relaxation
Volume

Relaxation
Volume

Dynamic
Hyperinflation

PEEPi
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Wasted effort

Beginning of
expiratory effort

PexpPinsp

0 0
Pleural pressure Pleural pressure

Inspiratory
muscle
relaxation

Pel(cw)
Pel(cw)Pel(L)

Pel(L)

a b

       . Fig. 18.8 a In normal subjects inspiration starts from the relaxation 
volume of the respiratory system, where the passive pressure-volume 
curves of the lung [Pel(L)] and chest wall [Pel(cw)] intersect. Inspiratory 
muscle action results in pressure development (Pinsp) on the left of the 
pressure-volume curve of the chest wall [Pel(cw)]. Inspiratory flow, and 
thus increases in volume (VL) take place on the left of the pressure-
volume curve of lung and coincide with the beginning of inspiratory 
muscle action. Inspiration ends on the pressure-volume curve of the 
lung and the inspiratory muscles relax (so that pressure returns on the 
pressure-volume curve of the chest wall). In the case shown, expiration 
is active so that pressure develops on the right of the pressure-volume 
curve of the chest wall due to activity of expiratory muscles (Pexp). This 
returns volume back to the relaxation volume of the respiratory system. 

b In COPD patients with dynamic hyperinflation, inspiration starts from 
an increased end-expiratory lung volume. Inspiratory muscle action has 
to overcome the intrinsic positive end expiratory pressure [PEEPi, red 
dashed line, horizontal distance between the Pel(L) and Pel(cw)] before it 
results in inspiratory flow and thus increases in volume. In mechanically 
ventilated patients, inspiratory muscle action has to overcome PEEPi 
plus the trigger sensitivity (Ptr) before it results in inspiratory flow and 
thus increases in volume (VL). When the magnitude of inspiratory 
muscle action is less than the sum of PEEPi + Ptr this inspiratory effort 
(orange line) cannot trigger the ventilator and consequently does not 
result in inspiratory flow and thus increases in volume (VL ). This 
inspiratory effort is called ineffective or wasted (Reprinted with 
permission from Vassilakopoulos [37])
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V V VT D A= +

VD = Dead space volume
VA = Alveolar volume
As a consequence we can also calculate the alveolar min-

ute ventilation as:

Alveolar Minute Ventilation RR A= ´V

 Dead Space
As stated above, dead space is the portion of the tidal volume 
that does not participate in gas exchange. Dead space occurs 
due to conducting airways (anatomical dead space) or form 
ventilation perfusion mismatch (alveolar dead space).

Anatomic Dead Space
The anatomic dead space—consisting of the nasopharynx, 
oropharynx, and the upper respiratory tract—does partici-
pate in exchange of oxygen and carbon dioxide and is denoted 
by VD anat. It averages approximately 2 mL/kg of ideal body 

weight and is affected by age, posture, end inspiratory lung 
volume, tidal volume, and respiratory rate [5].

The actual anatomic dead space can be calculated using 
the Fowler’s method, also referred to as the single breath 
nitrogen washout test [3]. A patient is attached to a spirom-
eter with 100% FiO2 and instructed to take multiple deep 
breaths. The entire respiratory system along with dead 
space is filled with 100% FiO2. The O2 in respiratory zone 
engages in exchange of gases, while the O2 in the conduct-
ing zone does not. Upon expiration the amount of exhaled 
nitrogen concentration is measured. The initial part of 
exhaled air comes from upper airway. As no exchange of 
gases occurred, the exhaled air will not contain any nitro-
gen. As exhalation progresses the gas from alveoli start 
entering the airways and mixing with oxygen. The concen-
tration of nitrogen rises sharply till a plateau is reached. 
This plateau represents the equilibrium of the exhaled 
nitrogen in the alveolar space when all the dead space vol-
ume has been washed out. Anatomic dead space can then 
be calculated as the area to the left of the curve after the 
plateau is reached (. Fig. 18.10).
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       . Fig. 18.9 Schematic 
representation of airway 
branching in adult human lung. 
Note that the airway branches a 
total of 21–25 times from trachea 
to alveoli. The exchange of gases 
occur in respiratory bronchioles 
and alveoli (Reprinted with 
permission from Tu et al. [38])
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Alveolar Dead Space
Absence or insufficient perfusion to a ventilated alveoli 
results in them being unable to undergo gas exchange [4, 5]. 
This constitutes alveolar dead space and is denoted by VD alv. 
It is seen in normal healthy lung at the apices of lung with 
adequate ventilation but minimal perfusion in upright posi-
tion. Under normal circumstances, alveolar dead space is 
very small and not of any clinical significance. It assumes 
clinical importance during pulmonary hypoperfusion from 
low cardiac output states or pulmonary embolism.

Physiologic Dead Space
Physiological dead space is the sum of alveolar dead space 
and anatomic dead space. It is usually expressed as a fraction 
of tidal volume denoted as VD phy:

V V VD phy D anat D alv= +

Any factor that increases either the anatomical dead space or 
alveolar dead space will increase physiological dead space. 
Physiologic dead space is measured clinically by the modi-
fied Bohr’s equation and assesses the functional ability of 
lungs to eliminate carbon dioxide:

V

V
D

T

PACO PECO

PACO
=

-2 2

2  

(18.18)

VT = tidal volume
VD = dead space volume
PECO2 = Partial pressure of CO2 in mixed expired air
PACO2 = Partial pressure of CO2 in alveolus
In normal healthy lungs, alveolar and arterial PCO2 are 

the same and hence the equation can be modified as:

V

V
D

T

PaCO PECO

PaCO
=

-2 2

2  

(18.19)

PaCO2 = partial pressure of CO2 in arterial blood.
Any increase in physiological dead space will decrease the 

efficiency of lung to remove carbon dioxide from the body. 
Physiologic dead space increases in several conditions; classic 

examples are heart failure, pulmonary embolism, or increased 
anatomical dead space from insertion of artificial airway.

 Distribution of Ventilation
The volume of air entering the lungs with each breath is not 
distributed equally in each lung units. This happens due to 
presence of multiple forces encountered by air as they move 
in the respiratory tree. These forces can be divided into grav-
itational and non-gravitational forces.

Gravitational Forces Affecting Ventilation
Gravitational forces play a key role in how the gas is distrib-
uted in the lungs. Due to the weight of the lung, the alveoli in 
the dependent region are smaller compared to the nonde-
pendent region and are on the steeper part of the pressure 
volume curve. A small change in pressure causes a large 
change in volume at FRC and hence the dependent areas 
receive higher ventilation. Thus, while standing, the ventila-
tion per unit volume of lung is greatest in the bases and 
decreases as we move toward the apex. In supine, increased 
ventilation occurs in the dependent region; ie, the posterior 
region compared to anterior lung regions [3, 5].

The preferential ventilation of the dependent lung zones 
occurs with concomitant increases in perfusion to the same 
region, so the ventilation/perfusion ratios are not greatly 
altered on changing posture. This is important to understand, 
as any local disease (eg, pneumonia, atelectasis) of the depen-
dent region will increase V/Q mismatch and affect gas 
exchange. This knowledge can also be utilized to alter the gas 
exchange in our favor. In a patient with unilateral lung disease, 
placing the healthier lung in a dependent position may improve 
the gas exchange by matching ventilation to perfusion.

Non-Gravitational Forces Affecting Ventilation
The distribution of ventilation also depends on the local 
mechanical properties of the lung units; ie, resistance and 
compliance [3, 15]. A simple way to understand the effect of 
the respiratory system characteristics on distribution of ven-
tilation is to use the time constant. The time constant 
describes the time (in seconds) that it takes for an exponen-
tial function of time to change by 63% of its original value. To 
translate into clinical practice, we must remember that to 
describe the respiratory system we use a single resistance and 
a single compliance. (This is for simplicity. Although we can 
understand that different areas of the lung, and even single 
alveoli, have different values). These, when exposed to a 
change in pressure (step increase or decrease) in the airway 
opening, will lead to a change in alveolar pressure in an expo-
nential function of time. That is, for a step change in airway 
pressure, the time constant is the time in seconds that it takes 
to inflate or deflate 63% of the alveoli (ie, the lung). Alveolar 
pressure reaches its steady state at 5 time constants.

The formula to calculate the time constant is:

Time constant Resistance cm H O L s

Compliance L cm H O

= ( )´
( )

2

2

/ /

/

Nitrogen
Concentration

B

Expired Volume

A

       . Fig. 18.10 Fowler’s method to determine the physiological dead 
space. The N2 concentration is on Y-axis and expired volume on X-axis. 
The deadspace volume is represented by the volume where the AB line 
intercepts the x axis (Reprinted with permission from Sinha et al. [39])
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(Be aware that compliance is usually presented in mL/cmH2O, 
so you may need to multiply by 1000.)

If resistance or compliance increases, the time constant 
of that region increases and as a consequence it takes lon-
ger to inflate/deflate, resulting in unequal ventilation [3, 
10] (. Fig.  18.11). Another example is when respiratory 
frequency is increased in a patient with increased time con-
stant. They might not be able to completely empty the lung 
before the next inspiration begins. This is observed in COPD 
as dynamic hyperinflation.

18.3.2  Perfusion

The pulmonary circulation is a low pressure and high capaci-
tance system mainly determined at the level of the pulmo-
nary capillaries. The pulmonary capillaries are composed of 
alveolar and extra-alveolar vessels. The alveolar vessels are 
capillaries around the alveoli and exposed to alveolar pres-
sure, whereas the extra-alveolar vessels are more influenced 
by lung volume status [2, 5]. The caliber of these vessels is 
determined by the radial traction of the surrounding alveolar 
walls on vessel. Extra-alveolar vessel resistance falls with lung 
inflation whereas alveolar vessel (capillary) resistance rises 
with lung inflation. Similar to ventilation, gravitational and 
non-gravitational forces affect the distribution of blood flow.

 Distribution of Perfusion

Gravitational Forces Affecting Perfusion
Gravity plays a very important role on distribution of 
blood flow. The average length of a healthy adult lung 
upright is 30 cm, providing a hydrostatic pressure differ-
ence of 30 cm of H2O or 23 mm Hg from apex to the base. 
In upright position, the blood flow is highest in the depen-
dent region and varies with posture as observed with ven-
tilation.

Non-Gravitational Forces Affecting Perfusion
The pulmonary vascular resistance is high at high and low 
lung volume and lowest at FRC (see . Fig. 18.12). This is due 
to the effect of lung volume on alveolar pressure and traction 
on extra alveolar vessels [3, 16]. At low lung volume, the 
extra- alveolar capillaries are collapsed due to lack of radial 
traction from the supporting lung tissue. As the lung volume 
increases, the vascular resistance falls with opening of extra-
alveolar vessels. At high lung volume, the increased alveolar 
pressure causes collapse of alveolar capillaries along with 
stretching and distortion of extra-alveolar vessels, causing a 
rise in vascular resistance. In positive pressure ventilation, 
the increase in resistance is much more at high lung volume 
due to significant increase in alveolar pressure compared to 
arterial or venous pressure.
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       . Fig. 18.11 This represents 
lung volume or pressure curve as 
a function of time constant 
during inspiration (solid line) and 
expiration (dashed line). Note, 
that it takes 1 time constant to 
inflate or deflate 63% of the 
alveoli (ie, the lung) and 5 time 
constant to inflate or deflate 99% 
of alveoli (Reprinted with 
permission from Martin [40])
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18.3.3  West Lung Zone

To better explain the blood flow based on the alveolar, pul-
monary arterial and venous pressure, John West et al. in 1964 
divided the lung into three zones [16]:

 5 Zone 1 is a lung region where alveolar pressure > arterial 
pressure > venous pressure. The high alveolar pressure 
causes the arterioles and alveolar capillaries to collapse, 
resulting in markedly decreased to no flow.

 5 Zone 2 is a lung region where arterial pressure > alveolar 
pressure > venous pressure. The flow in this zone is 
described by arterial alveolar pressure difference. As we 
go down on zone 2, the hydrostatic effect causes the 
arterial pressure to increase but alveolar pressure 
remains constant resulting in linear increase in flow. This 
effect is described as “waterfall” effect.

 5 Zone 3 is a lung region where arterial pressure > venous 
pressure > alveolar pressure. The flow is dependent on 
arterial venous pressure difference. The blood flow 
increase in zone 3 is only partially because of increased 
hydrostatic pressure and more from increased transmu-
ral pressure causing distension and recruitment of 
pulmonary capillaries.

18.3.4  Hypoxic Vasoconstriction

Another mechanism that affects perfusion distribution is 
hypoxic vasoconstriction. A drop in alveolar PaO2 in a region 
of lung is associated with contraction of the local pulmonary 

arterioles, leading to increased local vascular resistance and 
decreased blood flow to that region. This limits the ventila-
tion perfusion mismatch and maintains arterial PO2. The 
vasoconstriction is affected by alveolar PaO2 and not arterial 
PaO2.

The mechanism is not fully understood, but a multitude 
of local mediators are suspected to be the cause [17]. The 
vasoconstriction effect to hypoxia is non-linear, as no effect is 
observed when alveolar PO2 is above 100 mm Hg. The vaso-
constriction becomes prominent when alveolar PO2 mm Hg 
falls below 70 and at lower levels no blood flow is observed.

18.4  Diffusion

Simple diffusion is the process where there is gas exchange 
across the alveolo-capillary membrane in both directions. 
This process depends on the diffusion of molecules from 
either the gas to fluid phase or vice versa based on pressure 
gradients. Several basic concepts, or laws, govern the process.

Dalton’s law (partial pressures) states that the total pres-
sure of a gas in a mixture is equal to the sum of all the indi-
vidual partial pressures. That is, the partial pressure of each 
gas is the pressure it would exert if it occupied the entire vol-
ume alone [3]. This principle allows for the definition of the 
different partial pressures at various points along the respira-
tory tract:

Partial Pressure of Gas Barometric pressure
fractional conc

=
´ eentration of gas

extra-alveolar
vessel

alveolar
vessel

PVR

Alveolar vessels

RV FRC
Lung Volume

Pu
lm

on
ar

y 
Va

sc
ul

ar
 R

es
is

ta
nc

e 
(P

VR
)

TLC

Extra-alveolar vessels

       . Fig. 18.12 This diaphragm 
shows the effect of lung volume 
on pulmonary vascular resistance. 
At low lung volume, the 
extraalveolar vessels are 
compressed and at higher lung 
volumes the alveolar vessels are 
compressed increasing the 
pulmonary vascular resistance at 
both extremes of lung volume 
(Reprinted with permission from 
Jaeger and Blank [41])
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Henry’s law (solubility) states that when a liquid and a gas are 
in equilibrium, the amount of gas in solution is directly pro-
portional to the partial pressures of the gas if temperature is 
constant. In the gaseous state only the concentration of the 
gas determines the partial pressure; the partial pressure of a 
gas in a liquid is also determined by the solubility coefficient 
of the gas. This is based on the principle that some molecules, 
based on their chemical properties, have different interac-
tions with the fluids they are dissolved in. Recall that only 
unbound gas accounts for its partial pressure in a fluid; as 
such, oxygen bound to hemoglobin, does not exert a partial 
pressure [3, 4]:

Partial pressure of gas dissolved in liquid
Concentration of

=
  dissolved gas

solubility coefficient

Graham’s law (diffusion) states that the diffusion of a gas is 
inversely proportional to the square root of its molecular 
weight. An example is CO2 (molecular weight is 44) vs. O2 
(molecular weight is 32), thus CO2 has a greater molecular 
weight and diffuses slower than oxygen in the gaseous state.

18.4.1  Calculated Atmospheric,  
Tracheal Air, Alveolar Air

With the aforementioned formulas the individual partial 
pressure of gases at atmospheric air can be determined by 
applying the known concentration of major gases (N2 78.62%, 
O2 20.84%, CO2 0.04%, H20 0.5%) multiplied by the total 
atmospheric pressure (760 mm Hg). Once air is inspired into 
the trachea, air is exposed to the moist mucosa of the airway 
and becomes humidified, which increases the partial pres-
sure of H2O (47 mm Hg at 37 ° C) and thus dilutes the con-
centration of the other gasses, since the sum of their combined 
total cannot exceed atmospheric pressure. Example:

760 47
149

2

2

-( )´
=

Fractional concentration
mm HgO

O

Alveolar air concentration changes due to the fact that oxygen 
is constantly being absorbed by the pulmonary capillaries 
down the concentration gradient and with each breath small 
amounts of atmospheric air is added with addition of O2. The 
overall concentration of O2 in the alveoli is thus dependent on 
the rate of absorption into the blood as well as the rate of addi-
tion of new O2 that can vary extremely based on metabolic 
demands. In addition, the diffusion of CO2 from the pulmo-
nary capillaries into the alveolar air further changes their 
composition.

 Respiratory Membrane
In addition to the pressure gradients, molecular weight and 
solubility are determinants for diffusion. Fick’s law summarizes 
the factors, and their impact, on the rate of diffusion [3, 6]:

D
A S

D MW
a
D ´ ´
´
P

 

(18.20)

Where, D is diffused gas flow, Δ(Delta)P is the pressure gra-
dient across the gas-liquid interface, A is cross sectional area, 
S is the solubility of the gas, d is the distance for diffusion, 
and MW is the molecular weight of the gas. Now it becomes 
evident that the diffusion of a gas is proportional to the pres-
sure gradient, solubility, and cross-sectional area; and 
inversely proportional to the distance for diffusion and the 
square root of the molecular gas. If we set the diffusion of O2 
as 1, the relative rates of diffusion of other gases follow. We 
can observe now that CO2 diffuses faster that oxygen even 
though the molecule is larger because the solubility coeffi-
cient is much higher than oxygen.

18.4.2  Preoxygenation, Apneic 
Oxygenation, and Diffusion Hypoxia

Pre-oxygenation prior to endotracheal intubation has long 
been practiced in order to delay peri-intubation desaturation 
[18]. This is performed by administration of high concentra-
tions of oxygen prior to intubation. The increase in the par-
tial pressure of alveolar O2 in relation to N2 causes a “nitrogen 
washout” from the alveoli. This acts as a reservoir of oxygen 
and delays desaturation during intubation.

Apneic oxygenation refers to the administration of oxy-
gen (via nasal cannula) during the period of apnea after 
induction and paralysis. During this period of apnea, air is 
entrained from the environment into the alveoli while oxy-
gen reservoirs are depleted by extraction into the pulmonary 
circulation [19]. If time for successful intubation is greater 
than that of the oxygen reserves, desaturation will occur. The 
time to desaturation has been shown to delay even further 
with the administration of oxygen by nasal cannula [20].

Diffusion hypoxia (Fink or “third gas” effect) refers to the 
effect that a soluble gas has on the partial pressures of oxygen 
in the alveoli. Recall that the administration of any gas will 
affect the partial pressure of other gases and that highly solu-
ble gases will diffuse rapidly. Thus, during administration of 
a soluble gas (the most commonly cited is nitrous oxide) the 
gas will diffuse faster than oxygen. As a consequence the par-
tial pressure of O2 and CO2 will increase. However, once the 
gas is no longer administered (postoperative period) it will 
be released from the tissues (due to pressure gradients) and 
will be eliminated through the lung. As the gas enters the 
alveoli, it will decrease the partial pressure of other gases (ie, 
oxygen, CO2, etc.) and thus the patient may become hypox-
emic and hypoventilate [20].

The “second gas” effect was noted during the administra-
tion of inhaled anesthetics in conjunction with inhaled nitric 
oxide. Again, the rapid absorption of the nitrous oxide leads 
to relatively higher partial pressures of other gases. However 
this is relevant when the other gas is other anesthetic agent.
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18.5  Transport of Gasses

18.5.1  Transport of Oxygen

The transport of oxygen occurs mainly as a free dissolved 
oxygen and bound to hemoglobin.

 Free Dissolved O2
Similar to other fluids, blood is also subject to having gases 
dissolved into it upon exposure. Once equilibrated the partial 
pressures of the gas in air will balance with the blood. Henry’s 
law helps us define the amount of oxygen that the blood may 
carry:

Concentration of dissolved O
Solubility coefficient of oxyg

2

= een
Partial pressure of O in blood´ 2

Now, if the partial pressure of oxygen is 100  mm Hg, the 
solubility coefficient of O2 in blood is 0.0031 ml O2/mmHg 
O2/dL blood (this is a constant, assuming 37  °C) then the 
total concentration of oxygen is 0.3 ml O2/dl. If we consider a 
normal resting cardiac output of 5 L/min, the total delivery of 
oxygen from dissolved O2 alone would be equal to 15 ml O2/
min (that is 6% of the normal adult O2 consumption at rest, 
250 ml O2/min). Therefore, oxygen delivery is dependent on 
alternative transport methods to sustain even normal func-
tion at rest.

 Oxyhemoglobin
Given the poor content of the dissolved oxygen in blood, the 
transport of oxygen is dependent on the reversible binding to 

hemoglobin (approximately 98% of the total oxygen deliv-
ery). In the oxygen-bound state, hemoglobin is referred to as 
oxyhemoglobin and conversely in the oxygen-free state is 
referred to as deoxyhemoglobin.

Hemoglobin consists of four subunits. Normal adult 
hemoglobin (Hemoglobin A, HbA) is comprised of two 
alpha and two beta subunits, each of which contains one 
heme molecule. Each heme molecule can reversibly bind to 
one molecule of O2, up to a total of four for each molecule of 
hemoglobin [2]. At any given point, the total number of O2 
molecules that is bound is expressed as % saturation of 
hemoglobin. If on average all hemoglobin molecules in the 
blood are completely saturated with four molecules of O2, 
then the % saturation would be 100%.

The total amount of O2 content in the form of oxyhemo-
globin can be determined by multiplying the hemoglobin 
level by the % saturation and the amount of O2 carried by 1 g 
of hemoglobin (1.34  ml O2/g Hg). The total O2 content of 
blood is calculated by adding the amount of O2 carried by 
oxyhemoglobin to the amount of O2 carried dissolved in 
blood:
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 Oxygen Hemoglobin Dissociation Curve
The oxygen hemoglobin dissociation curve is formed by the % 
saturation in the y-axis and the partial pressure of oxygen on 
the x axis (. Fig. 18.13). The sigmoidal or S-shape of the Hb-O2 
dissociation curve is reflective of the avidity of  hemoglobin for 
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       . Fig. 18.13 The solid line, depicts the characteristic Hemoglobin 
Oxygen Dissociation Curve which is created by plotting oxygen 
saturation on the y-axis as a function of partial pressures of O2 on the 
x-axis. The sigmoidal or S-shape curve of the hemoglobin oxygen 
dissociation curve represents the steep incline/decline in the oxygen 
saturation with relatively minimal changes in PO2, which occurs in order 

to maximize loading/unloading of oxygen. Increases in H+, DPG, Temp, 
and PCO2 (conditions favored in peripheral tissues) lead to a right shift in 
the curve which favors offloading of O2 in peripheral tissues. Con-
versely, decreases in H+, DPB, Temp, and PCO2 (conditions found in lung) 
results in a left shift which results favors loading of O2 (Reprinted with 
permission from Sullivan and Nkromah [42])
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O2. As 1 molecule of O2 binds to a heme particle, it causes a 
conformational change that results in an increased affinity for 
adding a second molecule of O2. With each further additional 
O2 molecule, affinity increases further until the hemoglobin 
molecule is maximally loaded to nearly 100%. The result is a 
steep portion of the curve where there is rapid rises in % satu-
ration with minimal changes in partial pressures of oxygen. 
When approximately 90% of the hemoglobin is saturated, any 
further changes in partial pressure results only in minimal 
increases in O2 saturation. The opposite effect also occurs dur-
ing the unloading of oxygen, where the unloading of 1 mole-
cule also causes conformational changes that quickly favors 
further oxygen unloading with minimal changes in partial 
pressures. The sigmoidal shape of the curve ultimately leads to 
efficient loading and unloading of oxygen in areas of high and 
low partial pressures respectively.

The % saturation of hemoglobin is mainly dependent on 
partial pressures of O2; however, these values are not fixed and 
can be affected by multiple variables. This is evident by evalu-
ating the P50, which is the partial pressure for which hemo-
globin is 50% saturated on the O2-Hb dissociation curve. 
There are some conditions (increased temperature, increased 
PaCO2, and low pH) that decrease the affinity of hemoglobin 
for oxygen (favor unloading) (see . Fig.  18.13). All of the 
conditions that result in a right shift occur in the peripheral 
tissues at times when metabolic activity, specifically of skeletal 
muscle, is increased requiring higher oxygen demands. The 
decreased affinity and further unloading of oxygen as a result 
of this right shift helps to provide this demand. All of the con-
ditions that result in a right shift occur in the peripheral tis-
sues at times when metabolic activity, specifically of skeletal 
muscle, is increased, requiring higher oxygen demands. The 
decreased affinity and further unloading of oxygen as a result 
of this right shift helps to provide this demand.

Another factor that causes right shift in the dissociation 
cure is the increase in 2,3–diphosphoglycerate (2,3 DPG), 
which is a byproduct of glycolysis inside red blood cells. Its 
concentration increases during times of hypoxia and binds to 
B subunits on hemoglobin [3, 4]. This interaction causes a 
conformational change in hemoglobin resulting in decreased 
affinity of O2 and thus results in increased unloading of O2.

Once hemoglobin has left the peripheral tissues it returns 
to the pulmonary capillaries where partial pressures of CO2, 
temperature, and 2,3-DPG levels are lower relative to the 
peripheral tissues. The environment of the pulmonary capil-
laries also is associated with a higher pH.  These relatively 
opposite values causes the opposite effect on hemoglobin, 
resulting in conformational changes that increase the affinity 
for hemoglobin. This results in a decrease in P50 and an over-
all left shift of the curve (favoring loading). This in effect 
optimizes the loading of oxygen back to hemoglobin.

18.5.2  Transport of CO2

CO2 is produced as a result of metabolic activity. It diffuses 
from the tissue to the venous blood, leading to a marginal 

increase from 40 to 45 mm Hg in arterial partial pressures of 
CO2. The transport of CO2 in the blood occurs in 3 methods: 
(1) dissolved in the blood, (2) bound to proteins, and (3) as 
carbonic acid.

 Dissolved CO2
Similar to oxygen, a small portion of this gas is transported 
back in the free dissolved state. The venous blood contains 
about 3  mL/dL of carbon dioxide. Now consider a normal 
resting cardiac output of 5 L/min. The total delivery of car-
bon dioxide to the lung from dissolved CO2 alone would be 
equal to 150 ml CO2/min. However, because of carbon diox-
ide’s high solubility and diffusing capacity, only about 25 mL 
will be exhaled. This amount contributes very little to the 
total amount of CO2 content of the blood (approximately 5% 
of the total CO2 transported) [2, 4].

 CO2 Bound to Amine Groups
Another small portion of the CO2 entering the venous sys-
tem binds to amine groups of various plasma proteins as well 
as amine groups on hemoglobin, causing a loose reversible 
bond resulting in carbaminohemoglobin. The amount of 
CO2 transported in the form of carbaminohemoglobin also 
makes up a small portion of the total transported—roughly 
equal to 15–20%.

 CO2 Transported as Carbonic Acid
The remainder of the 70–80% of transported CO2 occurs in 
the form of bicarbonate (HCO3-). Carbon dioxide and water 
diffuse into the red blood cell. There they form carbonic acid, 
in a reaction accelerated by the red cell carbonic anhydrase. 
Almost immediately, the carbonic acid dissociates into bicar-
bonate and hydrogen ions. Bicarbonate is transported across 
the membrane in exchange for chloride ions (AKA as the 
chloride shift). The H+ molecule binds to deoxyhemoglobin, 
which acts as a significant acid-base buffer in venous blood. 
Once back into the oxygen rich environment of the pulmo-
nary circulation this H+ is released and replaced with oxy-
gen. The free H+ molecule combines with HCO3- where the 
reverse reaction that occurs in the peripheral tissue occurs, 
resulting in free CO2 that diffuses across the alveolar mem-
brane and eventually expires.

The transport of CO2 in all forms at various partial 
 pressures also can be plotted resulting in a CO2 dissociation 
curve. The x-axis on this curve represents the total content of 
CO2 in all forms plotted at partial pressures (y-axis). As the 
partial pressure of CO2 increases from 40 mm Hg in the pul-
monary capillaries to 45 mm Hg in the peripheral tissue, the 
total CO2 content increases. Compared to the Hb-O2 disso-
ciation curve, the CO2 curve results in a near linear appear-
ance as the increase in CO2 binds to hemoglobin and amino 
groups on proteins.

 Bohr Effect
CO2 is produced in the peripheral tissues as a result of 
ongoing metabolic activity. The increase in CO2 when 
combined with H2O, catalyzed by carbonic anhydrase 
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results in a net increase in H+ that is buffered by attaching 
to B subunits on hemoglobin. The increase in CO2 as well 
as H+ results in a right shift of the Hb-O2 association curve 
as well as an increase in P50 resulting in decreased affinity 
for O2. The changes to the curve, as a result of increases in 
CO2 and H+, are referred to as the Bohr effect [2, 4]. These 
changes ultimately help provide increases in O2 supply in 
times of increased metabolic activity and thus increases in 
CO2 and H+.

 Haldane Effect
When CO2 that is transported bound to hemoglobin is 
returned to the pulmonary circulation where partial pres-
sures of O2 are 100 mm Hg, the binding of O2 to hemoglobin 
is favored. The O2 binding results in hemoglobin that is 
slightly more acidic. The more acidic hemoglobin has less 
affinity for CO2 on the amine groups and also results in less 
affinity for buffered H+ molecules. The displaced H+ mole-
cules, catalyzed by carbonic anhydrase, combine with HCO3- 
and produce CO2. Converse to the Bohr effect, where 
increases in CO2 results in off-loading of O2 from hemoglo-
bin, increases in partial pressures of O2 results in the off- 
loading of CO2. This is referred to as the Haldane effect and 
similar to the Bohr effect is essential in transport of CO2. The 
changes that occur in the setting of increased O2 causes a 
downward shift in the CO2 dissociation curve and a net 
increase in CO2 offloading [3, 4].

18.5.3  Systemic Effects of Hypoxia 
and Hyperoxia

Hypoxemia results in deleterious effects, most notably cel-
lular injury when the supply of oxygen is below the cellular 
demand. The threshold for cellular injury depends on the 
tissue. The most sensitive is the central nervous system. The 
mechanism of injury is a consequence of no longer being 
able to produce adenosine triphosphate (ATP) in order to 
provide the energy necessary for cellular function. This 
results in decreases in cellular pH that ultimately lead to cell 
death and tissue ischemia. In order to overcome these clini-
cal situations, oxygen delivery is increased either by provid-
ing supplemental O2 or by giving red blood cell transfusions 
if indicated. However, there are deleterious effects of ele-
vated levels of O2 with supplemental oxygen. The excess O2 
delivered by supplemental therapy can lead to the forma-
tion of oxygen free radicals resulting in systemic inflamma-
tion and tissue destruction. The threshold for which this 
occurs, however, is unknown. In order to prevent this from 
occurring, generally the least amount of oxygen that is 
needed in order to maintain cellular function should be 
delivered. In addition to the possibility of oxygen toxicity, 
acute administration of oxygen also results in increases in 
displacement of CO2 from hemoglobin leading to changes 
in blood pH levels (Haldane effect). This effect is more 
marked in patients with hypercapnia and decreased pulmo-
nary function (COPD).

18.5.4  Systemic Effects of Hypocarbia 
and Hypercarbia

There are adverse systemic effects that are a consequence of 
both decreased and elevated levels of CO2. As discussed previ-
ously, the partial pressure of CO2 is maintained in a relatively 
narrow margin between the arterial and venous blood system. 
Increases in levels of CO2 beyond the normal arterial range of 
40 mm Hg have several systemic effects. Most notable is: as lev-
els of CO2 increase, the CO2 combines with H2O, catalyzed by 
carbonic anhydrase, resulting in the HCO3- as well as H+. The 
net acid produced results in acidic blood pH (respiratory acido-
sis) that can cause significant impairment in skeletal and car-
diac contractility, as well as metabolic changes. The CNS is also 
sensitive to increases in CO2, which causes increases in cerebral 
blood flow and intracranial pressure as well as increased respi-
ratory rate by triggering central receptors. These effects, if acute, 
can result in altered mental status, referred to as CO2 narcosis. 
Conversely, low CO2 levels have the opposite effects on the 
CNS, resulting in decreases in cerebral blood flow by vasocon-
striction, which can also quickly result in CNS dysfunction. 
Also, with decreased levels of CO2 the opposite reaction with 
HCO3- occurs in order to maintain blood levels in normal 
ranges. This can result in depletion of H+ molecules leading to 
alkalotic blood pH (respiratory alkalosis). This can also cause 
dysfunction in cellular metabolic function of skeletal muscle.

18.6  Control of Ventilation

18.6.1  Respiratory Center

The respiratory center is a collection of neurons in the pons 
and medulla. This group of neurons generates uninterrupted 
rhythmic discharges similar to the pacemaker in the heart. 
The signal is transmitted via the phrenic nerve to the dia-
phragm and to the external and internal intercostal muscles 
via the by thoracic spinal cord. These groups of neurons are 
called: (1) dorsal respiratory group, (2) ventral respiratory 
group, and (3) pneumotaxic center.

Dorsal respiratory group neurons are located in the dor-
sal region of the medulla in the nucleus of tractus solitarius 
and mainly control inspiration. The sensory stimulus is car-
ried from peripheral chemoreceptors, baroreceptors, and 
other receptors in the lung via the vagal and glossopharyn-
geal nerves to the tractus solitarius. These neurons discharge 
inspiratory neuronal action potentials mainly to the dia-
phragm in a “ramp” signal form. In a ramp signal, the action 
potential begins weakly and increases steadily until it reaches 
peak and then ceases abruptly, ending inspiration. The expi-
ration occurs from elastic recoil followed again by an inspira-
tory ramp signal, and this cycle continues during normal 
quiet breathing. The pneumotaxic center transmits signal to 
inspiratory neurons and controls the rate and depth of 
breathing. The ventral respiratory group remains inactive 
during normal quiet breathing. It controls inspiration and 
active expiration by abdominal muscles.
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18.6.2  Receptor

The main goal of the respiratory center is to maintain normal 
arterial PCO2, PO2, and H+ concentration in arterial blood. 
There are numerous central and peripheral receptors that 
continuously monitor their concentration in arterial blood 
and regulate the respiratory center to maintain their concen-
tration. Chemoreceptors are specialized nerve endings that 
are highly sensitive to changes in PCO2, PO2, and H+ con-
centration.
 1. Central chemoreceptors are a group of nerve endings 

present on the ventral surface of the medulla and 
collectively are called “chemosensitive area” or “medul-
lary chemoreceptors.” They monitor H+ concentration 
of cerebrospinal fluid (CSF) and brain interstitial fluid. 
The blood brain barrier (BBB) and blood CSF barrier is 
not permeable to blood H+, but CO2 diffuses very easily 
through these barriers and enters the CSF. In CSF, CO2 
combines with water to form carbonic acid, which 
rapidly dissociates into H+ and HCO-. This H+ stimu-
lates the chemoreceptors, which in turn activates the 
ventral respiratory neurons and controls inspiration and 
alveolar ventilation [21].

 2. Peripheral chemoreceptors are a group of nerve endings 
present in the arterial wall bilaterally at the bifurcation 
of carotid arteries (carotid bodies) and on the aortic arch 
(aortic bodies). A few chemoreceptors are also found in 
thoracic and abdominal arterial wall. They are highly 
sensitive to changes in PO2 and to a lesser extent in 
PCO2 and H+ in arterial blood [22].

 3. Proprioceptive Receptors; Respiratory Muscles and 
Reflexes. There are numerous receptors present in the 
respiratory tract, which are stimulated by the presence 
of chemicals or irritants and protect the lungs [3, 5]. 
There are also receptors that monitor the lung volume 
and regulate respiration accordingly. Here we highlight 
some:

 5 Cough Reflex: Cough reflex is mediated by C-fiber 
receptors with a primary aim of removing foreign 
bodies from the respiratory tree. It can be initiated 
from both the upper and lower respiratory tract.

 5 Hering-Breuer Reflex: As the lung volume increases, 
it activates slowly adapting pulmonary stretch 
receptors present in lung interstitial tissue. These 
receptors inhibit phrenic nerve output and prevent 
overinflation of the lungs. It increases respiratory 
frequency so minute alveolar ventilation is unaffected.

 5 Sigh Reflex: Sigh is a slow deep inspiration followed 
by a prolonged expiration and acts as a stimulus for 
surfactant release. Sighs open up closed alveoli and 
prevent atelectasis. Yawn is an exaggerated sigh and 
takes lung volume to total lung capacity for that 
breath.

 5 Lung “J” receptors are sensory nerve endings found 
on the alveolar walls close to pulmonary capillaries. 
They are activated by the presence of pulmonary 
capillary engorgement or pulmonary edema and are 
considered to be the genesis of the sensation of 
dyspnea.

18.6.3  Voluntary Center

The voluntary control originates from the cerebral cortex and 
innervates the respiratory muscle via the corticospinal tract, 
bypassing the respiratory center in the medulla, and controls 
both inspiration and expiration (. Fig. 18.14). The voluntary 
control can alter the inspiratory or expiratory time, intensity, 
or pattern. The limbic system and hypothalamus also exert 
some effect, as evidenced by hyperventilation in response to 
pain or emotional stimuli.

18.6.4  CO2 and O2 Response Curves

The goal of the respiratory system is to maintain an appropri-
ate concentration of CO2, O2, and H+ in arterial blood. The 
respiratory system is extremely sensitive to any changes in 
their concentration and alters breathing frequency or pattern 
to meet its goal.

 Acute Carbon Dioxide Response
A rise in PaCO2 causes an equal rise in CSF and brain inter-
stitial fluid CO2 concentration, as blood brain barrier and 
blood CSF barrier is permeable to CO2. This CO2 dissociates 
and increases H+ concentration and decreases pH in 
CSF. This activates the respiratory center and increases both 
the depth and rate of respiration and brings PCO2 back to 
normal value [3, 21].

The peripheral chemoreceptors also respond to increase 
in arterial PCO2. The response to rising PCO2 is much stron-
ger (7 times stronger) by the central chemoreceptors but 
quicker by peripheral chemoreceptors (5 times quicker). 
Their main function is to increase ventilation rapidly to 
increasing PaCO2 followed by a stronger and sustained effect 
by central chemoreceptors.

 Chronic Carbon Dioxide Response
The stimulation of the respiratory center is greatest in the 
first few hours of PaCO2 rise. The effectiveness in stimulation 
of the respiratory centers decreases to one-fifth in 1–2 days, 
as the blood and CSF pH is corrected by addition of bicar-
bonate by the kidneys [3, 6]. The bicarbonate neutralizes H+ 
in CSF and brings pH closer to normal value with an elevated 
steady-state arterial PCO2.
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 Acute Oxygen Response
Hemoglobin maintains adequate oxygen delivery to tissue 
for an arterial PaO2 ranging between 60–1000 mm Hg. The 
alveolar ventilation may decrease significantly without any 
change is observed in PaO2. Hence, the primary stimulus for 
respiration and alveolar ventilation is arterial PaCO2. When 
PaO2 falls below this critical level, it activates the respiratory 
center indirectly [23].

The carotid and aortic bodies have specialized glandular 
cells called glomus cells, which act as chemoreceptors [3, 22]. 
They have O2-sensitive potassium channels, which are inacti-
vated in absence of adequate oxygen causing depolarization 
of cells and opening of voltage-gated calcium channels. The 
increase in intracellular calcium concentration causes release 
of neurotransmitter and activation of afferent neurons. ATP 
or dopamine may be the key excitatory neurotransmitter 
released by glomus cells.

 Chronic Oxygen Response
The response to chronically low oxygen state has been best stud-
ied in mountain climbers. The alveolar ventilation is initially 
increased due to hypoxia, but as PaCO2 decreases from hyper-
ventilation it has an inhibitory effect on the respiratory center 

[24]. After 2–3 hours as central chemoreceptors lose their sen-
sitivity to low PaCO2, the alveolar ventilation often increases to 
400–500% of normal. At normal or less than normal, alveolar 
ventilation does not increase until PaO2 drops below 60 mm 
Hg. When PaCO2 is held constant at a higher level, there is lin-
ear increase in ventilation with decreasing PaO2 level.

18.7  Non-Respiratory Functions of Lungs: 
Metabolic, Immune

The lung is primarily an organ involved in gas exchange. 
However, the importance of lung in the cardiorespiratory 
system accepting the entire right heart cardiac output and its 
constant exposure to environment necessitates it to perform 
additional functions to maintain a normal internal milieu.

18.7.1  Pulmonary Circulation as  
a Physical Filter

Thrombus, gas, and fat emboli formed in the body may enter 
the systemic circulation and cause devastating consequences 
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       . Fig. 18.14 The image shows 
the peripheral chemoreceptors a 
aortic bodies and b carotid 
bodies (CB). They are a group of 
nerve endings present in the 
arterial wall, which detects 
changes in PO2 and transmits the 
signal to central receptors. (IX) 
glossopharyngeal nerve, X vagus 
nerve, IC internal carotid, PA 
pulmonary artery and AA 
ascending aorta (Reprinted with 
permission from Santos et al. [43])
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in the coronary or cerebral circulation. The respiratory system 
acts as a physical barrier to various particle emboli and clears 
them. The effective clearance occurs due to the presence of a 
robust proteolytic system and endogenous anticoagulants. 
The pulmonary endothelium is rich in plasmin activator, 
which converts plasminogen into plasmin, which in turn con-
verts fibrin into fibrin-degradation products. The pulmonary 
endothelium also contains thromboplastin, which converts 
prothrombin to thrombin and promotes coagulation.

18.7.2  Clearance of Inhaled Particles

The respiratory tree is in direct contact with atmosphere and 
constantly exposed to particles, pathogens, and chemicals 
present in inhaled air. The size of inhaled particle also affects 
their interaction with the respiratory system. Particles 
<1 μ(mu)m undergo diffusion by Brownian motion and are 
simply exhaled with minimum contact with airway. Particles 
1–3 μ(mu)m are either exhaled or deposited on alveolar walls 
by sedimentation and ingested by alveolar macrophages. 
Particles >3 μ(mu)m and particularly >8 μ(mu)m undergo 
inertial impaction and rarely reach beyond the pharynx [6].

The respiratory tree is lined by a pseudo-stratified ciliated 
columnar epithelium from the posterior two-thirds of the 
nose to the respiratory bronchioles. This is composed of two 
layers—the cilia arising from the columnar epithelium and 
the overlying mucous layer—and acts as the first line of 
defense. The mucous layer is formed by mucin, which is a 
highly viscous mucopolysaccharide secreted by goblet cells 
in the epithelium and mucous cells of the submucosal glands 
[25]. Mucin is secreted in response to direct chemical irrita-
tion, inflammatory cytokines, and vagal stimulation. The 
ciliated epithelial cells propel this mucous layer cephalad at 
an average rate of 4 mm/min [3]. The effective function of 
mucociliary escalator depends on the periciliary fluid vol-
ume; controlled by amiloride-sensitive Na+Cl− pump, also 
known as cystic fibrosis transmembrane regulator protein.

18.7.3  Clearance of Pathogens

The majority of inhaled pathogens are cleared by ciliated nasal 
epithelium, swallowed, or gets trapped by the mucous layer and 
removed by mucociliary escalator as discussed previously. If 
the particle enters deeper into the bronchioles or alveoli, then 
the defense mechanisms are surfactant, macrophages, and 
cytokines. Surfactant has a key role in innate defense against 
inhaled pathogens; as the surfactant protein A and D are 
directly bactericidal [3, 5, 6]. Airway lining fluid contains 
defensins, which are antimicrobial peptides, and  lysozyme with 
direct bactericidal activity. Immunoglobulins (Ig) are secreted 
by alveolar lining cells. The most predominant of them is secre-
tory IgA in the larger airways and IgG in the alveoli. They act as 
an opsonin and induce complement activation and antigen 
recognition. They also activate the alveolar macrophages result-
ing in recruitment of large numbers of phagocytic cells.

18.7.4  Metabolism of Endogenous 
Compounds

The lung may activate or inactivate certain endogenous com-
pounds as they pass through the pulmonary circulation. 
Angiotensin is converted to vasoactive angiotensin II by 
angiotensin-converting enzyme (ACE), which is mostly 
present on the vascular surface of pulmonary endothelium. 
This is also responsible for removal of bradykinin, which 
along with angiotensin II, provides a substantial role for the 
lungs in blood pressure control. The lung is also a major site 
of synthesis, metabolism, uptake, and release of arachidonic 
acid metabolites [26].

18.7.5  Drug Delivery and Elimination

The lung acts as an effective route for drug delivery for both 
topical action in the respiratory system or for systemic effect. 
The advantages are rapid onset of action, high concentration 
in the respiratory airway with minimal systemic side effect, 
and needle-free drug delivery for medications with poor oral 
bioavailability.

A particle size of 3 μ(mu)m is optimal for alveolar deliv-
ery. Other factors influencing pulmonary uptake are lipophi-
licity, protein binding, ventilation, perfusion, oxygenation, 
ageing, lung pathology, and co-administration of other 
drugs. Nitrofurantoin, bleomycin, and amiodarone are taken 
up by alveolar cells and may result in fatal lung toxicity.

Lung plays an important role in elimination of drug by 
metabolism or by retention in lung tissue acting as a reservoir 
and releasing the drug slowly. Certain inhaled drugs—such 
as theophylline, salmeterol, and budesonide—undergo sig-
nificant metabolism in the lung due to high cytochrome P450. 
This characteristic of medications has been used to minimize 
systemic side effects with improved airway selectivity.

18.7.6  Endocrine Lung

The airway mucosa contains pulmonary neuroendocrine 
cells and innervated cell clusters called neuroepithelial bod-
ies constituting “pulmonary neuroendocrine system.” They 
secrete peptide in response to hypoxia and cause central ner-
vous system activation [27]. The lung is a rich source of nitric 
oxide, which regulates airway smooth muscle, pulmonary 
vascular resistance, and platelet function. It also secretes 
heparin, endothelin, and eicosanoids on exposure to aller-
gens resulting in immune and cardiovascular response.

18.8  Perioperative Smoking

18.8.1  Physiologic Effects

Smoking has long been associated with adverse postopera-
tive outcomes for a multitude of reasons. In general, smoking 
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causes a systemic pro-inflammatory state by increases in 
interleukin (IL)-1, IL-8, tumor necrosis factor-alpha (TNF- 
α), as well as others. The increase in systemic inflammation 
leads to a decrease in the ability to recruit local inflammation 
that is imperative in the wound reparative process. The 
increase in systemic inflammation also leads to vascular 
endothelial injury as well as platelet dysfunction [28]. In 
addition, the increase in pro-inflammatory cytokines has 
adverse effects on the ability of neutrophils and macrophages 
to produce bactericidal enzymes. Active smoking is also 
associated with tissue vasoconstriction and thus less delivery 
of peripheral oxygen. The decrease in oxygen delivery and 
increase in vasoconstriction also limits the ability to deliver 
necessary cells involved in tissue repair as well as promoting 
more ischemia to areas that have already sustained injury as 
a result of surgical trauma. The overall results are increases in 
rates of infection as well as delays in wound healing.

In addition to wound healing and infection, smoking is 
also associated with increased trends in pulmonary and car-
diovascular complications. Smoking results in ciliary dys-
function, which acts as a primary defense mechanism for 
mucous and bacterial clearance. Increase in mucous produc-
tion is also a result of ongoing inflammation in the broncho-
pulmonary tree that can also increase infection rates in the 
setting of decreased clearance. As a result, the postoperative 
pulmonary complications are increased compared to non-
smokers, especially in those with underlying pulmonary dis-
ease. The increased rates in cardiovascular outcomes in the 
setting of long-term smokers is likely a consequence of vas-
cular injuries that have been associated with increased post-
operative cardiovascular events.

18.8.2  Cessation of Smoking

Many of the adverse effects that lead to increase in postop-
erative complications as a result of smoking can be mini-
mized with the cessation of smoking. The most immediate 
of which is within hours of smoking cessation, the vasocon-
strictive effects of smoking and thus peripheral O2 delivery 
are returned to normal, in the absence of already present 
vascular disease [29]. Within 2–4 weeks of cessation, platelet 
dysfunction, neutrophil, and macrophage dysfunction are 
also improved as a result of decreases in oxidative stress. 
This leads to improvement in overall vascular endothelial 
function and bacterial fighting ability. However, the changes 
that result in an overall decrease in tissue proliferation and 
synthesis do not appear to reverse to the level of non-smok-
ers. As evident in studies showing rates of complications in 
former smokers, although less than active smokers, they are 
still higher compared to never smokers [30]. While the 
timeframe for the ideal duration of cessation is unestab-
lished, some studies have suggested that maximal outcomes 
in preventing complications as a result of smoking is at least 
8 weeks. However, there is evidence that suggests some ben-
efit compared to ongoing smoking with cessation as little as 
1–2 weeks [30].

The overall effects of smoking cessation not only have 
improved clinical outcomes postoperatively but also proven 
financial/economic benefits to the healthcare system. This 
provides an excellent opportunity in the perioperative time-
frame to discuss and advocate smoking cessation.

18.9  Questions and Answers

 ? Questions (choose the most appropriate answer)
 1. The Total Lung Capacity is the addition of the 

following:
 A. VT + IRV + ERV
 B. IRV + VT + ERV + RV
 C. VT + IRV
 D. RV + ERV

 2. A reduced FEV1/FVC ratio is the manifestation of 
restriction
 A. True
 B. False

 3. DL,CO is affected by the following, EXCEPT:
 A. Hemoglobin
 B. Lung volumes
 C. Age
 D. Body position
 E. PaO2

 4. The anaerobic threshold is the result of
 A. A boost of the aerobic metabolism
 B. A manifestation of mitochondrial dysfunction
 C. The moment where aerobic metabolism shifts to 

anaerobic metabolism
 D. The maximum level VO2 can attain

 5. Compliance of the lung will be decreased in the 
following conditions, EXCEPT
 A. Lung fibrosis
 B. Obesity
 C. Pleural thickening
 D. ARDS

 6. The main determinant of airway resistance is
 A. Density of the gas
 B. Viscosity of the gas
 C. Length of the airway
 D. Caliber of the airway

 7. Alveolar dead space increases in the following 
conditions:
 A. Increase in ventilation in relation to the local 

perfusion
 B. Decrease in ventilation in relation to the local 

perfusion
 C. Increase in perfusion in relation to local ventilation
 D. Increase in perfusion with proportional increase 

in local ventilation
 8. To improve ventilation-perfusion matching in a 

patient with unilateral lung disease on mechanical 
ventilation
 A. You should sit the patient up
 B. Keep the patient supine
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 C. Don’t change the patient position, gravity has 
minimal effects on the V/Q matching

 D. Place the healthy lung down
 9. Henry’s law states that the total pressure of a gas in 

a mixture is equal to the sum of all the individual 
partial pressures
 A. True
 B. False

 10. You should expect to see diffusion hypoxia at
 A. The beginning of the case when you are 

administering nitrous oxide
 B. At the end of the case when you are decreasing 

sevoflurane
 C. In the postoperative period
 D. 24 h after surgery

 11. The Haldane effect can lead to hypercapnia in 
patients that are exposed to oxygen and already had 
chronic hypercapnia
 A. True
 B. False

 12. The Hering-Breuer effect consists of:
 A. C-fiber receptors with a primary aim or removing 

foreign body from the respiratory tree
 B. Slow deep inspiration followed by a prolonged 

expiration and act as stimulus for surfactant 
release

 C. Pulmonary capillary engorgement leading to 
sensation of dyspnea

 D. Receptors inhibit phrenic nerve output and 
prevent over inflation of the lungs

 13. The lung has effect on the following compounds 
passing through the lung, EXCEPT
 A. Angiotensin I
 B. Serotonin
 C. Bradykinin
 D. Dopamine
 E. Adenosine

 v Answers
 1. B. The lung has four basic lung volumes that consti-

tute both the inspiratory and expiratory phases and 
are as follows: Inspiratory reserve volume (IRV), Tidal 
volume (VT), Expiratory reserve volume (ERV), and 
residual volume (RV). When two or more volumes 
are combined they constitute four desiccant lung 
capacities that are as follows: VT + IRV = Inspiratory 
capacity (IC), RV + ERV = Functional residual capac-
ity (FRC), VT + IRV+ ERV = Vital capacity (VC), and VT+ 
IRV + ERV + RV = Total lung capacity (TLC).

The TLC is the volume of air present in the 
lung at the end of maximal inspiratory effort (see 
. Fig. 18.1) and can be calculated from the summa-
tion of all four basic lung volumes as above.

 2. B. Vital capacity is the volume of air exhaled after 
maximal inspiration (from the point of TLC). If the 
expiration is performed with maximal effort then 

it is referred to as forced vital capacity (FVC). The 
forced expiratory volume in 1 s (FEV1) represents the 
total amount of the FVC that is expired in the first 
second; and in patients with healthy non-diseased 
lungs the normal value is roughly 80%. In other 
words, 80% of the total FVC should be exhaled in 
1 s. Reductions when compared to standard values 
of the FEV1/FVC ratio represents obstructive lung 
disease (asthma, COPD, tracheal stenosis). In restric-
tion lung disease, both FEV1 and FVC are decreased 
proportionally with near normal values the FEV1/FVC 
ratio.

 3. E. DL,CO (pulmonary diffusion capacity of carbon 
monoxide) is used clinically as a surrogate for gas 
exchange. CO is similar to oxygen in both molecular 
weight and solubility, hence diffusion of CO would 
be a reflection of the alveolo-capillary interface itself. 
But certain physiological factors (eg, age, sex, height, 
hemoglobin, lung volumes, carboxyhemoglobin, and 
exercise and body position) affects the diffusion of 
CO. This physiological factors are considered during 
calculation of DL,CO and reported.

 4. C. Cardiopulmonary exercise testing can be per-
formed to help identify defects in pulmonary ven-
tilation, cardiovascular function, or skeletal muscle 
function in patients with undifferentiated shortness 
of breath or limitations in exertional capacity. It can 
also be performed in the preoperative setting to help 
identify high risk patients for surgical interventions. 
It is performed by having patients exercise while 
connected to a metabolic cart that evaluates certain 
parameters that include heart rate, minute ventila-
tion, O2 consumption, and CO2 production. Normally 
during exercise O2 consumption and CO2 production 
are increased linearly and reflect increased metabolic 
demand and production of the tissues, respectively. 
However, there is a point in time at which CO2 pro-
duction is greater than O2, which reflects the transi-
tion into anaerobic metabolism. The increase in CO2 
is a result of increased production of lactic acid that 
is converted to CO2. This point is known as the anaer-
obic threshold.

 5. B. Compliance is the change in volume per unit 
change in transmural pressure. The compliance mea-
sured at bedside is total compliance of respiratory 
system and is affected by compliance of lung, chest 
wall, and abdominal cavity. If you recall:

C C CRS lung CW= +

Obesity decreases the total respiratory system 
compliance by decreasing the chest wall compliance 
with little to no effect on lung compliance.

 6. D. Recall the equation for resistance is:

 

Resistance
length viscosity

radius
=

´ ´

´ ( )
8
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The airway resistance depends on the length 
of the airway, viscosity of the gas, and radius of the 
airway. If the other conditions remain constant, 
a decrease in radius of airway caliber by ½, will 
increase the resistance by 16-fold. Hence, caliber 
of the airway has the most significant effect on the 
resistance of system.

 7. A. Alveolar dead space are the alveoli that are venti-
lated but do not contribute in gas exchange due to 
decreased or absent perfusion. A classic example is 
pulmonary embolism, where a blood clot partially or 
completely obstructs the pulmonary circulation. The 
alveoli downstream are ventilated but not perfused. 
These alveoli act like conducting airways and are 
called alveolar dead space.

 8. D. The ventilation and perfusion are both affected 
by gravitational forces, as both flow to dependent 
regions of the lung. Hence, in a patient with uni-
lateral lung disease, placing the healthy lung in a 
dependent position (ie, down in lateral position) will 
increase the blood flow to the healthy lung, opti-
mize V/Q matching, and improve oxygenation. The 
exception to this strategy is unilateral lung disease 
with excessive secretions or hemorrhage. In such a 
situation, the diseased lung should be placed in the 
dependent position to prevent overflowing of secre-
tions or blood to the healthy lung.

 9. B. Dalton’s law (partial pressures) states that the 
total pressure of a gas in a mixture is equal to the 
sum of all the individual partial pressures. That is, 
the partial pressure of each gas is the pressure it 
would exert if it occupied the entire volume alone. 
This principle allows for the definition of the dif-
ferent partial pressures at various points along the 
respiratory tract. Henry’s law refers to solubility 
and states that when a liquid and a gas are in equi-
librium, the amount of gas in solution is directly 
proportional to the partial pressures of the gas if 
temperature is constant.

 10. B. Diffusion hypoxia (Fink or “third gas” effect) refers 
to the effect that a soluble gas has on the partial 
pressures of oxygen in the alveoli. Recall that the 
administration of any gas will affect the partial pres-
sure of other gases and that highly soluble gases 
will diffuse rapidly. Thus, during administration 
of a soluble gas (most commonly cited is nitrous 
oxide) the gas will diffuse faster than oxygen. As a 
consequence the partial pressure of O2 and CO2 will 
increase. However, once the gas is no longer admin-
istered (postoperative period) it will be released 
from the tissues (due to pressure gradients) and will 
be eliminated through the lung. As the gas enters 
the alveoli, it will decrease the partial pressure of 
other gases (ie, oxygen, CO2, etc.) and thus the 
patient may become hypoxemic and hypoventilate 
once other gases are decreased at the end of a case.

 11. A. The Haldane effect refers to the CO2 carrying 
capacity of hemoglobin in the presence of oxygen 
(CO2 hemoglobin dissociation curve). In the presence 
of oxygen, hemoglobin has a decreased affinity for 
CO2, which results in offloading of CO2, and thus an 
increase in unbound or dissolved CO2. In patients 
with lung disease, specifically COPD with hypercar-
bia at rest, supplemental O2 results in offloading of 
CO2 by the hemoglobin. These patients, as a result 
of their underlying lung disease, are not able to 
increase minute ventilation in order to decrease this 
excess of dissolved CO2, which ultimately can lead to 
increases in partial pressures of CO2.

 12. D. The Hering-Breuer reflex occurs due to pres-
ence of slow-adapting stretch receptors present in 
smooth muscle of smaller airways and lung intersti-
tial tissues. They are activated during large inspira-
tion, whereby they inhibit phrenic nerve output and 
prevent lung over inflation.

 13. D. Angiotensin I is activated during its passage 
through pulmonary circulation, while serotonin, 
bradykinin and adenosine are inactivated. Dopamine 
passes through the pulmonary circulation unchanged.
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Key Points
 5 The practice of anesthesia requires a meticulous 
understanding of the autonomic nervous system 
physiology.

 5 The sympathetic nervous system (SNS) and the 
parasympathetic nervous system (PSNS) both use 
ganglionic transmission using acetylcholine (ACh) as 
the neurotransmitter.

 5 The SNS uses norepinephrine as its primary neu-
rotransmitter at the nodal postganglionic location.

 5 The adrenal medulla is a specialized SNS organ that 
secrets epinephrine and norepinephrine into the 
blood.

 5 The PSNS predominantly uses acetylcholine (Ach) as 
its end neurotransmitter.

 5 The SNS predominately acts to increase energy 
expenditure for the fight or flight response. In 
contrast, the PSNS predominately acts to conserve 
energy.

 5 Both systems use feedback reflexes to help maintain 
homeostasis of the human body.

 5 The enteric nervous system is an additional compo-
nent in the autonomic nervous system and consti-
tutes a new and emerging area of study.

19.1  Introduction

The autonomic nervous system is one of the most important 
systems in maintaining homeostasis of the human body. It is 
one of the two parts of the peripheral nervous system. The 
peripheral nervous system consists of the autonomic nervous 
system (ANS) and the somatic nervous system. The ANS 
controls automatic functions and responses such as heart rate 
and blood pressure. The somatic nervous system sends sen-
sory information to the central nervous system (CNS). The 
ANS can function rapidly to change the physiologic status of 
the body. The ANS can double the heart rate in 3–5 s, and in 
10–15 s can elevate the arterial pressure to twice its normal 
level. On the opposite end of the spectrum it can decrease 
mean arterial pressure to a level that will induce fainting in 
10–15 s.

One might ask why the ANS is important in the study of 
basic science in anesthesia. Anesthesia is the practice of auto-
nomic medicine. Understanding ANS physiology enables 
anesthesiologists to safely use medications while maintaining 
homeostasis.

The ANS consist of two major subsets of systems. These 
are the sympathetic nervous system (SNS) and the parasym-
pathetic nervous system (PSNS). These two systems have 
vastly different effects on the respective end organs they 
innervate. The SNS, when activated, is responsible for the 
activation of the fight-or-flight response. This response 
redistributes blood flow from the viscera to the skeletal 
muscles, while increasing heart function, sweating, and 

dilating the pupils. The PSNS governs more of the body’s 
maintenance needs such as digestive and genitourinary 
functions.

The anatomy of both systems varies in origin, pathway, 
and design. Both systems use several common neurotrans-
mitters in some areas, and different transmitters and recep-
tors in other areas, which is what allows anesthesiologists to 
pharmacologically manipulate each system. This chapter will 
provide a comprehensive overview of the SNS followed by 
the PSNS. Each system overview will include a description of 
anatomy, ganglionic transmission, transmitter types, release, 
synthesis, storage, termination of effects, receptor types, 
effects, and, finally, reflexes and regulation. There will also be 
a brief discussion of the enteric nervous system at the end of 
the chapter.

19.2  Anatomy

The anatomy of the ANS is complex and is comprised of mul-
tiple parts.

The outflow of both divisions (SNS and PSNS) consists of 
2 neuron relays named after their anatomical locations rela-
tive to the autonomic ganglia, or relay centers.

The efferent (motor) ANS is a 2-neuron (bipolar) chain 
from the CNS to the effector organ. The first neuron of both 
the SNS and PSNS originates within the CNS but does not 
make direct contact with the effector organ. Instead, it 
relays the impulse to a second station known as an ANS 
ganglion, which contains the cell body of the second ANS 
(postganglionic) neuron. Its axon contacts the effector 
organ. Thus, the motor pathways of both divisions of the 
ANS are schematically a serial 2-neuron chain consisting of 
a preganglionic neuron and a postganglionic effector neu-
ron. Pharmacologic manipulation, through the use of gan-
glion agonists and antagonists, produce many side effects. 
This is mainly related to their nonselective actions, since 
these drugs will affect the SNS and the PSNS ganglia equally. 
This limits the therapeutic usefulness of these drugs in 
clinical practice.

19.2.1  The Sympathetic Nervous System

The sympathetic nervous system originates from the spinal 
cord in the thoracolumbar region, from the first thoracic 
through the second or third lumbar segment, in 22 paired 
ganglia. The short myelinated preganglionic fibers project to 
the 22 paired ganglia for synaptic transmission. From here, 
they follow 1 of 3 different tracts:
 1. Synapse with postganglionic fibers in ganglia at the level 

of exit
 2. Course upward or downward in the trunk of the SNS 

chain to synapse in ganglia at other levels
 3. Track for variable distances through the sympathetic 

chain and exit without synapsing to terminate in an 
outlying, unpaired, SNS collateral ganglion
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The adrenal gland is an exception to the rule as pregangli-
onic fibers pass directly into the adrenal medulla without 
synapsing in a ganglion. The cells of the medulla are derived 
from neuronal tissue and are analogous to postganglionic 
neurons, by design. The majority of the preganglionic fibers 
lie closer to the spinal cord than the organs they innervate, 
whether in the paired sympathetic chain or in unpaired gan-
glia. The first 4 or 5 segments generate preganglionic fibers 
that ascend in the neck to form 3 special paired ganglia. 
These are the superior, middle, and cervicothoracic ganglia 
(stellate ganglion). The cervical ganglia provide sympathetic 
innervation of the head, neck, upper extremities, heart, and 
lungs. Pain fibers also trade with these preganglioinic fibers, 
explaining why myocardial ischemic pain is often felt in 
referred locations in the head, neck, and arm. Postganglionic 
anatomy consist of longer nerve segments than the pregan-
glionic segments. The sympathetic postganglionic neuronal 
cell bodies are located in ganglia of the paired lateral SNS 
chain or unpaired collateral ganglia in more peripheral plex-
uses, such as inferior mesenteric ganglia (plexus). Collateral 
ganglia are formed from the convergence of preganglionic 
fibers with many postganglionic neuronal bodies. 
Postganglionic sympathetic neurons are usually unmyelin-
ated and send long fibers out to the peripheral organs that 
they supply. Postganglionic fibers pass back from the sympa-
thetic chain into spinal nerves through gray rami at all levels 
of the spinal cord. These fibers control the blood vessels, 
sweat glands, and hair piloerector muscles. Almost 8% of the 
fibers in average skeletal muscle nerves are sympathetic 
fibers, indicative of their great importance in the flight-or-
fight response.

19.2.2  The Parasympathetic Nervous System

The parasympathetic nervous system (PSNS) anatomy varies 
from that of the SNS in several important ways. It contains 
the same subsegments of preganglionic and postganglionic 
fibers, but similarities stop there. Preganglionic neurons of 
the PSNS are myelinated and extremely long. The origin of 
the fibers and their areas of innervation differ significantly as 
well. Preganglionic cell bodies originate and are found in cra-
nial nerves III (oculomotor), VII (facial), IX (glossopharyn-
geal), and X (vagus). The fibers originate in three regions of 
the brain midbrain, medulla oblongata, and the sacral part of 
the spinal cord. About 75% of all parasympathetic nerve 
fibers are in the vagus nerve (cranial nerve X), passing down 
to the chest and abdomen. The ganglionic bodies also have 
differences from the SNS, typically passing directly to the 
organs of innervation. Except in the case of a few cranial 
parasympathetic nerves, the preganglionic fibers pass unin-
terrupted all the way to the end effect organ. This leads to a 
distinct lack of visual ganglia and short postganglionic 
nerves. Postganglionic parasympathetic neurons are gener-
ally unmyelinated and very short. One important similarity 
is that the unmyelinated postganglionic fibers in both the 
SNS and PSNS have slower action potential transmission 

times, precluding them from participation in the immediate 
phase of a somatic response.

19.3  Ganglionic Transmission

As discussed in the previous section, both SNS and PSNS 
use a system of preganglionic and postganglionic fibers, in 
most circumstances, to achieve end organ effects. One of 
the keys to this function is the transmission through the 
ganglia and into the postganglionic fibers. The nerve trans-
mission at the ganglia is identical. In both sympathetic and 
parasympathetic ganglia, preganglionic stimulation leads to 
the release of acetylcholine (ACh), which activates postjunc-
tional nicotinic acetylcholine receptors on postganglionic 
neurons to increase ion permeability, resulting in propaga-
tion of action potentials down the axon of the nerve to ter-
mination.

19.3.1  Transmitters Release, Synthesis, 
Storage, and Termination

The two systems do differ in the release of the final neu-
rotransmitters at effector sites in the body. The vast majority 
of the postganglionic neurons of the parasympathetic system 
are cholinergic. In contrast, most of the sympathetic neurons 
are adrenergic, releasing norepinephrine. The only exception 
in the sympathetic system are some sweat glands and blood 
vessels. The body’s use of differing transmitters for the two 
systems requires an understanding of the release, synthesis, 
storage, and termination of the three transmitters involved in 
the transmission of ANS impulses. First, the discussion will 
focus on the general release of the neurotransmitters at the 
site of action. Next, the discussion will discuss acetylcholine 
(ACh), the ganglionic transmitter and transmitter of the 
PSNS. Finally, the focus will be on norepinephrine (NE), the 
primary transmitter of the SNS as well as on epinephrine 
(EPI), the primary output of the adrenal medulla.

The release of the neurotransmitters at the terminal effect 
zone is similar for both systems. The action potential arrives 
causing depolarization of nerve terminal, leading to the 
release of neurotransmitter into the extracellular fluid between 
presynaptic and postsynaptic cells (the synaptic cleft). The 
bulk of the ANS differs in its pathway of innervation of termi-
nal organs when compared to the musculoskeletal system 
with its endplate design. The parasympathetic nerve fibers 
and almost all of the sympathetic fibers merely touch the cells 
of the organ they innervate as they pass by, or in some 
instances they terminate in the connective tissues adjacent to 
the organ they innervate. These terminal filaments end in pre-
synaptic enlargements called varicosities—the location of 
synthesis and eventual vesicular storage of the neurotransmit-
ter. Varicosities contain large numbers of mitochondria that 
supply adenosine triphosphate, which is required to energize 
neurotransmitter synthesis. These varicosities contain small 
vesicles, ∼500 μ(mu)m in diameter, in which the neurotrans-
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mitters are stored, for release when an action potential depo-
larizes the cell. The varicosities also contain transmitter-specific 
re-uptake mechanisms, which will be further discussed for 
each specific transmitter in the system.

The synthesis and storage of ACh is similar in all nerve 
cells that use ACh as the primary neurotransmitter. This 
includes the muscle terminals, PSNS, ganglionic cell bodies, 
and the few parts of the SNS that use ACh. Acetylcholine is 
synthesized and stored, in a highly concentrated form, in ter-
minal nerve varicosities of cholinergic nerves. This process of 
the formation of ACh requires the mitochondria to produce 
acetyl coenzyme A as the acetyl donor. This is joined with 
choline provided by phospholipid hydrolysis within the cell 
or following uptake of cleaved choline from the extracellular 
fluid. Within the cell these two components are acted upon 
by the enzyme choline acetyltransferase to form ACh, which 
is then stored in vesicles for release. The body continually 
releases small amounts of ACh, called quanta, during the 
resting state, yielding small changes to the endplate electrical 
potential without full depolarization. Upon release from the 
nerve terminal following the stimulation and depolarization 
described earlier, ACh is released into the synaptic cleft. 
Modulation of the function of an effector organ by a receptor 
is dependent upon rapid recovery of the receptor to its base-
line state after stimulation. Therefore, the neurotransmitter 
must be quickly removed from the vicinity of the receptor. 
ACh removal occurs by rapid hydrolysis by acetyl cholines-
terase, found in high quantities at the receptor junction. This 
rapid hydrolysis removes and deactivates the ability of the 
ACh to continue its effects at the nerve endplates and vari-
cosities. The free choline released from the action of acetyl 
cholinesterase is rapidly taken up by the nerve varicosity for 
reuse in the synthesis of additional ACh. Acetylic acid dif-
fuses from the synaptic cleft; the choline is taken back up into 
the nerve terminal by high-affinity choline transporter.

The primary neurotransmitters of the SNS are NE and 
EPI, which is produced and stored near nerve terminals and 
varicosities of the SNS, and the adrenal medulla. The synthe-
sis process is more complex than the synthesis of ACh. A 
series of enzymatic processes take the precursor tyrosine cre-
ated from phenylalanine and modify it as NE or EPI. The first 
step, which is the rate-limiting step of the process that takes 
place in the cytoplasm of the cell, involves the conversion of 
tyrosine into DOPA via the enzyme tyrosine hydroxylase 
(TH). The amount of stored NE stimulate or limits the func-
tions of this enzyme, which increases activities with low lev-
els of NE and decreases with high levels. There is also an 
effect on TH enzyme function that relates to oxygenation. 
TH depends on a pteridine cofactor and the presence of 
molecular oxygen. If the quantity of molecular oxygen is 
reduced, NE production may be decreased, which could 
account for changes in wakefulness. DOPA is then decarbox-
ylated via the enzyme L-amino acid decarboxylase into dopa-
mine (DA). The DA is readily taken into the storage vesicles. 
DA serves as a neurotransmitter in certain situations and has 
had use in the past as an intravenous infusion. In-vitro, most 

DA is β(beta)-hydroxylated within the vesicles to norepi-
nephrine by the enzyme dopamine β(beta)-hydroxylase 
(Dβ[beta]H). Dβ(beta)H serves as the final enzyme in the 
synthesis of NE in the postganglionic sympathetic neurons, 
yielding the final neurotransmitter the SNS uses. The adrenal 
medulla, on the other hand, has to carry the reactions one 
step further to transform 80% of the NE into EPI. This step is 
achieved via methylation of NE by the enzyme phenyletha-
nolamine N-methyltransferase. NE is stored in large, dense- 
core vesicles where the dense cores in these vesicles are filled 
not only with norepinephrine but also with binding proteins 
necessary for release. It is important to note that the primary 
release of NE occurs via exocytosis. Once released, the NE 
enters the synaptic cleft and begins to interact with the target 
cells and perform the excitation actions associated with the 
flight-or-fight phenomena for which the SNS is known.

The termination of NE at the receptor site is handled in 
three different ways, which explain the short duration of 
action of endogenous NE:
 1. Reuptake into the adrenergic nerve endings by an active 

transport process, accounting for 50% to 80% of the 
secreted norepinephrine;

 2. Diffusion away from the nerve endings into the sur-
rounding body fluids and then into the blood account 
for the removal of most of the remaining norepineph-
rine; and

 3. Destruction by local tissue enzymatic action (only a 
small amount)

The uptake mechanism is an important method to reduce the 
amount of NE that needs to be produced by the postgangli-
onic nerve cells. This is important to conserve the overall 
energy needs to produce the NE. NE that is taken up by the 
extraneuronal tissue is metabolized by monoamine oxidase 
(MAO) and by catechol-O-methyltransferase (COMT) to 
form vanillylmandelic acid. Any remaining NE in the blood 
stream is metabolized by the liver using the COMT enzyme. 
Epinephrine is handled by the same enzymatic process as 
NE. The process of reuptake is the primary pathway for inac-
tivation of the endogenous catecholamines, while metabolism 
by the liver and kidney is the predominant pathway for exog-
enous catecholamines. This allows us to use them as infusions 
with a longer duration of action of the exogenous catechol-
amines delivered at the synaptic cleft. The fact that reuptake 
does not occur with the use of exogenous administration of 
NE and EPI accounts for their usefulness as systemic medica-
tions in the support of homeostasis in the intensive care unit 
(ICU) or an operating room. In fact, they stay active in the 
blood for 10–30 s, with the effects lasting several minutes.

19.4  Receptors

The final part of the ANS is the receptor sites, where neu-
rotransmitters trigger cells of a variety of organ systems into 
action. Receptors are protein macromolecules located in the 
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plasma membrane and have a variety of actions when bound 
to the neurotransmitter or a synthetic agonist resulting in 
conformational changes. Alteration of the protein molecule 
excites or inhibits the cell by:
 1. Changing the cell membrane permeability to one or 

more ions
 2. Activating or inactivating an enzyme attached to the 

other end of the receptor protein protruding into the 
interior of the cell

The opening of ion channels can excite cells via calcium 
influx or inhibit cells via potassium outflow. The transmitters 
of the ANS, ACh, and NE use a multitude of different recep-
tor enzymes to cause their effects. These receptors have 
undergone intense research, to define them for both under-
standing and pharmacological use. The receptors are divided 
into subtypes based on response to pharmacological studies 
and genetic testing.

The SNS has multiple different receptors that serve dif-
ferent features throughout the body, and in respect to what 
neurotransmitters they respond to. These receptors are tra-
ditionally known as adrenergic receptors and have been 
classified as alpha (α) or beta (β) or more specifically as 
α(alpha)1, α(alpha)2, β(beta)1, or β(beta)2 based on 
responses to specific pharmacologic agents. NE excites alpha 
receptors more than beta, whereas EPI excites both equally. 
The α(alpha)1 receptor, and its 3 subtypes, uses the Gq pro-
tein and phospholipid C-mediated diacylglycerol and 
inositol- 1,4,5-triphospahte to produce its effects. The 
α(alpha)1 receptors are located on the postsynaptic organs 
that are affected by the SNS. They serve to either contract or 
relax various muscle systems related to these organs based 
on the need of the fight-or-flight response (see later section: 
End Organ Effects). The α(alpha)2-adrenergic receptors 
produce their effects predominately by inhibition of adenyl 
cyclase through inhibitory G proteins (Gi) via decreased 
intracellular cyclic adenosine monophosphate (cAMP). The 
α(alpha)2 receptor, and its 3 subtypes, are usually expressed 
presynaptically or even in non-neuronal tissue allowing 
them to serve as a feedback inhibitory function upon the 
release of NE. Stimulation of presynaptic α(alpha)2 recep-
tors inhibits NE release into the synaptic cleft, serving as a 
negative feedback mechanism. The effects of the inhibition 
are primarily related to a reduction in sympathetic outflow 
with a concomitantly enhanced parasympathetic outflow 
(eg, enhanced baroreceptor activity). This results in a 
decreased systemic vascular resistance, cardiac output (CO), 
inotropic state in the myocardium, and heart rate. 
Stimulation of each β(beta) adrenergic receptor subtype 
leads to activation of Gs increasing cAMP, which activates 
cAMP-dependent protein kinase, leading to the phosphory-
lating of various proteins in the effected cells. Beta-
adrenergic receptors are not fixed; they change significantly 
in dynamic response to the amount of norepinephrine pres-
ent in the synaptic cleft or in plasma, accounting for the 
changes in responsiveness to various adrenergic drugs. This 

variability allows for modulation of the effects of the levels of 
NE and EPI.  Dopamine receptors (DA) represent a small, 
but vital, amount of adrenergic type receptors. DA1 recep-
tors are postsynaptic in renal, mesenteric, splenic, and coro-
nary vascular smooth muscle, mediating vasodilation via 
adenylate cyclase activation yielding cAMP. DA2 receptors 
are presynaptic; possibly inhibiting release of norepineph-
rine and acetylcholine. As will be demonstrated in the sec-
tion on response to stimulus, some of the actions of the SNS 
excite some organs and some it relaxes.

The PSNS consists of three major systems of action: the 
ganglionic transmission, the muscle endplate, and the PSNS 
terminals. Cholinergic receptors are subdivided into musca-
rinic and nicotinic receptors based upon the response to 
either stimulation by muscarine or nicotine respectively. 
Nicotinic receptors are ligand-gated ion channels allowing 
the influx of NA+ and Ca++, after activation by ACh. In con-
trast, muscarinic receptors are G-protein coupled receptors, 
which when activated by ACh, activate G-Proteins. ACh has 
affinity for both types of receptors equally despite physical 
differences with each sub-type. Those physical characteris-
tics allow for the design of drugs that affect each type of 
channel. Nicotinic receptors are found in the motor end-
plate, the ganglia of the ANS, and in the CNS. They are vari-
ably affected by pharmacologic agents, including the various 
types of non- depolarizing muscle relaxants. The muscarinic 
receptors are a family of five different subtypes: M1 through 
M5. M1, M3, and M5 stimulate diacylglycerol and inositol-
1,4,5- triphosphate as do the α(alpha)1 receptors. M2 and 
M4 receptors act like α(alpha)2-adrenergic receptors, by 
inhibition of adenyl cyclase through Gi via decreased intra-
cellular cyclic AMP. M1 receptors are located in autonomic 
ganglia (where they modulate the effects of nicotinic recep-
tor activation), M2 receptors are located in the heart, and 
M3 receptors are located in many glands and smooth mus-
cles. The location of the M4 and M5 receptors is poorly 
uncertain, though all five subtypes are known to exist within 
the CNS.

19.5  End Organ Effects

The majority of organ systems exhibit dual innervation, 
with input from the sympathetic and parasympathetic sys-
tems typically offering opposing effects. This dual inner-
vation allows the two systems to provide different effects 
to different areas based on the needs of the body at the 
time. Organs innervated by both systems include the 
heart, eye, bronchial tree, gastrointestinal (GI) tract, uri-
nary bladder, and reproductive organs (. Table  19.1). 
Some structures—including blood vessels, the spleen, and 
piloerector muscles—only receive sympathetic stimula-
tion. There is no general scheme that describes the way 
each of these systems will stimulate a specific response to 
a stimulus. For this reason each system must be discussed 
on its own.
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       . Table 19.1 Effects of the sympathetic nervous system (SNS) and the parasympathetic nervous system (PSNS) on organs

Organ system SNS response SNS receptor PSNS response PSNS receptor

Eye

Iris radial Dilation α(alpha)1

Iris ciliary Relaxation β(beta)2 Miosis (contraction) M3

Circular Accommodation (contraction) M3

Heart

Rate of contraction Increased β(beta)1 Decrease M2

Force of contraction Increased β(beta)1 Decreased M2

Coronary artery Constriction α(alpha)1

Dilation β(beta)1

Blood vessels

Arteries Constriction α(alpha)1 (α[alpha]2)

Muscle Vasodilation β(beta)2

Veins Vasoconstriction α(alpha)2 (α[alpha]1)

Pulmonary

Bronchial tree Bronchodilation β(beta)2 Bronchoconstriction M3

Renal/GU

Kidney Renin secretion β(beta)1

Bladder detrusor Relaxation β(beta)2 Contraction M3

Trigone Contraction α(alpha)1 Relaxation M3

Ureter Contraction α(alpga)1

Uterus Contraction α(alpha)1 Variable

Vas deferens Contraction α(alpha)1

Gastrointestinal system

Intestines Relaxation α(alpha)2 Contraction M3

Splenic capsule Contraction α(alpha)1

Liver glycogenolysis Increase α(alpha)1 (β[beta]2) (β[beta]3)

Glands and cells

Fat cells Lipolysis β(beta)1 (β[beta]3)

Hair follicles, Smooth muscle Contraction (piloerection) α(alpha)1

Insulin release from pancreas Decrease α(alpha)2

Nasal secretion Decrease α(alpha)1 (α[alpha]2) Increase

Salivary glands Increase secretion α(alpha)1 Increase secretion

Sweat glands Increase secretion α(alpha)1 Increase secretion

19.5.1  Eyes

The eyes are innervated by both the SNS and PSNS, which 
yield opposing functional results. The systems control two 
functions related to the eye and sight. First, the pupillary 

constriction and dilation, which alters the gathering of light. 
Second, altering the shape of the lens allowing for focal 
plane adjustments. The pupillary opening is controlled by 
both the PSNS and SNS in different ways. The PSNS is 
responsible for putting into effect the constriction of the 
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pupil in response to light hitting the retina. The SNS causes 
dilation of the pupil to let more light in during times of 
increased stimulation. Lens shape and focusing is almost 
exclusively a PSNS function. Stimulation of the PSNS causes 
excitation and constriction of the ciliary muscle, making the 
lens convex and suitable for near field vision. SNS stimula-
tion, on the other hand, relaxes the ciliary muscle thinking 
the lens for distance vision. The aforementioned facts that 
both SNS and PSNS demonstrate both an excitation and 
relaxation effect in different areas proves that no generalized 
statement can be made regarding the final effects of either 
subsystem of the ANS.

19.5.2  Body Glands

Different glandular systems tend to respond in a different 
fashion, depending on location, intended function, and pri-
mary stimulation system. Nasal, lacrimal, salivary, and gas-
trointestinal glands are strongly stimulated by the PSNS, 
almost always resulting in copious quantities of watery secre-
tion. This holds true for the upper part of the alimentary 
tract, but not the lower part, which is controlled predomi-
nantly by the enteric nervous system (to be discussed later). 
The SNS decreases blood flow to the alimentary glands, 
decreasing secretion rates, and causes secretion of concen-
trated, highly enzymatic secretions and mucus. Sweat glands 
are controlled by the SNS secreting sweat when stimulated by 
postganglionic cholinergic fibers. The process becomes even 
more contrary and confusing because the control of the stim-
ulus originates in the hypothalamus, usually considered a 
PSNS controller. In summary, sweating is parasympathetic, 
in spite of its SNS distribution. The apocrine glands are purely 
sympathetic in nature.

19.5.3  Heart

The heart is innervated by both the SNS and PSNS, each act-
ing in opposition to modulate function in three ways. The 
SNS and PSNS affect cardiac pump function in three ways. 
First, by changing the rate (chronotropism); SNS increasing 
the rate and PSNS decreasing it. Second, by changing the 
strength of contraction (inotropism); SNS increasing the 
strength and PSNS decreasing it. Finally, both systems mod-
ulate coronary blood flow. The PSNS, via the vagus nerve, 
predominantly innervates the sinoatrial and atrioventricular 
nodes, affecting choronotropy more than inotropy. Overall 
the role of PSNS in cardiac contractility is poorly understood. 
Sympathetic stimulation increases overall activity of the 
heart, increasing rate and contractility. While the effects of 
the ANS on coronary artery blood flow are not well under-
stood, it is known that the SNS, via α(alpha) receptors, can 
cause constriction of the large coronary vessels, which 
 normally have no role in the coronary resistance. The SNS 
can also cause dilation via β(beta)2 receptor stimulation, pro-
viding balance to the effects of SNS stimulation.

19.5.4  Lung

The lungs receive innervation from both the PSNS and 
SNS. The effect of SNS stimulation leads to bronchial dilation 
and pulmonary vasoconstriction. The increased pulmonary 
vascular resistance may be important in maintaining the bal-
ance between right and left ventricular output during stress 
and exercise. PSNS stimulation leads to bronchial constric-
tion with little to no vascular dilation.

19.5.5  Blood Vessels

SNS nerves are the most important regulators of the periph-
eral circulation and overall systemic vascular tone. 
Stimulation by the SNS generally causes vasoconstriction in 
all organs except the heart, brain, and muscle where there are 
less SNS fibers. PSNS has almost no effects on the blood ves-
sels as far as direct stimulation of relaxation. SNS stimulation 
results in increased blood pressure via increased cardiac 
activity and increased flow resistance in the circulation. As 
stated before, the PSNS has little effect on the overall systemic 
resistance, but can render a rapid decrease in blood pressure 
via vagal stimulation of the nodal cardiac conduction for a 
brief period of time.

19.5.6  Other Organs

The rest of the body systems are affected in various ways by 
the SNS and PSNS. The kidneys decrease urine output and 
increase renin secretion following SNS stimulation, but have 
no change with PSNS stimulation. The urinary bladder has 
relaxed detrusor tone, increased trigone and sphincter tone, 
and ureter contraction with SNS stimulation. Increased 
detrusor tone with trigone and sphincter relaxation are PSNS 
effects. The SNS also has large effects on the liver, muscle, fat 
cells, and blood glucose levels. SNS stimulation causes glyco-
genolysis in the liver and skeletal muscle, increased lipolysis, 
decreased insulin release, and increased blood glucose levels. 
The brain responds to SNS stimulation by increases in mental 
activities.

19.5.7  Adrenal Medulla

The adrenal medulla is an organ that receives direct pregan-
glionic fibers in the actual organ. Preganglionic fibers pass 
directly into the adrenal medulla without synapsing in a gan-
glion. Cells of the medulla, derived from neuronal tissue, are 
analogous to postganglionic neurons normally found in the 
paired SNS thoracic chain. It is also the site for the creation, 
storage, and release of EPI into the circulation, as opposed to 
the nerve terminal actions associated with the rest of the 
ANS. The organ releases a combination of EPI and NE in a 
ratio that averages 80% to 20%, respectively. This larger 
release of EPI has three very different effects then the direct, 

Physiology of the Autonomic Nervous System



362

19

or circulatory effects of NE. First, EPI acts on beta receptors 
with higher degree of affinity then does NE, thus EPI yields 
increased cardiac stimulatory effects when compared to 
NE. Second, EPI causes less constriction of muscle bed blood 
vessels, leading to a less robust vasoconstriction of NE alone. 
Third, EPI has 5–10 times more effect in metabolism then 
NE, yielding up to a 100% increase above normal rates. The 
effects of the circulatory release also last longer in the body 
than the nerve terminal actions. Stimulation of the adrenal 
medulla causes release of the hormones epinephrine and 
norepinephrine, whose effects can last 2–4 min beyond the 
initial stimulation. The adrenal medulla also provides a 
backup to the SNS, allowing either to fill most duties. Finally, 
the adrenal medulla allows for stimulation of structures with 
no direct SNS nerve endings.

19.6  Reflex and Regulation

The ANS is a regulated and reflexive pathway that maintains 
homeostasis via the aforementioned effects on end organs. 
This control system has sensors, afferent pathways, CNS 
integration, and efferent pathways from the receptors back 
to the efferent organs. Fine adjustments are made at the local 
level through positive and negative feedback mechanisms, 
such as with α(alpha)2 receptors. A prime example of these 
mechanisms is the baroreceptor reflex system that controls 
blood pressure.  Blood pressure is sensed (carotid sinus), 
integrated (medullary vasomotor center), and adjusted 
through specific effector–receptor sites, throughout the 
body. The ANS is incorporated into several endocrine sys-
tems that ultimately control blood pressure and regulate 
homeostasis. These include the renin–angiotensin system, 
antidiuretic hormone (ADH), glucocorticoids, and insulin. 
The renin- angiotensin system acts to regulate water-electro-
lyte homeostasis as well as blood pressure. Glucocorticoids 
alter the production of EPI in the adrenal medulla. The pan-
creas has been found to have both α(alpha) and β(beta) 
receptors, which decrease and increase insulin release, 
respectively.

There also exists in the system the concept of adrenergic 
“sympathetic and parasympathetic tone,” or the base rate of 
physical activity. Autonomic tone requires only low levels of 
nerve impulses to maintain normal function—only 1 every 
couple of seconds, and full stimulation requires only 10–20 
impulses per second. Compare that to the full activation in 
the skeletal nervous system at 50–500 or more impulses per 
second. The SNS can regulate blood vessel constriction solo 
via its ability to either increase stimulation or decrease levels, 
constricting or dilating blood vessels as needed. The PSNS in 
the same way controls the GI tract. Without its normal tone, 
gastric atony and stasis occur.

The last concept of regulation is the return of baseline 
intrinsic organ function over time, albeit after many months 
in case of PSNS denervation. This denervation may also 
increase the responsiveness to exogenously administered 
agents. A classic example of deprivation is the denervated 

heart. NE infusion in the normal heart produces a slowing of 
the recipient’s atrial rate through vagal feedback as the blood 
pressure rises. In the unmodulated donor heart, atrial rate 
increases, showing the abolishment of the baroreceptor reflex 
in the transplanted heart. Similar effects exists with beta ago-
nists and blockers.

19.7  Enteric Nervous System

Also known as the intramural plexus, the enteric nervous 
system is the network of neurons and their supporting cells 
found within the walls of the gastrointestinal tract, including 
neurons within the pancreas and gallbladder. The SNS and 
PSNS interact with this system primarily by altering actions 
within the intramural plexus. The plexus has a large degree 
of independence in relation to the rest of the ANS.  The 
SNS typically has only small effects on the GI tract, typi-
cally influencing the sphincters to close. Strong sympathetic 
stimulation inhibits peristalsis and increases the tone of the 
sphincters, resulting in a greatly slowed propulsion of food 
through the tract. SNS stimulation can lead to decreased 
secretion as well as causing constipation. The PSNS is 
responsible for easing the passage of food and increasing 
secretions as described earlier. Multiple neuroactive com-
pounds participate in the autonomic control of intestinal 
function, not just NE and ACh. These include nitric oxide, 
substance P, opiate peptides, vasoactive intestinal polypep-
tide (VIP), and peptide hormones. Considering the impor-
tance of clinical phenomena such as nausea, vomiting, and 
alterations in bowel function associated with anesthesia, the 
enteric nervous system remains poorly understood.

19.8  Questions and Answers

 ? Questions (Choose the most Appropriate Answer)
 1. Which of the following is a function of the 

sympathetic nervous system (SNS)?
 A. Vasoconstriction of arteries via α(alpha)1
 B. Vasoconstriction of arteries via β(beta)1
 C. Vasodilation of arteries via β(beta)1
 D. Vasodilatation of arteries via α(alpha)1

 2. The adrenal medulla release EPI and NE into the 
circulation resulting in SNS stimulation. Following 
stimulation how long does this circulatory release of 
SNS neurotransmitters last in the circulation?
 A. 1–2 min
 B. 2–4 min
 C. 4–6 min
 D. 6–8 min

 3. The bulk of SNS anatomy is made up of which of the 
following combinations?
 A. Long myelinated pre-ganglionic fibers with short 

non-myelinated post-ganglionic fibers
 B. Short non-myelinated pre-ganglionic fibers with 

long myelinated post-ganglionic fibers

 B.K. Johnson



363 19

 C. Short myelinated pre-ganglionic fibers with long 
non-myelinated post-ganglionic fibers

 D. Long non-myelinated pre-ganglionic fibers with 
short myelinated post ganglionic fibers

 4. Which of the following SSN sites is not innervated by 
adrenergic receptors?
 A. Pupil
 B. GI sphincters
 C. Sweat glands
 D. Piloerector muscles

 5. The vagal nerve contains what percentage of PSNS 
fibers?
 A. 15%
 B. 50%
 C. 75%
 D. 90%

 6. The cause of the majority of termination of effect of 
endogenous NE at the nerve terminal of SNS 
post-ganglionic nerve terminal is?
 A. Redistribution
 B. Enzymatic destruction
 C. Reuptake
 D. Protein binding

 7. The α(alpha)2 receptor is located on the 
pre-synaptic side of the SNS ganglia and serves 
which of the following functions?
 A. Feedback loop increasing nerve terminal NE release
 B. Feedback loop decreasing nerve terminal NE release
 C. Feedback loop increasing nerve terminal NE re-uptake
 D. Feedback loop decreasing nerve terminal NE 

re-uptake
 8. Which of the following nerves is not a carrier of the 

PSNS system?
 A. CN III
 B. CN V
 C. CN IX
 D. CN X

 9. What percentage of skeletal muscle nerve fibers 
contain SNS fibers?
 A. 2%
 B. 4%
 C. 6%
 D. 8%

 10. The stimulation of the SNS has which of the following 
effects on the enteric nervous system?
 A. Stimulation of peristalsis
 B. Stimulation of secretions
 C. Closing of sphincters
 D. No effect

 v Answers
 1. A. Vasoconstriction of the arteries is a primary func-

tion of the SNS. It is predominately carried out via 
α(alpha)1 receptor, via G protein modulation. The SNS 
is the predominate moderator of the peripheral arte-
rial tone. The SNS has the ability to self-regulate its 
degree of stimulation of arterial contraction via feed-

back mechanisms discussed in the chapter. The PSNS 
had minimal effects of arterial tone, although severe 
stimulation of the PSNS via vagal nerve can cause 
rapid drops in blood pressure leading to fainting.

 2. B. 2–4 min following direct stimulation. This serves 
several purposes for the body. The first is to prolong 
the SNS stimulation longer then nerve terminal only 
excitation, allowing for prolonged fight or flight 
response. Second, it provides direct blood stimulation 
to areas of the body that do not have direct SNS nerve 
stimulation. Finally, the blood release of the adrenal 
medulla provides a back use system for the SNS in the 
event of central or peripheral nerve damage.

 3. C. In the SNS the fibers arise primary from the tho-
racic and lumbar spines forming a 22-paired set 
of ganglia, known as the paravertebral chain. The 
bulk of anatomy consists of short myelinated pre-
ganglionic fibers and long unmyelinated postgangli-
onic fibers that travel along with other nerves. The 
PSNS by contrast contains predominantly what is 
described in answer A: long myelinated fibers with 
the ganglia being located near the end organs.

 4. B. The sweat glands and some artery muscle SNS 
activity are cholinergic in nature. In fact the sweat 
glands are called a parasympathetic effect stimu-
lated by the sympathetic system.

 5. C. The vagal nerve is the main conduit of PSNS 
nerves carrying approximately 75% of the fibers 
related to the PSNS. The vagal nerve distributes all 
of the PSNS to the thoracic and abdominal organs. It 
contains pre-ganglionic fibers directly to the organs 
that need innervation. These pre-ganglionic fibers 
synapse close to the level of action and do not usu-
ally form visible ganglion.

 6. C. The majority (50–80%) of termination of action 
of NE is due to reuptake by the nerve terminal itself. 
This reuptake is an active process that requires 
energy. It does, however, decrease the amount of 
NE synthesis that needs to take place in the nerve 
terminal preserving the transmitter intact. Diffu-
sion and enzymatic destruction are the other two 
mechanisms that take place to terminate the action 
of NE. Exogenous catecholamines are terminated not 
by reuptake but by the various other mechanisms. It 
is the fact that exogenous catecholamines do not get 
uptake that makes them useful in the OR and ICU.

 7. B. The existence of the α(alpha)2 receptors acts to 
decrease the SNS outflow. The decreased SNS out-
flow acts in concert with the PSNS to decrease heart 
rate, CO, and arterial tone. This is a classic example 
of how a feedback system works to maintain the 
proper level of homeostasis needed in the body.

 8. B. The four nerves are, CN III (oculomotor), CN VII 
(facial), CN IX (glossopharyngeal), and CN X (vagal). 
These four nerves provide passage for the PSNS 
from its origin in the brain. The locations more 
specifically include the midbrain and medulla 
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oblongata. These provide PSNS stimulation to the 
upper body and abdomen. The PSNS also has a 
second center of origin that is located in the sacral 
region of the body, which supplies the pelvic organs.

 9. D. The fact that 8% of skeletal muscle nerve fibers 
are actually postganglionic SNS fibers demonstrates 
the need of SNS control to maintain homeostasis. 
The SNS allows for constriction at the muscle level 
via both adrenergic and cholinergic effects. Alpha-1 
effects yield predominantly vasoconstriction. Beta-2 
stimulation at the muscle body provides vasodila-
tion. The muscle is the second location for cholin-
ergic action by SNS aside from the sweat glands as 
previously mentioned.

 10. C. Although the enteric plexus has a great degree of 
autonomy, it is effected by the rest of the ANS. The 
SNS has little effect on the plexus, usually only 
causing sphincters to close. Strong SNS stimulus 
can shut down the entire enteric process yielding 

constipation due to closed sphincters and no peri-
stalsis. The PSNS on the other hand increases secre-
tion of enzymes and movement of food products 
through the GI system.
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Key Points
 1. Hypothermia during general and neuroaxial 

anesthesia is common.
 2. Perioperative hypothermia causes complications 

including increased risk of blood loss/transfusion 
requirement, wound infections, prolonged activity 
of medication, and thermal discomfort.

 3. Perioperative temperature monitoring is essential 
in all patients undergoing general and regional 
anesthesia lasting longer than 30 min.

 4. Active patient warming is indicated in all patients 
having anesthesia of >30 min.

20.1  Normal Core Body Temperature

Thermoregulation is a basic physiologic property and is 
already well developed at birth. It is generally maintained 
life-long. The ultimate goal is to keep core body tempera-
ture within a specific range of temperatures throughout the 
day and night, as most cellular and enzymatic functions are 
temperature- dependent. Core temperature is around 37 ° C, 
and under normal conditions only affected by circadian and 
menstrual cycles. The optimal temperature is protected by a 
balance of protective thermoregulatory responses. Or in other 
words: as long as the core temperature is within the normal 
range, there is no thermoregulatory response. Effective ther-
moregulatory responses will be initiated, as soon actual core 
temperature hits the hypo- or the hyperthermic threshold. 
The range of the individual “normal” temperature is limited 
by the so-called sweating threshold when core temperature 

slightly increases and the so-called vasoconstriction thresh-
old when the core temperature slightly decreases. The range 
of temperature between these thresholds is called the inter-
threshold range (ITR), and is usually about 0.2–0.4  ° C. As 
soon as the actual body core temperature reaches one of these 
thresholds, an autonomic thermoregulatory response is initi-
ated (. Fig. 20.1). Each thermoregulatory response is charac-
terized by the threshold (= core temperature triggering the 
thermoregulatory response), gain (increase in response inten-
sity with core temperature deviation beyond the triggering 
threshold), and a maximum response intensity (. Fig. 20.2).

The ability to react accordingly is based on complex tem-
perature sensing and thermoregulatory properties. Afferent 
sensing, central regulation, and autonomic and behavioral 
defenses are the main cornerstones of body temperature 
control.

Body temperature is sensed in the periphery and through-
out the body by a wide range of nerves and receptors. The most 
important body temperature receptor is the transient receptor 
potential (TRP) protein. The TRP receptors were recently 
identified and consist of several subspecies. Among them, the 
TRPV receptors 1–4 are activated by heat, while other subspe-
cies, such as the TRPM8 and TRPA 1, are activated by cold. 
Thereby activated signals are primarily transmitted by tracks 
of the anterior spinal cord to the brain, especially to the hypo-
thalamus. Although, this is the most important pathway, there 
are many more redundant and independent pathways contrib-
uting to the thermoregulatory control.

Central autonomic thermoregulatory control depends on 
thermal inputs from the skin surface, peripheral tissues, the 
spinal cord, the hypothalamus, and most importantly the 
core temperature.

Anesthesia
Age, menstrual cycle
Drugs, alcohol
Circadian rhythm

Hypothalamus

Response
intensity

Behavior

Sweating

Vasoconstriction

ShiveringSpinal
cord

Skin

Deep
tissues
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(intensity / °C)

Maximum intensity

       . Fig. 20.1 Thermoregulatory 
responses (Reprinted with 
permission, Cleveland Clinic 
Center for Medical Art & 
Photography © 2015–2017. All 
Rights Reserved)
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Efferent thermoregulation can be divided into behavioral 
and autonomic responses, whereas the behavior responses 
are by far the most powerful. Behavior responses included a 
wide range; for example, clothing, positioning, and even 
structural changes of buildings including isolation, heating, 
and air conditioning.

The primary autonomic thermoregulatory protection 
against hyperthermia includes pre-capillary vasodilatation 
and sweating, whereas the primary thermoregulatory protec-
tion against hypothermia includes arterio-venous shunt 
vasoconstriction, shivering, and non-shivering thermogene-
sis. Non-shivering thermogenesis is the activation of brown 
fat by thermogenin, but is mostly effective in infants, whereas 
it is not important in adults.

20.1.1  Thermoregulatory Response 
to Prevent Hypothermia

Prevention of hypothermia and initiation of the thermoregu-
latory responses are complex and consist mostly of vasocon-
striction and shivering. The threshold for initiating 
vasoconstriction is only marginally below the sweating 
threshold (indicating that the ITR is usually only 0.2–0.4  ° 
C), whereas the threshold for initiating shivering is usually 
about 1 ° C below the vasoconstriction threshold.

Thermoregulatory vasoconstriction is mostly restricted to 
arterio-venous shunts, which are common in the acral regions 
including fingers and toes. These shunts are quite effective, as 
the range of the blood flow through these vessels can be 
increased by a factor of 10,000 (if maximally vasodilated) or 
can be reduced until nearly 0 (if maximally vasoconstricted) 
and subsequently directly influence the thermoregulatory 
vasoactive response of the entire extremities.

Shivering can increase the metabolic rate by a factor of 3 
to 4 for about 3–4  h, but is finally limited by muscles tire. 
Although shivering is theoretically a sufficient thermoregula-
tory response, the effect is limited by the obligatory vasodila-
tation, which in turn is necessary to adequately perfuse and 
oxygenate the hyperactive muscles.

20.1.2  Thermoregulatory Response to 
Prevent Hyperthermia

Biochemical processes in humans are sensitive to hyperther-
mia and therefore prevention of hyperthermia by sweating 
and pre-capillary vasodilatation is important. Usually this is 
a synchronous process, as both responses are having the 
same triggering core temperature.

Sweating of up to 1 l is equal to dissipate more than ten 
times of their basal metabolic rate and is therefore usually 
quite effective.

20.2  The Model of Set Points

As the sweating and vasoconstriction threshold usually only 
differs marginally, some authors modeled the thermoregula-
tory system as a set point system. This model indicates, that 
the thermoregulatory system is ON or OFF. Despite the fact 
that the set point model is widely used, it does not consider 
the sequential activation of responses and it does not account 
for the effects of drugs such as anesthetics, ethanol, amphet-
amine, and buspirone on thermoregulatory control.

20.2.1  Heat-Loss During Anesthesia

Human tissue can be divided into a peripheral and a core 
thermal compartment, both attributing about 50% of the 
body mass. The peripheral thermal compartment represents 
mostly the extremities, whereas the core thermal compart-
ment consists of the trunk and the head. The core thermal 
compartment is defined as the tissue that has a high and 
nearly constant temperature and is dominant in influencing 
the thermoregulatory responses. The temperature of the 
core thermal compartment is therefore tightly controlled. 
On the other hand, the temperature of the peripheral ther-
mal compartment is significantly less narrowly defined. Or 
in other words, even a small change of the temperature of 
the core thermal compartment initiates a thermoregulatory 
response, whereas the temperature of the peripheral ther-
mal compartment needs to change much more to initiate a 
thermoregulatory response. The peripheral thermal com-
partment contributes 20% to central thermoregulatory con-
trol. It is usually 2–4  ° C cooler than the central thermal 
compartment and is therefore acting as a thermal buffer, 
absorbing or dissipating heat as necessary to maintain core 
body normothermia.
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       . Fig. 20.2 Thermoregulatory thresholds
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As soon as a patient is transferred to the operating room 
(OR), several significant changes occur. The operating room 
is usually cooler and operative exposure causes hypothermia 
in the surgical patients. But, by far the most important 

 thermoregulatory impairment is caused by anesthetics, 
which lead to a downward shift of the thermoregulatory 
thresholds. As a consequence, intraoperative hypothermia 
develops in 3 distinct phases (. Fig. 20.3).

All anesthetics impair the thermoregulatory response 
and shift the vasoconstriction and the shivering threshold 
downwards (. Fig. 20.4). This shift is an obligatory function 
of the anesthetic drug, but is also affected by the actual con-
centration. A higher dosage of anesthetics therefore leads to 
a stronger influence (shift) of the thresholds. On average, 
during general anesthesia the vasoconstriction threshold is 
usually at around 34.5 ° C with commonly used drugs and 
doses.

 Phase 1 (Redistribution Hypothermia)
During the first hour after induction of anesthesia, the core 
temperature rapidly drops. This drop is caused by balancing 
the temperature between the “cold” peripheral thermal com-
partment and the “warm” core thermal compartment. This 
period is therefore a shift of heat from the core to the periph-
eral thermal compartment, and is accelerated by the 
anesthesia- caused vasodilatation. Therefore this period is 
called “re-distribution.” This designation also makes clear 
that the actual amount of heat is not decreased (or at least 
minimally) during this period; the overall amount of heat is 
just distributed. Drop of temperature caused by re- 
distribution also occurs in actively warmed patients, as the 
amount of heat distribution exceeds the amount of external 
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       . Fig. 20.3 Three phases of hypothermia during anesthesia
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heat transfer. Only the so-called pre-warming (warming the 
peripheral thermal component before transferring the 
patient into the OR) might, to some limited extent, avoid re- 
distribution hypothermia.

 Phase 2 (Slow Linear Decrease)
The period of re-distribution is typically followed by a period 
of slower, but linear reduction of core temperature. This 
period is characterized by an actual loss of heat to the envi-
ronment by radiation and convection, while conduction and 
evaporation usually only marginally contributes.

The amount of decrease in core temperature during this 
period is a consequence of the gap between heat loss and 
metabolic heat production. Or in other words, the amount of 
heat loss exceeds the amount of heat production.

 Phase 3 (Core Temperature Plateau)
As soon as the patient reaches a certain level of temperature, 
the core temperature does not further drop. This core- 
temperature plateau is a result of 1 out of 2 mechanisms or 
even a combination of both. The amount of metabolic heat 
production reaches the level of heat loss and therefore is bal-
anced.

Depending on patient demographic factors, drugs used, 
and drug dosages, core temperature reaches the vasocon-
striction threshold at which metabolically produced heat is 
constrained to the core thermal compartment and therefore 
core temperature ceases to drop. Nevertheless, body heat 
continues to decrease during this phase.

Once the thermoregulatory response is initiated, the arte-
riovenous shunts are vasoconstricted. Heat loss from the 
peripheral thermal compartment continues, but is limited by 
the decreased peripheral blood flow.

As vasoconstriction is usually effective, body core tem-
perature rarely decreases enough to reach the shivering 
threshold, and most of the patients receive muscle relaxation 
agents. Shivering is extremely rare during general anesthesia. 
However, shivering is an important contributor to morbidity 
and mortality in the postoperative setting.

20.3  Effect of Drugs/Anesthesia 
on Temperature Regulation

Generally, all anesthetics including isoflurane, sevoflurane, 
inhaled anesthetic nitrous oxide, propofol, and opioids sig-
nificantly influence the thermoregulatory regulation, by 
shifting the vasoconstriction and shivering thresholds down-
ward. The extent of the shift is linear concentration- 
dependent for intravenous drugs, while it is disproportionate 
at higher concentrations for volatile anesthetics. On the other 
hand, sedatives such as midazolam do not influence the ther-
moregulatory responses, even if combined with clinical doses 
of opiods.

In the clinical setting and administration of usually used 
concentrations of drugs used for general anesthesia, the 

vasoconstriction threshold is shifted downwards to about 
34.5 ° C. Once this threshold is reached, the thermoregula-
tory response is initiated and usually temperature does not 
further drop and does usually not reach the shivering thresh-
old. The actual biochemical pathway of how anesthetics 
impair the vasoconstriction and shivering threshold remains 
currently unknown and is the target of ongoing biochemical 
studies.

General anesthesia is also responsible for a 30% reduction 
of the metabolic heat production.

Interestingly, the sweating threshold is marginally 
impaired. Therefore, the thermoregulatory response to 
hyperthermia during anesthesia is more or less equal to the 
response in awake patients.

20.3.1  Hypothermia During Regional 
Anesthesia

 Consequences of Perioperative Hypothermia
Even mild perioperative hypothermia can cause a wide range 
of complications, including increased coagulopathy, increased 
risk of wound infections, prolonged drug metabolism and 
delayed recovery, and patient’s thermal discomfort.

The most important and best documented complication 
of perioperative hypothermia is coagulopathy, leading to 
substantially increased perioperative blood loss and need for 
transfusion. The impairment is based on reduced function of 
enzymes of the coagulation cascade, as well as decreased 
release of thromboxane A3, subsequently leading to revers-
ible impairment of platelet aggregation. As a general rule, a 
drop of the core temperature by 1 ° C significantly increases 
the perioperative blood loss by about 20% and similarly the 
need for red blood cell transfusion.

Perioperative hypothermia increases the risk of wound 
infections, most likely by peripheral vasoconstriction, which 
is a direct consequence of hypothermia. Vasoconstriction 
leads to reduced perfusion of the wounded tissues and there-
fore reduces tissue oxygen partial pressure, which is the basis 
for oxidative killing of bacteria by neutrophils. In addition, 
perioperative hypothermia reduces systemic immune activa-
tion and motility of key cells, such as macrophages, and 
finally reduces tissue healing. Several years ago, the establish-
ment of the Surgical Care Improvement Project (SCIP) 
required that patients either have a core temperature greater 
than 36 ° C at the end of surgery or that they were actively 
warmed in the intraoperative period. A recent study showed 
that patients in whom the SCIP guidelines were followed had 
higher core temperatures at the end of surgery as compared 
to those in whom the SCIP guidelines were not followed. 
Furthermore, the incidence of postoperative wound infec-
tions was lower in the SCIP patients.

Most of the enzymatic reactions are thermal sensitive. As a 
consequence, the duration of various drugs is prolonged dur-
ing even mild hypothermia. For example, the duration of 
vecuronium is doubled by 2 ° C hypothermia, and the duration 
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of atracurium is prolonged 60% by 3  ° C hypothermia.The 
duration of several other drugs, including propofol, is also 
affected by decreased hepatic blood flow. Prolonged recovery 
after surgery and stay in the post-anesthesia care unit (PACU) 
and increased risk of postoperative complications is therefore 
somewhat predictable.

Postoperative thermal discomfort is a more or less a pre-
dictable consequence of intraoperative hypothermia. 
Although, thermal discomfort does not cause complications 
per se, it is subjectively intense and may worsen overall satis-
faction.

20.4  Temperature Monitoring

Based on the physiological principles explained earlier, there 
is not a single body temperature. The core thermal compart-
ment is usually well perfused and the temperature is rela-
tively homogenous. This does not apply to the peripheral 
thermal compartment, as the temperature widely varies 
within this compartment. It is easy to understand that the 
temperature of the tissues within the extremities are below 
the core temperature, but the skin temperatures are even 
more below core temperature and are strongly affected by the 
environment (covered by clothes or not) and thermoregula-
tory vasomotion. Therefore, a single measurement of 1 
peripheral temperature is somewhat misleading.

A really exact assessment of the overall thermal state can 
therefore only made by measurement of the central core tem-
perature. The core temperature can be measured at four sites:

 5 The pulmonary artery (by using a Swan catheter)
 5 Distal esophagus
 5 Nasopharynx with the probe inserted 10–20 cm
 5 The tympanic membrane, if measured with a contact 

thermistor or thermocouple

The temperatures measured at these four sites do not vary 
more than a couple of tenths of 1 ° C and therefore even a 
single measurement gives a reliable estimation of the actual 
core temperature.

All other measurement sites—including the sublingual, 
axilla, bladder (only reliable if urine flow is adequate), rectal, 
or skin—leads to a potential underestimation of the actual 
body temperature and therefore act only as alternative sites if 
the four reliable sites are not available.

Per note, precision and accuracy of temperature monitor-
ing depends not only on the measurement sites, but also on 
the measurement system itself. However, many inexpensive 
and accurate thermometers, such as thermistors, thermo-
couples, and several infrared systems are already commer-
cially available and widely used in the clinical setting. As a 
basic principle, the measurement site rather than the device 
determines the precision and accuracy.

In intubated patients, the current standard of care is to 
monitor the body temperature by using an esophageal probe, 
which has to be introduced orally or nasally into the distal 
esophagus. Esophageal temperature monitoring is inexpen-

sive, easy to obtain, and highly resistant to artifacts; and com-
plications such as minor trauma are extremely rare.

Core temperature measurement during neuraxial anes-
thesia is difficult as skin temperature monitoring is fairly 
unreliable. Zero-heat-flux (ZHF) thermometry is an alterna-
tive, noninvasive, and reliable method quantifying deep tis-
sue temperature in patients by applying a thermosensoric 
patch to the lateral forehead. The ZHFT patch establishes a 
zone of nearly perfect insulation on the skin surface, which 
results in a skin surface temperature that is equivalent to the 
deep tissue temperature directly beneath the area of insula-
tion. The technique of ZHFT was invented in 1971 and has 
undergone several improvements to increase its accuracy 
and decrease its equilibration time.

All patients having surgery under general anesthesia last-
ing for 30 min or longer or having large surgeries under neu-
roaxial anesthesia have to be temperature monitored, as only 
temperature monitoring helps to prevent from (mostly) 
hypothermia- or (rarely) hyperthermia- associated compli-
cations.

20.5  Strategies for Warming the Patient

Even patients who are actively warmed experience an initial 
drop of core temperature, which is caused by the redistribu-
tion effect. This effect might be partially attenuated by pre- 
warming the patients. Pre-warming does not increase the 
patient’s core temperature, but increases the temperature of 
the peripheral tissues and therefore decreases the amount of 
re-distribution hypothermia.

Various perioperative warming devices are available and 
can be divided into: (1) passive insulation, and (2) active 
warming devices of the skin surface, fluids, inspired and 
peritoneal gases, and endovascular heat exchangers.

20.5.1  Passive Insulation

A single layer of passive insulation reduces cutaneous heat loss 
by 30%, which is important, but it is important to understand 
that it does not actively transfer heat into the body. Furthermore, 
adding more layers of insulation does not add substantial ben-
efit. Thus passive insulation can decrease heat loss but will not 
add in maintenance of perioperative normothermia.

20.5.2  Active Skin Warming

Convective warming of the skin with forced air is by far the 
mostly used perioperative warming device. Forced-air warm-
ing is especially attractive, as it is easy to use, inexpensive, and 
for most patients and surgery has a pretty good cost/benefit 
ratio. Forced-air warming is mostly effective if the blanket is 
directly placed on the skin and covers an as large as possible 
area of the patient’s skin. Another alternate approach is con-
ductive warming using resistive heating or circulating water.
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20.5.3  Fluid Warming

Fluid warming is not efficient, as the temperature of the infu-
sion can only slightly exceed core temperature. Active patient 
warming is therefore impossible unless very large amounts of 
fluids are given over a short period of time. Nevertheless, 
warmed infusion decreases the amount of heat loss. For 
example, 1  l of crystalloid given at room temperature 
decreases core temperature by 0.25  ° C.  Equally, 1 unit of 
blood from the refrigerator decreases core temperature by 
0.25 ° C.

20.5.4  Warming Inspired and Peritoneal 
Gases

Warming patients by warming inhaled air is insufficient, as 
the heat capacity of air is low. As a clinical consequence, only 
a marginal amount of heat is lost via the respiratory system 
and warmed air is unable to transfer considerable amount of 
heat into the patients.

20.5.5  Vascular Heat Exchange Catheters

Vascular heat exchange catheters are quite expensive and 
invasive. These catheters transfer much more heat compared 
to skin warming devices, but their use is mostly restricted to 
patients requiring a rapid onset of hypothermia.

20.6  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Perioperative hypothermia:

 A. Is observed much more often in women because 
of the menstrual cycle.

 B. Is common in all surgical patients undergoing 
general and neuroaxial anesthesia.

 C. Is less common in obese patients and therefore 
perioperative warming is not indicated in short 
procedures not exceeding 45 min

 2. Perioperative hypothermia:
 A. Is associated with increased risk of bleeding and 

blood transfusion
 B. Is relatively uncommon, but if present needs 

consequent treatment by the anesthesiologist
 C. Mild hypothermia (drop of about 1 ° C of core 

temperature) in patients undergoing regional 
anesthesia is common, but is clinically relatively 
not relevant and does not need attention

 3. The interthreshold range is:
 A. Is usually between 0.1 and 0.6 ° C
 B. Is defined by extensive protective 

thermoregulatory responses
 C. Is affected by all inhalative agents, but not by 

sedatives such as diazepam

 4. The shivering threshold:
 A. Is usually about 1 ° C higher than 

vasoconstriction threshold
 B. Is about 0.5 ° C below the vasoconstriction 

threshold
 C. Indicates the core temperature at which 

shivering occurs
 5. Shivering:

 A. Is effective to prevent from hypothermia
 B. Is limited to about 3–4 h
 C. Can cause hyperthermia and sweating

 6. Pre-warming:
 A. Is un-necessary and expensive
 B. Prevents phase 1 drop of temperature during 

general anesthesia
 C. If sufficiently done in the pre-op area, replaces 

perioperative warming
 7. The Phase 1:

 A. Is also called re-distribution hypothermia
 B. Is based on balancing between cold core 

temperature and warm peripheral thermal 
compartment

 C. Can be avoided, if the patient is effectively 
warmed during surgery

 8. The Phase 2:
 A. Is characterized by a faster linear reduction of 

core temperature
 B. Is caused by loss of heat to the environment and 

usually does not exceed 0.5 ° C/h
 C. Consists of radiation, convection, conduction, 

and evaporation
 9. Temperature monitoring:

 A. Axial temperature monitoring is equal to core 
temperature.

 B. Temperature measured by using a Swan catheter 
estimates the core temperature by a couple of 
tenths of 1°.

 C. Measurement of the bladder temperature is 
effective and gives a reliable estimation of the 
actual body temperature.

 10. Perioperative warming strategies:
 A. Warming the fluids only is effective to prevent 

from phase 1 re-distribution hypothermia, but 
not from phase 2.

 B. Forced-air warming blankets should optimally 
directly placed on the patient’s skin.

 C. Passive insulation is effective to maintain 
perioperative normothermia.

 v Answers
 1. B. Perioperative hypothermia is common in all 

surgical patients undergoing general and neuroaxial 
anesthesia.

 2. A. Perioperative hypothermia causes complications 
including increased risk of blood loss/transfusion 
requirement, wound infections, prolonged activity 
of medication, and thermal discomfort.

Physiology of Temperature Control



372

20

 3. C. The interthreshold range is affected by all 
inhalative agents, but not be sedatives such as 
diazepam. Generally, all anesthetics including 
isoflurane, sevoflurane, inhaled anesthetic nitrous 
oxide, propofol, and opioids significantly influence 
the thermoregulatory regulation, by shifting the 
vasoconstriction and shivering thresholds 
downward. The extent of the shift is linear 
concentration-dependent for intravenous drugs, 
while it is disproportionate at higher concentrations 
for volatile anesthetics. On the other hand, sedatives 
such as midazolam do not influence the 
thermoregulatory responses, even if combined with 
clinical doses of opiods.

 4. C. The shivering threshold indicates the core 
temperature at which shivering occurs. The 
threshold for initiating vasoconstriction is only 
marginally below the sweating threshold (indicating 
that the interthreshold range is usually only 0.2–0.4 ° 
C), whereas the threshold for initiating shivering is 
usually about 1 ° C below the vasoconstriction 
threshold.

 5. B. Shivering can increase the metabolic rate by a 
factor of 3 to 4 for about 3–4 h, but is finally limited 
by when muscles tire. Although shivering is 
theoretically a sufficient thermoregulatory response, 
the effect is limited by the obligatory vasodilatation, 
which in turn is necessary to adequately perfuse and 
oxygenate the hyperactive muscles.

 6. B. Pre-warming prevents phase 1 drop of 
temperature during general anesthesia. During the 
first hour after induction of anesthesia, the overall 
amount of heat is just re-distributed. Drop of 
temperature caused by re-distribution also occurs in 
actively warmed patients, as the amount of heat 
distribution exceeds the amount of external heat 
transfer. Only the so-called pre-warming (warming 
the peripheral thermal component before 
transferring the patient into the OR) might, to some 
limited extent, avoid re-distribution hypothermia.

 7. A. Phase 1 is also called re-distribution hypothermia. 
During the first hour after induction of anesthesia, 
the core temperature rapidly drops. This drop is 
caused by balancing the temperature between the 
“cold” peripheral thermal compartment and the 
“warm” core thermal compartment. This period is 

therefore a shift of heat from the core to the 
peripheral thermal compartment, and is accelerated 
by the anesthesia-caused vasodilatation. Therefore 
this period is called “re-distribution.”

 8. C. The period of re-distribution is typically followed 
by Phase 2, which is a period of slower, but linear 
reduction of core temperature. This period is 
characterized by an actual loss of heat to the 
environment by radiation and convection, while 
conduction and evaporation usually only marginally 
contributes.

 9. B. A Swan catheter estimates the core temperature 
by a couple of tenths of 1°. Precision and accuracy of 
temperature monitoring depends not only on the 
measurement sites, but also on the measurement 
system itself.

 10. B. Convective warming of the skin with forced air is 
by far the mostly used perioperative warming 
device. Forced-air warming is especially attractive, as 
it is easy to use, inexpensive, and for most patients 
and surgery has a pretty good cost/benefit ratio. 
Forced-air warming is mostly effective if the blanket 
is directly placed on the skin and covers an as large 
as possible area of the patient’s skin.
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Key Points
1. The liver produces both procoagulation and 

anticoagulation factors. Thus the liver plays a major 
role in maintaining the balance within the coagula-
tion system. With liver disease both are reduced, and 
homeostasis may often be seen even in the presence 
of abnormal laboratory tests.

2. The liver synthesizes thrombopoietin, which 
stimulates platelet production. A reduction in this 
hormone seen in liver disease is a major cause of 
thrombocytopenia.

3. The liver has a unique blood supply in that only 25% 
of the blood supply comes from the oxygen-rich 
hepatic artery. Roughly 75% of the blood supply 
comes from the relatively oxygen-poor portal venous 
system. This means that roughly 50% of the oxygen 
supply comes from arterial flow and 50% from 
venous flow.

4. The liver usually has four lobes. These are the left, 
right, caudate, and quadrate lobes. This anatomic 
distinction has little impact on surgical dissection. 
The liver can be divided into 8 segments each with 
its own blood supply and venous and biliary 
drainage. These are known as Couinaud segments 
and can facilitate relatively bloodless surgery.

5. Traditional liver function tests are a measure of 
hepatocyte injury not liver function. Liver function 
may remain normal in the setting of elevation of 
these lab values. To understand how well the liver is 
functioning one should evaluate the synthetic 
function of the liver by checking lab values that are 
known to be affected in liver disease, such as serum 
albumin levels, platelet count, and coagulation 
parameters.

21.1  Gastrointestinal Physiology

Gastrointestinal (GI) physiology is a branch of human physi-
ology addressing the physical function of the gastrointestinal 
system. The major processes occurring in the GI system are 
that of motility, secretion, regulation, digestion, and circula-
tion. The function and coordination of each of these actions 
is vital in maintaining GI health, and thus the digestion of 
nutrients for the entire body [1].

21.1.1  Motility

The gastrointestinal tract generates motility using smooth 
muscle subunits linked by small gap junctions. These sub-
units fire spontaneously in either a phasic or a tonic fashion. 
Tonic contractions are those contractions that are maintained 
from several minutes up to hours at a time. These occur in 

the sphincters of the tract, as well as in the anterior stomach. 
The other type of contractions, called phasic contractions, 
consist of brief periods of both relaxation and contraction, 
occurring in the posterior stomach and the small intestine, 
and are carried out by the muscularis externa. The patterns of 
GI contraction as a whole can be divided into 2 distinct pat-
terns: peristalsis and segmentation. Occurring between 
meals, the migrating motor complex is a series of peristaltic 
wave cycles in distinct phases starting with relaxation, fol-
lowed by an increasing level of activity to a peak level of 
peristaltic activity lasting for 5–15  min. This cycle repeats 
every 1.5–2 h but is interrupted by food ingestion. The role of 
this process is likely to clean excess bacteria and food from 
the digestive system. Peristalsis is one of the patterns that 
occur during and shortly after a meal. The contractions occur 
in wave patterns traveling down short lengths of the GI tract 
from one section to the next. The contractions occur directly 
behind the bolus of food that is in the system, forcing it 
toward the anus into the next relaxed section of smooth 
muscle. This relaxed section then contracts, generating 
smooth forward movement of the bolus at a distance of 
2–25 cm per second. This contraction pattern depends upon 
hormones, paracrine signals, and the autonomic nervous 
system for proper regulation. Segmentation also occurs dur-
ing and shortly after a meal within short lengths in segmented 
or random patterns along the intestine. This process is car-
ried out by the longitudinal muscles relaxing while circular 
muscles contract at alternating sections thereby mixing the 
food. This mixing allows food and digestive enzymes to 
maintain a uniform composition, as well as to ensure contact 
with the epithelium for proper absorption [2].

 Gastric Emptying and Anesthesia
In anesthesiology, gastric emptying and the time from last 
oral intake (NPO status) become important. During the 
induction of anesthesia the patient with a full stomach is at 
increased risk for gastric regurgitation and pulmonary aspi-
ration, which can be lethal. In general, the patient should be 
NPO for 8 h after a full meal before induction of anesthesia. 
Six hours after a light meal is considered adequate. Four 
hours after non-clear liquids and 2 h after clear liquids are 
also generally considered adequate. These are guidelines for 
normal healthy patients. Patients with delayed gastric empty-
ing from any cause should be considered to have a full stom-
ach.

Many patients have been found to have food in their 
stomachs on endoscopic examination even days after stop-
ping oral intake. Patients who are considered to have full 
stomachs should be delayed as long as possible and should be 
considered candidates for antacid medications and pro-
kinetic drugs.

Pulmonary morbidity from perioperative aspiration 
varies with the type and volume of the aspirate. Large vol-
ume, particulate, or acidic aspirates tend to carry the high-
est risk. If surgery is deemed emergent, a rapid sequence 
induction of anesthesia or an awake intubation is indicated 
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with the knowledge that the patient is at increased risk for 
aspiration.

21.1.2  Secretion

Every day, approximately 7 l of fluid are secreted by the diges-
tive system. This fluid is composed of four primary compo-
nents: ions, digestive enzymes, mucus, and bile. About half of 
these fluids are secreted by the salivary glands, pancreas, and 
liver, which compose the accessory organs and glands of the 
digestive system. The rest of the fluid is secreted by the GI 
epithelial cells.

21.1.3  Ions

The largest component of secreted fluids is ions and water, 
which are first secreted and then reabsorbed along the tract. 
The ions secreted primarily consist of H+, K+, Cl−, HCO3

− 
and Na+. Water follows the movement of these ions. The GI 
tract accomplishes this ion pumping using a system of pro-
teins that are capable of active transport, facilitated diffusion, 
and open channel ion movement. The arrangement of these 
proteins on the apical and basolateral sides of the epithelium 
determines the net movement of ions and water in the tract. 
H+ and Cl− are secreted by the parietal cells into the lumen of 
the stomach creating acidic conditions with a low pH of 1. H+ 
is pumped into the stomach by exchanging it with K+. This 
process also requires ATP as a source of energy; however, Cl− 
then follows the positive charge in the H+ through an open 
apical channel protein.

HCO3
− secretion occurs to neutralize the acid secretions 

that make their way into the duodenum of the small intes-
tine. Most of the HCO3

− comes from pancreatic acinar cells 
in the form of NaHCO3 in an aqueous solution. This is the 
result of the high concentration of both HCO3

− and Na+ 
present in the duct, creating an osmotic gradient to which the 
water follows.

21.1.4  Digestive Enzymes

The second vital secretion of the GI tract is that of digestive 
enzymes that are secreted in the mouth, stomach and intes-
tines. Some of these enzymes are secreted by accessory diges-
tive organs, while others are secreted by the epithelial cells of 
the stomach and intestine. While some of these enzymes 
remain embedded in the wall of the GI tract, others are secreted 
in an inactive proenzyme form. When these proenzymes reach 
the lumen of the tract, a factor specific to a particular proen-
zyme will activate it. A prime example of this is pepsin, which 
is secreted in the stomach by chief cells. Pepsin in its secreted 
form is inactive (pepsinogen). However, once it reaches the 
gastric lumen it becomes activated into pepsin by the high H+ 
concentration, becoming an enzyme vital to digestion. The 

release of the enzymes is regulated by neural, hormonal, or 
paracrine signals. However, in general, parasympathetic stim-
ulation increases secretion of all digestive enzymes.

21.1.5  Mucus

Mucus is released in the stomach and intestine, and serves to 
lubricate and protect the inner mucosa of the tract. It is com-
posed of a specific family of glycoproteins termed mucins 
and is generally very viscous. Mucus is made by two types of 
specialized cells termed mucus cells in the stomach and gob-
let cells in the intestines. Signals for increased mucus release 
include parasympathetic innervations, immune system 
response and enteric nervous system messengers.

21.1.6  Bile

Bile is secreted into the duodenum of the small intestine via 
the common bile duct. It is produced in liver cells and stored 
in the gall bladder until release during a meal. Bile is formed 
of three elements: bile salts, bilirubin, and cholesterol. 
Bilirubin is a waste product of the breakdown of hemoglobin. 
The cholesterol present is secreted with the feces. The bile salt 
component is an active non-enzymatic substance that facili-
tates fat absorption by helping it to form an emulsion with 
water due to its amphoteric nature. These salts are formed in 
the hepatocytes from bile acids combined with an amino 
acid. Other compounds such as the waste products of drug 
degradation are also present in the bile.

21.1.7  Gastrointestinal Hormones

GI peptides are signal molecules that are released into the blood 
by the GI cells themselves. They act on a variety of tissues 
including the brain, digestive accessory organs, and the GI 
tract. The effects range from excitatory or inhibitory effects on 
motility and secretion to feelings of satiety or hunger when act-
ing on the brain. These hormones fall into three major catego-
ries: the gastrin and secretin families, with the third composed 
of all the other hormones unlike those in the other two families.

Gastrin is secreted by the g cells in the stomach and stim-
ulates acid secretion and stimulates gastric motility. 
Cholecystokinin is secreted by the endocrine cells of the 
small intestine. It stimulates gall bladder contraction and 
pancreatic bicarbonate and pancreatic enzyme secretion. 
Secretin is secreted by the endocrine S cells of the small intes-
tine. In response to luminal acid it stimulates pancreatic 
bicarbonate secretion and inhibits acid secretion. Gastric 
inhibitory peptide is secreted by the endocrine K cells of the 
small intestine in response to luminal glucose, fatty acids, 
and protein. It stimulates insulin production and inhibits 
acid secretion. Motilin is secreted by the endocrine M cells of 
the intestine and stimulates the migrating motor complex.

Gastrointestinal/Hepatic Physiology



376

21

21.2  Hepatic Physiology

21.2.1  The Normal Liver

 Basic Anatomy
The liver usually has four lobes. These are the left, right, cau-
date, and quadrate lobes. This anatomic distinction has little 
impact on surgical dissection. The liver can be divided into 8 
segments, each with its own blood supply and venous and 
biliary drainage. These are known as Couinaud segments and 
can facilitate relatively bloodless surgery. The functional 
microanatomy of the liver is a 6-sided lobule with branches 
of the hepatic artery, portal vein, and bile duct at the 6 points 
and a central venous channel for drainage into the caval sys-
tem. Sinusoids connect the outer blood supply to the inner 
channel. These are lined with hepatocytes and macrophages.

 Blood Supply
The liver receives approximately 25% of the cardiac output. It 
has a unique blood supply in that only 25% of the blood sup-
ply comes from the oxygen-rich hepatic artery. Roughly 75% 
of the blood supply comes from the relatively oxygen-poor 
portal venous system. This means that roughly 50% of the 
oxygen supply comes from arterial flow and 50% from venous 
flow. Thus the liver is equally oxygen-dependent on both 
arterial and venous inflow.

 Bile Flow
The biliary tract is derived from the branches of the bile 
ducts. The biliary tract, also known as the biliary tree, is the 
path by which bile is secreted by the liver then transported to 
the first part of the small intestine: the duodenum. The bile 
produced in the liver is collected in bile canaliculi—small 
grooves between the faces of adjacent hepatocytes. The cana-
liculi radiate to the edge of the liver lobule, where they merge 
to form bile ducts. Within the liver, these ducts are termed 
intrahepatic bile ducts, and once they exit the liver they are 
considered extrahepatic. The intrahepatic ducts eventually 
drain into the right and left hepatic ducts, which exit the liver 
at the transverse fissure, and merge to form the common 
hepatic duct. The cystic duct from the gallbladder joins with 
the common hepatic duct to form the common bile duct. 
Bile either drains directly into the duodenum via the com-
mon bile duct, or is temporarily stored in the gallbladder via 
the cystic duct. The common bile duct and the pancreatic 
duct enter the second part of the duodenum together at the 
hepatopancreatic ampulla, also known as the ampulla of 
Vater [3].

21.2.2  Basic Physiology

The liver is a gland and plays a major role in metabolism with 
numerous functions in the human body, including regulation 
of glycogen storage, decomposition of red blood cells, plasma 
protein synthesis, hormone production, and detoxification. It 

is also an intricate part of the immune system and intimately 
involved in blood coagulation. Conceptually, it is easy to 
think about hepatic physiology in two parts: One part being 
the synthetic function and the other being the metabolic 
function.

 Synthetic Function
Coagulation The liver synthesizes both pro-coagulant and 
anticoagulant factors including factors 1, 2, 5, 7, 8, 9, 10, and 11 
as well as protein C, protein S, and antithrombin. The liver also 
synthesizes thrombopoietin, which is the hormone that stimu-
lates the bone marrow to produce platelets. Thus the liver is 
important in maintaining the coagulation balance that natu-
rally exists within the vascular system.

Protein and Lipid Synthesis The liver plays multiple roles in 
lipid metabolism: it performs cholesterol synthesis, lipogenesis, 
the production of triglycerides, and a bulk of the body’s lipo-
proteins are synthesized in the liver. The liver also plays a role 
in digestion, as it produces and excretes bile required for emul-
sifying fats and help the absorption of vitamin K from the diet. 
Some of the bile drains directly into the duodenum, and some 
is stored in the gallbladder. The liver also produces insulin-like 
growth factor 1 (IGF-1), a polypeptide protein hormone that 
plays an important role in childhood growth and continues to 
have anabolic effects in adults.

 Metabolic Function
The liver performs several roles in carbohydrate metabolism: 
The liver synthesizes and stores approximately 100 g of glyco-
gen via glycogenesis—the formation of glycogen from glu-
cose. When needed, the liver releases glucose into the blood 
by performing glycogenolysis, the breakdown of glycogen 
into glucose. The liver is also responsible for gluconeogene-
sis, which is the synthesis of glucose from certain amino 
acids, lactate or glycerol. Adipose and liver cells produce 
glycerol by breakdown of fat, which the liver uses for gluco-
neogenesis.

The liver is responsible for the breakdown of insulin and 
other hormones. The liver breaks down bilirubin via gluc-
uronidation, facilitating its excretion into bile. The liver is 
responsible for the breakdown and excretion of many waste 
products. It plays a key role in breaking down or modifying 
toxic substances (eg, methylation) and drug metabolism. A 
key concept in drug metabolism is phase 1 and phase 2 bio-
transformation. Phase 1 is the oxidation, reduction, or deal-
kylization of substances to make them more polar. Phase 2 is 
attaching polar substances to the polar areas of phase 1 to 
make drugs even more polar. The more polar substances can 
then be excreted.

 Immunologic Function
The liver is the largest organ in the reticuloendothelial sys-
tem. It is lined with macrophages, which play a role in the 
immune system by clearing the blood of debris that gets 
translocated into the bloodstream from the gut.
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21.2.3  Physiology of the Diseased Liver

There are many causes of liver disease. Regardless of the eti-
ology, end stage liver disease results in cirrhosis with com-
mon manifestation. As the liver becomes fibrotic it begins to 
lose it capacity to synthesize and metabolize substances. 
Blood flow through the liver is slowed and portal hyperten-
sion develops. This leads to ascites as the hydrostatic pressure 
into the postal system increases. As the blood supply attempts 
to find alternate routes around the fibrotic liver, varices 
develop throughout the body.

 Synthetic Function
As synthetic function is impaired, coagulopathy develops as 
there is a decrease in the synthesis of clotting factors. 
Thrombocytopenia results from a decrease in the synthesis of 
thrombopoietin. Since anticoagulant factors are also 
decreased, a balance may be seen in these patients. Common 
coagulation tests, such as the pro-thrombin time, may be 
increased, which is suggestive of coagulopathy, but the 
patient may be asymptomatic. Perhaps clotting studies, such 
as thromboelastography, may be more predictive of coagu-
lopathy and bleeding than traditional methods. Care must be 
taken with these patients to avoid both coagulopathy and a 
hypercoagulable state as they are iatrogenically easily tipped 
into either state [2].

 Drug Metabolism
Obviously drugs that are highly metabolized by the liver 
will have a prolongation of their duration of action. Drugs 
that are metabolized by psuedocholinesterase will have a 
prolonged duration of actions secondary to the decrease in 
psuedocholinesterase production by the diseased liver. 
Volatile anesthetic agents are minimally metabolized in 
the liver. . Table 21.1 lists common anesthetic drugs and 
the effect of decreased metabolism on their duration of 
action.

Water-soluble drugs, such as rocuronium, will be distrib-
uted into a larger volume of distribution because of the 
volume- overloaded nature of many liver disease patients. 
This accounts for the need for a larger initial dose to obtain 
the desired clinical effect despite the prolonged duration of 
action.

Ester local anesthetics are metabolized by psuedocho-
linesterase and may have a prolonged duration of action. 
Amide local anesthetics are metabolized by the liver so they 
may also have a prolonged duration of action. With either 
class, care should be taken to avoid toxicity and large vol-
ume blocks probably should be approached with caution or 
avoided.

21.3  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Bile helps emulsify what substance in the GI tract?

 A. Fat
 B. Protein
 C. Sugars
 D. Complex carbohydrates

 2. Gastrin is secreted by which cells in the GI tract?
 A. K cells
 B. G cells
 C. S cells
 D. P cells

 3. Thrombocytopenia occurs in liver disease as a result 
of which of the following?
 A. Overall anemia of chronic disease
 B. Decreased overall protein synthesis
 C. Decrease in thrombopoietin production
 D. Peripheral thrombosis

 4. Which of the following is metabolized by the liver?
 A. Ester local anesthetics
 B. Amide local anesthetics

 5. True or False. Succinylcholine has a prolonged 
duration of action in liver disease?
 A. True
 B. False

 6. True or False. Patients with liver disease may need a 
larger induction dose of rocuronium?
 A. True
 B. False

 7. Which of the following clotting factors is not 
synthesized by the liver?
 A. Factor 2
 B. Factor 7
 C. Factor 8
 D. Von Willebrand Factor

 8. The liver receives roughly how much blood supply 
from the hepatic artery and portal vein respectively?
 A. 25% and 75%
 B. 50% and 50%
 C. 75% and 25%

       . Table 21.1 Common anesthetic drugs and the effect of 
decreased metabolism on their duration of action

Anesthetic Effect of decreased metabolism on 
duration of action

Propofol No effect

Etomidate No effect

Morphine Prolonged

Succinylcholine Prolonged

Fentanyl No effect

Midazolam Prolonged

Vecuronium Prolonged

Rocuronium Prolonged
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 9. The liver receives roughly how much oxygen supply 
from the hepatic artery and portal vein respectively?
 A. 25% and 75%
 B. 50% and 50%
 C. 75% and 25%

 10. True or False. Morphine has a prolonged duration of 
action in a patient with liver disease?
 A. True
 B. False

 v Answers
 1. A. Bile is secreted into the GI tract to emulsify fat.
 2. B. Gastrin is secreted by the G cells in the stomach.
 3. C. Thrombopoietin, which is produced by the liver, is 

decreased in liver disease.
 4. B. Amide local anesthetics are metabolized by the liver. 

Ester local anesthetics are metabolized by pseudocho-
linesterase. Both are prolonged in liver disease.

 5. A. True. Succinylcholine is metabolized by 
pseudocholinesterase which is produced by the liver.

 6. A. True. Water-soluble drugs such as rocuronium will 
be diluted into a larger volume of distribution due 
the volume-overloaded nature of many of these 
patients. It is partially metabolized by the liver so 
subsequent dosing requirements may be less.

 7. D. All of the above except Von Willebrand Factor are 
synthesized by the liver. Von Willebrand Factor in 
synthesized by the vascular endothelium.

 8. A. The hepatic artery supply 25% of the blood 
supply. The portal vein supplies 75% of the blood 
supply.

 9. B. Because arterial blood is significantly more 
oxygenated even though arterial blood supply is 
smaller in quantity, oxygen supply is roughly 50% 
from the artery and 50% from the portal vein.

 10. A. True. Morphine is metabolized by the liver and 
thus has a prolonged duration of action in liver 
disease.

References

 1. Barash PG, Cullen BF, Stoelting RK, editors. Clinical anesthesia. 5th 
ed. Philadelphia: Lippincott Williams Wilkins; 2005. p. 1393–5.

 2. Bowen RA. Pathophysiology of the digestive system. July 5, 2006. 
http://www. freetextbooklist.  com/pathophysiology-of-the- 
digestive-system/. Accessed 15 Jan 2017.

 3. Silverthorn DU. Human physiology: an integrated approach. 4th ed. 
Upper Saddle River: Benjamin Cummings; 2006.

 A. Keebler

http://www.freetextbooklist.com/pathophysiology-of-the-digestive-system
http://www.freetextbooklist.com/pathophysiology-of-the-digestive-system


© Springer International Publishing AG 2018
E. Farag et al. (eds.), Basic Sciences in Anesthesia, https://doi.org/10.1007/978-3-319-62067-1_22

379

Renal Physiology
Reem Khatib

22.1  Anatomy, Blood Flow, Glomerular Filtration, Tubular 
Reabsorption and Secretion – 381

22.1.1  Renal Anatomy and Blood Flow – 381
22.1.2  The Glomerulus – 382
22.1.3  Proximal Tubule – 383
22.1.4  Thin Limbs of the Loop of Henle – 386
22.1.5  Thick Ascending Limb of Loop of Henle – 387
22.1.6  Distal Convoluted Tubule – 389
22.1.7  Collecting Ducts – 391

22.2  Integrated Processes in the Nephron – 392
22.2.1  Water Homeostasis – 393
22.2.2  Acid-Base Homeostasis – 393

22.3  Renal Function Tests – 398
22.3.1  Exogenous Markers of Renal Function – 398
22.3.2  Endogenous Markers of Renal Function – 399

22.4  Acute Kidney Injury and the Role of Emerging 
Biomarkers – 400

22.5  Renal Drug Excretion – 400

22.6  Questions and Answers – 401

 References – 403

22



380

22

Key Points
 1. The kidney has wide array of responsibilities that 

range from regulation of fluid volume and osmo-
larity, management of electrolytes, elimination of 
endogenous and exogenous toxins, metabolic func-
tions (for example, the production of hormones), and 
acid base balance.

 2. The nephron is the functional unit of the kidney that 
is responsible for filtration, reabsorption, and secre-
tion of compounds that the body must manage in 
order to maintain homeostasis.

 3. The kidney receives approximately 20–25% of cardiac 
output.

 4. The nephron is the functional unit of the kidney.
 5. The glomerulus is responsible for filtration. The spe-

cialized filter allows water to flow freely through, but 
acts as a barrier for particles based on both size and 
charge. Within the glomerulus, the amount of filtered 
fluid will depend on the counterbalancing forces of 
hydrostatic pressure and oncotic pressure.

 6. Once the fluid filtered by the glomerulus exits Bow-
man’s capsule it enters the proximal tubule, which is 
the major site of reabsorption. Through this process 
of reabsorption the proximal tubule regulates the 
extracellular fluid volume of the body, reclaims 
important electrolytes and nutrients, and regulates 
acid base balance.

 7. The region from the corticomedullary junction to the 
papilla is characterized by an increasing osmolarity 
gradient that plays a critical role in the ability of the 
body to produce concentrated urine.

 8. Water makes up approximately 50–60% of total body 
weight. The allocation of water within the body is 
divided into 2 basic compartments: intracellular 
and extracellular. Two-thirds of total body water is 
located in the intracellular compartment with the 
remaining one-third located in the extracellular 
space. The extracellular space is further divided into 
the intravascular space containing 25% of extracel-
lular fluid and the interstitial space comprised of the 
remaining 75% of fluid. Thus, regulation of the body’s 
fluid status is largely accomplished through its ability 
to manipulate serum sodium.

 9. The bicarbonate/carbon dioxide buffer system is the 
most important buffering system in the body. The 
contribution that the kidney makes in regulating acid 
base balance is accomplished through its handling 
of bicarbonate. The kidney has a variety of tools that 
it can employ in order to compensate for different 
acid-base disturbances. As with any compensatory 
response, the effects are not able to completely cor-
rect for the original acid-base disturbance and take 
some time to fully develop.

 10. The glomerular filtration rate (GFR) represents the 
cumulative functioning of all of the nephrons in the 

kidney and serves as an indicator of global renal 
function. This value represents the amount of plasma 
that is filtered through all the glomeruli per unit of 
time. A normal value for GFR ranges from 120 to 
130 mL/min/1.73m2. This value will vary from person 
to person depending on factors such as age, sex, and 
race. GFR cannot be measured directly. Instead we 
must rely on surrogates that act as representative 
markers of filtration. These markers can either be pro-
duced endogenously by the body or be introduced 
exogenously. Although we use GFR as a measure of 
renal function, the degree of injury to nephrons does 
not translate to a proportional decrement in the GFR.

 11. Inulin clearance remains the gold standard for deter-
mination of GFR. The convenience associated with 
the use of serum creatinine has led to its widespread 
use as an indicator of renal function. Creatinine is a 
product of skeletal muscle breakdown and is freely 
filtered by the kidney without being reabsorbed. Its 
serum levels correlate inversely with GFR. However, 
creatinine undergoes secretion by the proximal 
tubule in varying amounts depending on body con-
ditions. It is not an ideal renal biomarker to assess 
glomerular filtration rates.

 12. Creatinine clearance is not usually calculated based 
on plasma and urinary creatinine levels in clinical 
practice. Instead, an estimated GFR (eGFR) is calcu-
lated with equations that incorporate laboratory 
results with demographic data.

 13. Cystatin C is a compound that is generated by nucle-
ated cells and released into the blood. Because serum 
levels vary inversely with GFR like creatinine, it can be 
used to estimate GFR. While cystatin C levels are not 
impacted by factors such as diet and muscle mass in 
the manner serum creatinine levels are, they can be 
affected by conditions affecting cell turnover rate such 
as high doses of steroids and thyroid dysfunction.

 14. The difficulties inherent in determining global renal 
function make it challenging to identify when the 
kidney has sustained an injury or is under stress. The 
current consensus definition for acute kidney injury 
has been described by the Kidney Disease Improving 
Global Outcomes (KDIGO) group. The classification 
system according to the KDIGO criteria describes 3 
stages of acute renal injury. These stages are gener-
ally differentiated from one another based on 2 
variables: increases in serum creatinine and changes 
in urine output.

 15. Excretion of drugs is managed by both the glomeru-
lus and the proximal tubule. The glomerulus filters 
cations and smaller molecules. The proximal tubule 
manages those compounds that are either too large 
or protein bound to be effectively filtered by the 
glomerulus. Multi-specific drug transporters then 
import the compounds into the peritubular cell. 
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Once the compounds have been imported into the 
cell they are shuttled across into the tubular lumen. 
Variability in the clinical effects of drugs in different 
individuals may be partially explained by different 
variations or polymorphisms of these transporter 
proteins. Changes in the makeup of these proteins 
may lead to differences in rates of transport, which 
may affect drug efficacy and or toxicity.

22.1  Anatomy, Blood Flow, Glomerular 
Filtration, Tubular Reabsorption 
and Secretion

22.1.1  Renal Anatomy and Blood Flow

Before we drill down into events occurring at the cellular 
level, a quick review of the basic make up and architecture 
of the kidney is needed [1]. The kidneys live in the retroperi-
toneal space at the level between the T12-L2 vertebrae and 
are surrounded by Gerota’s fascia. Because of its proximity 
to the liver, the position of the right kidney is more caudal 
than that of the left kidney. Below Gerota’s fascial plane lies 
a peritoneal fat pad. The organ itself is surrounded by the 
renal capsule, which is composed of fibrous connective tis-
sue. Three main areas comprise the kidney: the outer renal 
cortex, renal medulla, and renal pelvis. The nephron is the 

functional unit of the kidney that is responsible for filtration, 
reabsorption, and secretion of compounds that the body 
must manage in order to maintain homeostasis. Each kidney 
contains roughly 1 million nephrons. The component parts 
of the nephron include the glomerulus, the proximal tubule, 
loop of Henle (comprised of thin and thick limbs), the distal 
tubule, the connecting tubule, and finally the collecting ducts 
(. Fig. 22.1) [2]. We will discuss the specific functions and 
characteristics of these areas subsequently. The renal cortex 
is the region that contains the glomeruli. Most glomeruli 
are located along the outer renal cortex and thus referred to 
as cortical nephrons. Juxtamedullary nephrons are located 
further inside the kidney in the area adjacent to the renal 
medulla. The differences between these 2 nephron types are 
not limited to their placement in the renal cortex but also 
includes modifications in the structure of the loop of Henle. 
Cortical nephrons have a short descending limb and the thick 
ascending limb begins shortly after the hairpin turn. The 
entire nephron remains mainly located in the renal cortex. In 
contrast, juxtamedullary nephrons have long descending and 
ascending limbs and dive deeper into the renal medulla. The 
thick ascending limb of these longer loops begin at the bor-
der of the inner and outer medulla. The renal medulla looks 
like an area organized into little pyramids. These pyramids 
are composed of the tubules draining urine into the renal 
pelvis. The renal pelvis then empties into the ureter.

The kidney receives approximately 20–25% of cardiac 
output. Blood enters the kidney from the aorta via the renal 
arteries, which divide into interlobar arteries. Each of these 

Cortex

Medulla

Glomerulus

Proximal convoluted
tubule

Proximal straight tubule 

Descending thin limb

Ascending thin limb 

Thick ascending limb

Macula densa 

Distal convoluted
tubule
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Outer
MCD 

Inner MCD 

Glomerulus

Descending thin limb

       . Fig. 22.1 Schematic of neph-
ron. CCD cortical collecting duct, 
MCD medullary collecting duct 
(Adapted from [2])
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interlobar arteries travels through areas in which the renal 
cortex invaginate into the medulla between the medullary 
pyramids. Each interlobar artery is further divided into arcu-
ate arteries, which travel parallel to the base of the renal pyra-
mids at the junction of the renal cortex and medulla. Again, 
further division occurs into interlobular arteries that keep 
dividing until they become an afferent arteriole supplying a 
single nephron, which begins with the specialized capillary 
bed of the glomerulus. Blood exits the glomerulus via an 
efferent arteriole, before entering the peritubular capillary 
system. Drainage of the peritubular capillary system occurs 
via a small venue with venous drainage flowing back along a 
parallel path to the arterial system before finally emptying 
into a single renal vein and the vena cava. Of note the left 
renal vein is longer than the right renal vein. This anatomical 
difference does have clinical implications. For example, 
donor nephrectomies can be done laparoscopically if the left 
kidney is being harvested because of this difference, whereas 
an open procedure must be performed for right donor 
nephrectomy.

22.1.2  The Glomerulus

Filtration begins in the glomerular capillary bed. This spe-
cialized capillary bed resides in a space called Bowman’s cap-
sule. The glomerular filter itself is made of 3 component 
parts: the endothelial cells of the glomerular capillary, the 
glomerular basement membrane, and specialized cells called 
podocytes or visceral epithelial cells (. Fig. 22.2) [3, 4]. The 
endothelial cells are different from those in other capillary 
beds in the body. They have fenestrations of roughly 
70–100 nm in diameter that serve as a “size” filter. The glo-
merular basement membrane is a extracellular matrix of pro-
teins created by fusion of the endothelial cell and podocyte 
basement membranes.

Podocytes provide support to the glomerular capillary 
complex and also form another slit type of filtration barrier 
by weaving together the little foot-like processes that extend 
from one cell to another. These foot-like processes support 
the glomerular capillary by wrapping around them and 
weave together with the foot processes of adjacent podocytes. 
The areas between the adjacent “feet” form the slit filtration 
barrier that makes up the third component of the overall glo-
merular filtration barrier. Healthy podocytes are very impor-
tant for normal functioning of the glomerulus. Unfortunately, 
they have a limited ability to repair or regenerate themselves.

The glomerular barrier allows water to flow through 
freely, but acts as a barrier for particles based on both size 
and charge. Flow of albumin and anionic particles is restricted 
while small neutral particles and cations traverse the barrier 
freely.

Mesangial cells are another important cell type located in 
Bowman’s capsule (. Fig. 22.3) [4, 5]. These cells play a num-
ber of important roles in the glomerular apparatus. One of 
the primary roles they serve is in providing a support struc-
ture for the glomerular capillary network. They form a cen-
tral tuft within the glomerulus and secrete different types of 
collagen, fibronectin, and other compounds that form a 
mesangial extracellular matrix. Mesangial cells help to sup-
port the structure of the glomerular loops and help to pro-
vide protection from high hydrostatic pressures. The 
mesangial cells have contractile properties that aid them in 
this task. Although the major regulation of blood flow to the 
 glomerulus occurs as a result of changes in the efferent and 
afferent arterioles, the mesangial cells are thought to have the 
ability to fine tune intraglomerular blood flow. The extracel-
lular matrix produced by glomerular cells also have impor-
tant immunologic and homeostatic functions. Production of 
free radicals, cytokines, and chemokines all occur when these 
cells become activated. Mesangial cells appear to “talk” with 
podocytes and endothelial cells through mechanisms that are 

       . Fig. 22.2 Cross section of 
glomerulus (Adapted from [3])
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still being investigated [6]. These interactions prove to be 
important during disease processes as dysfunction in one cell 
type can result in alterations in the others.

Two classic glomerular diseases that are associated with 
mesangial cell function are immunoglobulin A (IgA) 
nephropathy and diabetic nephropathy. In IgA nephropathy, 
mesangial cells are injured by the deposition of IgA, which 
results in mesangial cell proliferation and increased produc-
tion of the mesangial matrix components through the work 
of cytokines and growth factors. In turn this activation 
appears to result in changes in podocyte function leading to 
protienuria. Patients who develop diabetic nephropathy 
demonstrate pathologic changes in mesangial cells as well, as 
demonstrated by expansion of the mesangial matrix, mesan-
gial cell hypertrophy and proliferation, and the development 
of inflammation. These changes contribute to the global renal 
dysfunction seen in this condition.

What determines the rate of flow through the glomeru-
lus? Within the glomerulus, the amount of filtered fluid will 
depend on the counterbalancing forces of hydrostatic pres-
sure and oncotic pressure. Thus at the beginning of the glo-
merular capillary, the hydraulic force of fluid will overcome 
the oncotic pressures working to keep fluid within the capil-
lary bed. As fluid exits the capillary, protein concentration 
and thus oncotic pressure will increase until the two forces 
balance and no further net filtration of fluid occurs. Another 

factor affecting flow is represented by ultrafiltration coeffi-
cient, Kf. This value represents factors such as the surface area 
available for filtration, and the “leakiness” of the capillary 
filter. One final component affecting the glomerular filtration 
rate (GFR) will depend on the rate of flow of fluid through 
the glomerular capillaries. When fluid is flowing slowly 
through the glomerulus, the point of equilibrium between 
the hydrostatic forces driving fluid out into Bowman’s cap-
sule and the oncotic pressure created by plasma proteins may 
occur earlier along the capillary path. Thus, for the remaining 
portion of the capillary bed left to traverse, no net filtration 
occurs. When fluid travels more quickly it takes more time 
for this point of equilibrium to occur. Thus, although there 
may be less net filtration at one single point, the longer path 
and thus greater time that filtration occurs leads to a net 
increase in the amount of filtered fluid. Differing resistances 
in the afferent and efferent arterioles modulate this rate of 
flow depending on hormonal factors, drugs, and other vaso-
active substances.

22.1.3  Proximal Tubule

Once the fluid filtered by the glomerulus exits Bowman’s 
capsule it enters the proximal tubule, which is the major site 
of reabsorption. Through this process of reabsorption the 

       . Fig. 22.3 a Cross section of 
glomerulus illustrating relation-
ship between mesangial cells, 
podocytes, and endothelial cells. 
b Representation of the 3-part 
filtration barrier comprised of the 
podocytes, glomerular basement 
membrane (GBM), and endothe-
lial cells (Adapted from [5])
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proximal tubule regulates the extracellular fluid volume of 
the body, reclaims important electrolytes and nutrients, and 
regulates acid base balance [7]. These proximal tubule cells 
can be thought of as bulk processing centers. They reabsorb 
the majority of the substances that were filtered, with the fine 
tuning of many processes accomplished further downstream 
of this component of the nephron.

To understand the manner in which proximal tubule 
cells accomplish all of the aforementioned tasks, we must 
first understand the general makeup of the tubular cells in 
the nephron. Each cell type, whether they be in the proximal 
tubule or in the collecting duct, is oriented with two inter-
faces: one to the tubular fluid, and the other with blood from 
peritubular capillaries. The membrane lying at the interface 
with the tubular fluid is referred to as the apical membrane, 
while the basolateral membrane refers to the blood-cell inter-
face. Many cellular processes in the nephron are powered by 
a protein transporter complex known as the Na+-K+-ATPase 
either directly or indirectly. The Na+-K+-ATPase uses the 
energy achieved from ATP hydrolysis to transport three 
molecules of sodium out of the cell while moving two mol-
ecules of potassium into the cell’s interior. This mechanism 
is referred to as “active transport.” In most cells along the 
nephron this process occurs along the basolateral membrane. 
The net effect of this process results in the establishment of a 
concentration gradient such that the interior of the cell has a 
lower sodium concentration and higher potassium concentra-
tion compared to the exterior. The combination of the ratio of 
three positive cations removed from the cell for the only two 
imported, as well as subsequent conductance of potassium 
back out of the cell, results in the establishment of a negative 
intracellular voltage. The energy potential created by this con-
centration gradient and voltage difference is then leveraged to 
transport many solutes. Examples of the use of this strategy 
recur repeatedly along subsequent areas in the nephron. In 
the following sections, we will discuss the individual mecha-
nisms the proximal tubule is thought to use to accomplish the 
reabsorption of NaCl, water, bicarbonate, amino acids, phos-
phates and important metabolites. The proximal tubule is also 
involved in the excretion of drugs and endogenous toxins, but 
this will be addressed in the section on renal drug excretion.

 NaCl, Water, and Glucose Reabsorption
The electrochemical gradient, with the low intracellular Na+ 
levels and negative intracellular lumen, powers the transport 
of both sodium chloride and water into the cell at the apical 
membrane. This is accomplished by multiple different 
exchangers as there is no transporter protein that reabsorbs 
NaCl as a single unit. Instead import of Na+ is tied to organic 
compounds such as glucose, H+, and sulfates. In a sense, Na+ 
“catches a ride” with whatever transporter protein that can 
accommodate it. Chloride anion transport occurs through 
transporters tied to organic bases and other anions at the api-
cal boarder and via a variety of transporters at the basolateral 
membrane. Also a significant amount of chloride is reabsorbed 
via the paracellular pathway. In this route, chloride rides down 
the concentration gradient in passive transport between the 

proximal tubule cells. The net effect of all these processes 
results in the reabsorption of 60–70% of the filtered NaCl and 
water as well as reabsorption of >99% of filtered glucose by the 
time the end of the proximal tubule is reached [7, 8]. Because 
water and solutes are reabsorbed together, the reabsorption 
occurring in the proximal tubule is generally isotonic in nature.

 Regulation of the HCO3
− Buffer

Bicarbonate represents one of the most important buffers in 
the human body. Variation in the levels of bicarbonate con-
tribute to the maintenance of the acid base status, which 
needs to be regulated within a very precise range. The proxi-
mal tubule plays a major role in the regulation of bicarbon-
ate, reclaiming 70–90% of filtered bicarbonate. Surprisingly, 
this is not accomplished by simply transporting sodium 
bicarbonate from the tubular lumen across the apical mem-
brane. Instead, the proximal tubule secretes hydrogen ion 
into the tubular lumen through the work of NHE3, a protein 
that functions as an electroneutral Na+/H+ exchanger. 
Hydrogen ion is moved into the tubular lumen as the Na+ is 
transported into the cell (. Fig. 22.4).

This hydrogen anion can then follow 1 of 2 basic paths: 
(1) titrate another substrate that acts as an acid carrier that is 
ultimately excreted in the urine, or (2) undergo transforma-
tion into a form that leads to the reclamation and regenera-
tion of bicarbonate. Together these 2 processes are referred to 
as “renal acidification” [7].

NHE3 (the Na+/H+ exchanger protein) not only secretes 
H+ but also secretes the acid NH4

+ directly into the tubular 
lumen. The path of renal acidification through titration of 
carriers that reside in the tubular lumen, mentioned previ-
ously, include compounds such as ammonium and the diva-
lent form of hydrogen phosphate. When ammonium 
combines with the hydrogen ion, NH4

+ is generated in the 
tubular lumen:

NH H NH3 4+ →+ +

When hydrogen ion titrates phosphate to its monovalent 
form it functions as an acid that is secreted in the urine, 
much like the ammonium cation.

HPO H H PO4
2

2 4
− + −+ →

Na+ flows into
cell from

tubular lumen

NHE3
transporter

protein in cell
wall

H+ flows out of
cell into

tubular lumen
as H+ or NH4+

       . Fig. 22.4 Regulation of the HCO3
− buffer
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The second path of bicarbonate reabsorption can be accom-
plished a couple of different ways as well. The enzyme car-
bonic anhydrase catalyzes the combination of bicarbonate 
and hydrogen ion to form carbon dioxide, a substance that 
can easily diffuse across the apical cell membrane:

HCO H H O COCarbonic Anhydrase
3 2 2
− ++ → +

Once inside the cell, carbonic anhydrase regenerates both the 
hydrogen ion and bicarbonate. A transporter protein on the 
basolateral membrane called NBC1 then transports the 
bicarbonate into the peritubular capillary along with Na+, 
thus reclaiming bicarbonate.

Alternatively, the secreted hydrogen ion can combine 
with citrate. The change in charge of citrate after its combina-
tion with hydrogen makes it compatible with a protein 
cotransporter called NaDC-1 (Na+ decarboxylate cotrans-

porter) that imports the citrate along with Na+ ion into the 
cell. Citrate is then ultimately metabolized in the proximal 
tubule cell (in 1 of 2 manners) both resulting in the net gen-
eration of bicarbonate, which again can be transported across 
the basolateral membrane by NBC1. Thus, in summary, the 
hydrogen ion that was initially transported out of the proxi-
mal tubule cell combines with citrate allowing it to be trans-
ported from the tubular lumen into and across the proximal 
tubular cell where it is ultimately reabsorbed into the blood. 
. Figure 22.5 portrays a nice summarization of these path-
ways and the transporter proteins involved [7].

 Transport of Amino Acids
The majority of amino acids filtered by the glomerulus are 
neutrally charged, and easily reabsorbed by a specific trans-
porter protein at the apical membrane. Separate transporters 
exist for acidic and basic amino acids. One important amino 
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       . Fig. 22.5 Illustration of proximal tubule management of filtered 
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generated intracellularly from NH3 and H+. Once hydrogen ion is secreted 
into the lumen it may be either recycled to participate again in the reab-
sorption of bicarbonate; may convert citrate to its bivalent form, which 
is transported into the cell; or may be used to titrate urinary acids, which 
are excreted. The degree to which the proximal tubule can reabsorb bicar-
bonate and acidify urine can be either unregulated or down regulated as 
illustrated in b and c, respectively. Sub - substrate (Adapted from [7])
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acid to be familiar with is glutamine due to the role it plays in 
the renal response to metabolic acidosis [7]. Under normal 
physiologic conditions only a small amount of glutamine 
undergoes uptake (approximately 20%) and metabolism 
(<3%). However, this picture rapidly changes under the acute 
onset of metabolic acidosis. During the onset of acute meta-
bolic acidosis, the amount of glutamine that the kidneys are 
exposed to increases as a result of release from muscle tissue. 
The proximal tubule cell reabsorbs a greater amount of gluta-
mine (roughly 35%) from the tubular lumen and also takes 
up glutamine from the peritubular capillary blood. This glu-
tamine is then metabolized to generate greater amounts of 
ammonium cations (which are excreted in the urine), glu-
cose, and bicarbonate (which undergoes reabsorption) 
(. Fig.  22.6) [7]. When metabolic acidosis becomes more 
chronic, the circulating levels of glutamine drop back to a 
level that is 70% of normal. However, the percentage of gluta-
mine extracted remains elevated due to continued extraction 
from both membranes, a process which is facilitated through 
the increased expression of certain transporter proteins. The 
enzymes involved in glutamine metabolism have an increased 
expression resulting in an higher capacity for ammonium 
cation and bicarbonate production. The expression of pro-
teins such as NHE3 (Na+/H+ exchanger protein) and NBC1 
(protein that moves bicarbonate across the basolateral mem-
brane of the cell) is increased as well, augmenting the acidifi-
cation of urine and reabsorption of bicarbonate.

 Phosphate
The renal component of phosphate balance is managed 
almost exclusively by the proximal tubule [7, 9]. Again the 
electrochemical gradient established by the Na+-K+-ATPase 
serves as the driving force for the apical reabsorption of 
phosphate via three separate transporters. The mechanism by 
which phosphate exits the basolateral membrane and is reab-
sorbed into the blood is not well understood. The amount of 
phosphate reabsorbed versus lost in the urine will depend on 
dietary intake as well as the input of signaling factors from 
parathyroid hormone, dopamine, fibroblast growth factor 23, 
and a transmembrane protein called klotho.

22.1.4  Thin Limbs of the Loop of Henle

Once it exits the proximal tubule, the path of tubular fluid 
traverses through the descending limb of the loop of Henle 
(LoH) down into the renal medulla. After traveling through 
a hairpin curve, it then ascends back up until it reaches the 
thick ascending limb (TAL) of the loop of Henle. The region 
from the corticomedullary junction to the papilla is char-
acterized by an increasing osmolarity gradient that plays a 
critical role in the ability of the body to produce concentrated 
urine. In fact the osmolarity from the outer renal cortex to 
the inner renal medulla from values of 300  mOsm to as 
high as 2700 mOsms. The mechanism by which gradient is 
established and maintained is not entirely understood, and 
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older models put forth have not accommodated data mea-
sured in experimental models. Thus, the understanding of 
this process continues to evolve [10].

The best current understanding of how the kidney estab-
lishes the osmolar gradient begins with an acknowledgement 
of the special characteristic of the descending and ascending 
thin loops themselves (. Fig. 22.7) [10]. The first important 
characteristic relates to water permeability [2]. Contrary to 
prior models, it has been demonstrated that the descending 
thin limbs (DTLs) of short looped nephrons fail to express 
the transmembrane protein aquaporin-1 (AQP1). AQP1, 
aquaporin, is a water channel that makes the tubule water 
permeable. For long-looped nephrons, the descending thin 
limbs only express AQP1 in the initial 40% of their length. 
Thus, most of the descending thin limbs are actually imper-
meable to water. Ascending thin limbs (ATLs) are water 
impermeable as well. While these segments have long 
stretches of impermeability to water, they do have a high 
degree of permeability to sodium chloride beginning from 
just before the hairpin bend and continuing on through the 
ascending thin limb. Finally, both the descending and 
ascending loops of Henle have a high permeability to urea 
along their entire lengths.

As tubular fluid flows down the descending thin limb, 
water exits the DTL lumen until it reaches the area in which 
AQP1 expression ceases, at which point water egress ceases. 
As the DTL dives into the renal medulla, the osmolarity of 
the tissue surrounding it increases due to increases in inter-
stitial urea concentration. Thus, urea diffuses down its con-
centration gradient from its high concentration into the 
tubular fluid. As the bend of the LoH is approached, NaCl 
passively exits the cell, but due to the lack of water permea-
bility there is no concurrent egress of water. At the bend of 

the LoH, the tubular fluid is surrounded by the highest 
osmolar gradients it will see until it again descends back 
through the inner medulla via the collecting ducts. As the 
fluid exits the bend and rises back up toward the renal cor-
tex, the concentration of urea begins to decrease the closer 
the fluid travels to the cortex. Urea will continue to travel 
down its concentration gradient. Thus, in the areas of the 
ascending limb that are deep, urea will diffuse into the tubule. 
However, at some point the fluid in the tubule will have a 
urea concentration that is greater than the surrounding 
intersitium, resulting in its diffusion back out into the inter-
stitium. This process is referred to as “counter current multi-
pication” [10].

22.1.5  Thick Ascending Limb of  
Loop of Henle

The mechanism described previously depends on a high 
osmolar gradient with a high concentration of urea and low 
concentration of NaCl in the inner medulla. How does this 
gradient become established and maintained? In order to 
understand this process we must continue on to understand 
the workings of the thick ascending limb (TAL) and collect-
ing ducts (CD) (. Fig. 22.8) [2]. The TAL is impermeable to 
water and travels back up to the renal cortex where the cells 
of the macula densa abut the afferent and efferent arterioles 
of the glomerulus. The macula densa represents specialized 
cells in the TAL that play a role in tubuloglomerular feed-
back. While movement of NaCl occurs in a passive fashion in 
the thin limbs, it is actively transported out of the lumen in 
the TAL. The net result is an increasingly dilute luminal fluid 
that contributes to counter current multiplication.
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       . Fig. 22.7 Thin limb of loop of 
Henle. This figure demonstrates 
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for the ability to concentrate 
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sorbed (Adapted from [10])

Renal Physiology



388

22

Transport of NaCl is mediated by the protein complex 
NKCC2 at the apical membrane [2]. NKCC2 cotransports 
Na+, K+, and 2Cl− to the intracellular space. This transport 
protein is of clinical importance because it is extremely sensi-
tive to furosemide. Furosemide inhibits the transport of Cl− 
across the cell and appears to have effects on the cells of the 
macula densa, which also contains NKCC2. In the macula 
densa, Lasix (furosemide) functions to inhibit tubuloglo-
merular feedback and suppress renin released by chloride in 
the tubular lumen.

Potassium plays a very important role in the TAL [2]. Its 
presence is necessary for the NKCC2 (furosemide sensitive, 
electroneutral Na+-K+-2Cl− cotransporter) transporter to 
function. Since there is very little potassium in the tubular 
fluid at this point, in order for continued active transport of 

NaCl to occur, then the potassium must be recycled back 
across the apical lumen so that it may be reused. Renal outer 
medullary potassium channel (ROMK) and maxi-K (also 
known as BK or “big” K) potassium channels at the mem-
brane fulfill this task. The majority of the potassium trans-
ported across the apical membrane is recycled back into the 
tubular lumen, whereas the NaCl is transported across the 
basolateral cell membrane courtesy of the Na+-K+-ATPase 
and chloride channels. Thus, the active transport of NaCl in 
the TAL represents an example of secondary active transport. 
This process of NaCl reabsorption and K+ recycling creates a 
positive potential difference in the tubular lumen.

Other functions of the TAL include reabsorption of 
more cations via the paracellular pathway [2]. This includes 
additional sodium, roughly 55% of filtered magnesium, and 
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around 20% of filtered calcium. Part of the impetus for this 
movement is found in the positive-lumen potential differ-
ence established by furosemide-sensitive, electroneutral 
Na+-K+-2Cl− cotransporter (NKCC2), and is aided by chan-
nels in the tight junctions between cells that have an affinity 
for cations.

Additionally, the TAL contributes to maintenance of 
acid-base balance through the reabsorption of approxi-
mately 15% of filtered bicarbonate [2]. The mechanism by 
which this is accomplished involves electroneutral Na+/
H+ exchanger (NHE3) as described earlier in the proximal 
tubule. The TAL also is important in the body’s management 
of ammonia. When the ammonia produced by the proximal 
tubule reaches the TAL, a large percentage of it is reabsorbed 
back into the systemic circulation. This reabsorbed ammo-
nium anion is transported to the liver where it undergoes 
metabolism to form urea. The reabsorption of ammonium 
anion is carried out mechanistically by apical transport of 
ammonium anion from furosemide-sensitive, electroneutral 
Na+-K+-2Cl− cotransporter NKCC2 (although NH4

+ appears 
to be able to be transported by any transporter protein that 
handles K+) and another protein transporter at the basolat-
eral membrane called NHE4 (another electroneutral Na+/H+ 
exchanger). The capacity of the TAL to reabsorb ammonium 
anion increases under conditions of acidosis. Interestingly, 
NH4

+ can be reabsorbed via the paracellular pathway as well. 
Ultimately, the transport of ammonium anion by the TAL 
establishes another gradient contributing to counter current 
multiplication, with the highest amounts of ammonia in the 
inner medulla and lowest levels located in the renal cortex.

The body’s ability to adjust urine production and compo-
sition to meet metabolic needs depends on hormonal regula-
tion [2]. Various hormones target the TAL to regulate ion 
transport. Substances such as vasopressin, parathyroid hor-
mone, glucagon, calcitonin, and B adrenergic activation all 
increase ion transport through an increase in cyclic adenos-
ine monophosphate (cAMP) levels. As an example, interac-
tion of vasopressin with V2 receptors leads to an increased 
activity in electroneutral Na+-K+-2Cl− cotransporter 
(NKCC2) activity as well as an increase in the number of 
these proteins on the apical membrane. With prolonged 
exposure to vasopressin, the TAL cells hypertrophy and dou-
ble their baseline activity of NaCl transport. In contrast, 
prostaglandin E2, extracellular calcium, and nitric oxide 
negatively influence ion transport.

22.1.6  Distal Convoluted Tubule

Once tubular fluid passes the macula densa it enters the distal 
convoluted tubule (DCT) [11]. Tubular fluid is now very 
dilute as a result of the active transport of NaCl and imper-
meability of the TAL. The measured transepithelial voltage, 
or the voltage difference between the DCT cells and the tubu-
lar lumen, remains very close to zero at the beginning of the 
DCT. The continued reabsorption of NaCl (described later) 
results in the formation of a negative charge in the tubular 

fluid. This negative voltage in turn helps to drive the secre-
tion of K+, along with the reabsorption of chloride, calcium, 
and magnesium.

The DCT is comprised of 2 distinct segments: the early or 
DCT1 segment, and the late, or DCT2 segment (. Fig. 22.9) 
[11]. These segments differ from one another in a number of 
ways. The first difference relates to the ability of the miner-
alocorticoid receptor (MR) to be stimulated by steroid hor-
mones. In the DCT1 region, the MR responds to both 
glucocorticoids and mineralocorticoids. However, expres-
sion of an enzyme called 11-B hydroxysteroid dehydrogenase 
2  in the DCT2 section prevents cortisol from exerting its 
effects at the mineralocorticoid receptor. Thus, the DCT2 
segment is much more sensitive to the effects of aldosterone 
than the early DCT. A second difference relates to the man-
ner in which NaCl reabsorption is executed. In the early 
DCT, sodium transport at the apical membrane occurs in an 
electro-neutral manner. The transporter protein NCC 
(thiazide- sensitive NaCl cotransporter), transports both one 
Na+ cation and one Cl− anion together simultaneously. 
Activity of NCC also happens to be inhibited by thiazide 
diuretics. The coupled movement of sodium chloride main-
tains the zero voltage potential in the tubular lumen. In the 
late DCT, NCC continues to be expressed and function, but 
another transmembrane protein called the epithelial sodium 
channel (ENaC) also contributes to sodium reabsorption. 
The key difference lies in the electrogenic nature of this trans-
port. Since there is no concomitant transfer of an anion to 
balance out the movement of the positively charged Na+ in 
the epithelial sodium channel (ENaC), a voltage difference 
begins to occur and the tubular lumen develops a negative 
potential. The impetus for this influx of Na+ at the apical 
membrane can again be traced back to our old friend the 
Na+-K+-ATPase functioning at the basolateral membrane. 
Remember, 3 Na+ are transported out for every 2K+ carried 
into the cell creating a negative, low [Na+], high [K+] intra-
cellular environment. The “leak” of potassium back across 
the basolateral membrane by various potassium channels 
recycles the potassium and allows this electrochemical gradi-
ent to be regenerated and maintained. Basolateral chloride 
transport is mediated by a chloride-specific channel (ClC-Kb) 
as well as a KCl transporter protein (KCC4).

The voltage difference generated by the combined effects 
of an epithelial sodium channel (ENaC) and the Na+-K+-
ATPase helps drive the movement of other solutes. 
Paracellular movement of chloride is one example. Other 
interesting examples are found in the active transport of cal-
cium and magnesium, which will not be expanded upon 
here. Perhaps the most interesting example lies in the han-
dling of potassium at the apical membrane. When tubular 
fluid exits the DCT2 it contains more potassium than was 
originally present due to secretion across the apical mem-
brane [11]. The secretion of potassium increases the further 
down one travels in the DCT in proportion to the increas-
ingly negative voltage potential. The faster the fluid travels 
down this path, the more potassium is secreted as well. These 
effects are mediated by 2 different potassium channels, which 
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we have discussed previously: the renal outer medullary 
potassium channel (ROMK) and BK (“big” K or maxi K). In 
the TAL, the function of these proteins at the apical mem-
brane is to recycle potassium back into the tubular lumen to 
allow furosemide- sensitive, electroneutral Na+-K+-2Cl− 
cotransporters (NKCC2) to initiate the reabsorption of NaCl. 
In the DCT, however, their function at the apical membrane 
is to secrete potassium into the tubular lumen. Renal outer 
medullary potassium channel (ROMK) is voltage sensitive 
and it secretes more potassium as the voltage differential 
becomes more negative. When tubular fluid flows at an 
increased rate then the BK (“big” K) channel becomes acti-
vated due to the sheer stress. Intracellular calcium and nitric 
oxide are postulated to play a role in this. Thus, high flow 
rates and a high sodium load will activate both ROMK and 
BK channels leading to enhanced potassium secretion.

One final interesting fact about ROMK relates to the role 
that magnesium plays in the regulation of this transporter 
[11]. When magnesium binds to the renal outer medullary 
potassium channel (ROMK) on the intracellular side of the 
transport protein, it blocks the secretion of potassium. Thus, 

a lack of sufficient magnesium levels will lead to a more 
“open” ROMK channel and increased loss of potassium 
through the urine resulting in hypokalemia. This hypokale-
mia will not be corrected by simply administering exogenous 
potassium chloride. Instead, until the magnesium deficiency 
is corrected, the hypokalemic state will persist.

Knowledge of the receptors and mechanisms involved in 
sodium reabsorption in the nephron may seem overly detailed, 
but it does have implications on patient care and clinical prac-
tice. Diuretics play a very important role in the management of 
many patient populations, and medications such as furosemide 
are administered routinely. With continued administration of 
furosemide its effectiveness wanes. The mechanism behind 
the phenomenon can be easily understood. NKCC2 (furose-
mide-sensitive, electroneutral Na+-K+-2Cl− cotransporter) 
sensitivity to furosemide leads to inhibition of NaCl reabsorp-
tion in the TAL, thereby increasing the sodium load delivered 
to NCC (thiazide-sensitive NaCl cotransporter) transporters 
in the DCT.  Rates of flow in the tubular fluid will increase, 
as will the electrogenic reabsorption of sodium. As a result 
of the increasingly negative voltage and flow, ROMK and BK 
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(both potassium transport channels) will increase potassium 
secretion. The hypokalemia that is observed with furosemide 
administration is thus explained [11].

If a patient is on Lasix chronically, the DCT1 segment 
adapts through cellular hypertrophy in order to increase the 
capacity to reabsorb sodium [11]. Remember, the distal con-
voluted tubule 1 segment’s ability to reabsorb sodium occurs 
only as a result of the work of the thiazide-sensitive NaCl 
cotransporter. Hypertrophy of the cell leads to an increase in 
the number of the thiazide-sensitive NaCl cotransporters 
(NCC). This leads to an ability to increase the amount of 
sodium reabsorbed. This process mitigates the effectiveness 
of the diuretic with furosemide thereby leading to diuretic 
resistance. However, since the action of NCC (the thiazide- 
sensitive NaCl cotransporter) may be inhibited by thiazide 
diuretics, then their administration may circumvent this 
adaptive response. In effect, the administration of the thia-

zide diuretic knocks out the ability of the kidney to reabsorb 
the increased sodium load that was delivered to the distal 
convoluted tubule from the administration of furosemide.

22.1.7  Collecting Ducts

Before tubular fluid exits the nephron it must finally pass 
through the collecting ducts (CD). The cells in the collect-
ing ducts make the final set of fine-tuned adjustments in the 
areas of water balance, acid base homeostasis, and inorganic 
solutes such as sodium, chloride, and potassium [12, 13]. Two 
cells types—principal cells and intercalated cells—carry out 
the responsibilities of this nephron segment and are inter-
spersed with one another along the length of the epithelium.

The principal cell focuses its efforts in two main areas: 
sodium chloride and water reabsorption (. Fig.  22.10) [13]. 
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The electrochemical gradient that acts as the driving force for 
sodium reabsorption is once again created by the Na+-K+-
ATPase at the basolateral membrane. However, the ENaC pro-
tein channel acts as the vessel through which entrance occurs 
at the apical membrane [12]. Thus, in the CD, the sodium is 
not actively transported. The transport is electrogenic in 
nature, and contributes to the secretion of potassium through 
ROMK and hydrogen ion in a manner similar to what was 
described in the late DCT. The ENaC receptor is regulated by 
a number of hormones including aldosterone, atrial natri-
uretic peptide, and arginine vasopressin. After stimulating the 
mineralcorticoid receptor, aldosterone multiplies the number 
of receptors at the apical membrane, thereby magnifying its 
effects. Insulin also stimulates ENaC in the principle cell. 
Conversely, ANP inhibits the ENaC channel in addition to 
repressing secretion of renin and production of aldosterone.

Principal cells mediate water reabsorption through the 
aquaporin channels [12]. AQP2 is expressed at the apical 
membrane while AQP3 and AQP4 are located at the basolat-
eral membrane. By this point in the nephron approximately 
90% of the water has already been reclaimed. The amount of 
fluid reabsorbed at this point is highly dependent on vaso-
pressin levels. Vasopressin is able to modulate the water per-
meability of the collecting duct though its effects on AQP2. 
With vasopressin stimulation, AQP2 stores in the cell’s inte-
rior are transferred to the apical membrane. Additionally, 
vasopressin can alter protein expression of AQP2 for a longer 
term effect. Dopamine and prostaglandin E2 antagonize 
these effects by initiating a mechanism that returns AQP2 
from the apical membrane to back to intracellular vesicles.

Intercalated cells (IC) make up the remaining population 
of the collecting duct [13]. One key difference between inter-
calated cells and almost every other cell described in this chap-
ter lies in the power source driving transport events. Instead 
of the Na+-K+-ATPase, an H+-ATPase serves as the generator 
of the electrochemical gradient in intercalated cells. Similar 
to cells within the distal convoluted tubule, intercalated cells 
are very rich in mitochondria and all IC contain the enzyme 
carbonic anhydrase. Three subtypes of intercalated cells exist: 
type A, type B, and non-A non-B. Type A intercalated cells 
help to acidify urine. Type B and non-A non-B cells secrete 
bicarbonate into the tubular lumen.

Type A intercalated cells position the H+-ATPase at the 
apical lumen. In a combined effort with a H+-K+-ATPase 
pump, protons are secreted into the lumen [13]. The loss of 
the proton drives intracellular carbonic anhydrase to gener-
ate bicarbonate, which is reabsorbed by the transporter pro-
tein AE1 across the basolateral membrane in exchange for a 
chloride anion. A clinical example of the importance of this 
mechanism is found in the inherited forms of distal renal 
tubular acidosis. In these patient populations, the normal 
functioning of type A intercalated cells is upset, resulting in a 
lack of ability to acidify urine. This disruption leads to a state 
of acidemia, alkalization of urine, and often nephrolithiasis.

Potassium balance can be fine-tuned through the effects 
of type A IC.  The cells can participate in both potassium 
reabsorption and potassium secretion depending on body 

conditions. The H+-K+-ATPase pump at the apical mem-
brane creates a mechanism for the reabsorption of K+ from 
the lumen [13]. However, in response to high luminal flow, a 
negative voltage gradient, or increased intracellular calcium 
potassium can be secreted through the BK (maxi-K) channel 
as has been previously discussed [14].

In type B intercalated cells the H+-ATPase pump is posi-
tioned at the basolateral membrane [13]. The apical membrane 
contains a transporter protein named pendrin, which excretes 
a bicarbonate anion into the lumen in exchange for a chloride 
anion. The presence of an electro-neutral Na+/HCO3

−/Cl− 
transporter allows these cells to play a role in NaCl reabsorp-
tion as well. Thus the two roles of the type B intercalated cells 
include volume expansion and bicarbonate secretion.

The final topic that needs to be addressed relates to the 
pivotal role that the collecting duct plays in the generation 
of the urea gradient necessary to drive counter current mul-
tiplication and the body’s urine concentrating ability. In the 
previous discussion of the LoH we discussed the manner in 
which urea underwent a passive diffusion down its concen-
tration gradient into the tubular lumen from the renal inter-
stitum. What we neglected to mention, however, was genesis 
of the high concentration gradient in the renal interstitium. 
A number of urea transporters in the collecting duct estab-
lish and help to maintain the high concentration of urea in 
the inner medullary intersitium [15]. Located at the apical 
membrane, the urea transporter UT-A1 carries urea from 
the tubular lumen into the collecting duct cell. The urea is 
then transferred across the basolateral membrane by the 
urea transporter UT-A3. The activity and number of these 
transporters is regulated by vasopressin. In conditions of 
high osmolarity, or volume depletion, vasopressin increases 
the number and activity of the urea transporters thereby 
increasing the concentration of urea in the inner medullary 
intersitium. The increased osmolarity allows for increased 
reabsorption of water and further concentration of urine.

What prevents the concentration gradient established in the 
inner medulla from being diluted by the blood flowing down 
the vasa recta? Counter current exchange of urea preserves the 
gradient. The descending vasa recta and red blood cells con-
tain the urea transporter protein UT-B1. This urea transporter 
allows the red blood cells to absorb urea as they descend into 
the inner renal medulla and effectively matches the osmolar-
ity of the blood cells with that of the surrounding interstitium. 
Thus, no water flows out to dilute the surrounding tissue. As 
the red cells and vasa recta ascend back toward the renal cor-
tex, UT-B1 helps the red cell to quickly eject urea back into the 
interstitium. This facilitated transport decreases the osmolarity 
of the red cells, prevents urea from being carried out of the inner 
medulla, and reinforces the medullary concentration gradient.

22.2  Integrated Processes in the Nephron

The aforementioned journey through all the sections of the 
nephron has demonstrated some of the cellular mechanisms 
and processing techniques that the kidney uses in order to 
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adapt to the myriad of internal and external changes the body 
is confronted with (. Fig. 22.11) [8, 9, 14–16]. . Tables 22.1 
and 22.2 summarize key functions, characteristics, and 
receptors of each nephron segment. . Table 22.3 delineates 
the handling of key electrolytes and solutes in the glomerular 
filtrate as they pass through the nephron. Now we will use 
this newfound understanding to broaden our perspective 
from the microscopic world of the single nephron in order to 
examine more global processes such as the defense of the 
body’s fluid volume and acid-base status.

22.2.1  Water Homeostasis

Our body’s composition consists mainly of water. In fact, water 
makes up approximately 50–60% of the total body weight [17]. 
The allocation of water within the body is divided into 2 basic 
compartments: intracellular and extracellular. Two-thirds of 
total body water is located in the intracellular compartment 
with the remaining one-third located in the extracellular space. 
The extracellular space is further divided into the intravascular 
space containing 25% of extracellular fluid and the interstitial 
space comprised of the remaining 75% of fluid.

Water is able to flow freely across most cell membranes. 
Osmotic forces in the body will cause it to shift from one area 
into another (. Table 22.4). Generally, water flows from areas 
of low osmolality into areas of higher osmolality. The serum 

osmolarity of the body is tightly regulated and subjected to 
hormonal control [17]. Serum osmolarity can be calculated 
by the following equation:

Serum Osmolality Na BUN

Glucose

= + [ ]( )
+ [ ]( )

+2 2 8

18

[ ] / .

/

As is illustrated by the equation, the serum sodium concentra-
tion exerts the largest effect on the serum osmolality. Thus, 
regulation of the body’s fluid status is largely accomplished 
through its ability to manipulate serum sodium. Osmolarity is 
monitored through the presence of special receptors in por-
tions of the brain such as the organum vasculosum laminae 
terminalis (OVLT) and hypothalamus. When an increase in 
osmolality is detected, the osmoreceptors in these locales 
depolarize the membrane and lead to an activation of the 
thirst mechanism and release of vasopressin from the poste-
rior hypothalamus. Binding of vasopressin to V2 receptors in 
the collecting duct actuates the insertion of the AQP2 chan-
nels into the apical membrane and the reabsorption of sodium.

22.2.2  Acid-Base Homeostasis

Normally, the serum pH is tightly regulated over a range of 
7.36–7.44 to facilitate the optimal functioning of cellular meta-
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       . Fig. 22.11 Illustration of ammonia metabolism throughout nephron. See text for details (Adapted from [15])
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       . Table 22.1 Key functions, characteristics, and receptors of each nephron component

Nephron component Function Characteristics Important component receptors

Glomerulus Filtering unit of kidney Capillary bundle situated 
between efferent and afferent 
arteriole
Structural components: 
fenestrated endothelium, 
glomerular basement 
membrane, podocytes, 
mesangial cells

Proximal tubule Reabsorption of large 
proportion of water, NaCl, 
NaHC03, Glucose, AA, 
phosphate, and citrate.
Hormone production
Gluconeogenesis
Synthesizes buffers (NH3/NH4

+)
Excretion of drugs and 
endogenous toxins

Low-resistance
Low transepithelial voltage
High ion permeability
High water permeability

Na+-K+-ATPase
NHE3 receptor (Na+/H+ transporter)
H+-ATPase
SGLT2/SGLT1 (Na+-glucose transporter)
NaDC-1 (Na+-dependent dicarboxylic acid 
cotransporter)
AQP1 (aquaporin, water channel)

Thin limb loop of 
Henle

Involved in counter current 
multiplication to exchange 
urea and create gradient to 
concentrate urine

Descending thin limbs (DTL) 
are permeable to water 
(upper 40%)
Ascending Thin limbs (ATL) 
impermeable to water
High permeability to urea
Passive NaCl reabsorption 
from prebend segment to ATL

AQP1 (DTL)

Thick ascending limb 
loop of Henle

Extracellular fluid (ECF) volume
Concentration of urine
Calcium/Magnesium balance
Bicarbonate reabsorption/
Ammonium excretion

Water impermeable at apical 
membrane
Actively reabsorbs NaCl 
leading to a dilute luminal 
fluid driving countercurrent 
multiplication
Contains the specialized 
macula densa cells located in 
close proximity to the 
arterioles of the glomerulus

NKCC2 (furosemide sensitive, electroneu-
tral Na+-K+-2Cl− cotransporter)
ROMK (renal outer medullary potassium 
channel)
BK (K channel)
Na+-K+-ATPase
ClC-KB (chloride channel)
KCC4 (K-Cl cotransporter)
NHE3/NHE4 (Na+-H+ exchangers)

Distal Convoluted 
Tubule (DCT)

NaCl reabsorption
K secretion
Calcium and Magnesium 
balance

Begins downstream of the 
macula densa
Shortest nephron segment
Made of 2 functionally 
different segments: DCT1 and 
DCT2
Cells very mitochondria-rich

Na+-K+-ATPase (BLM)
NCC (thiazide-sensitive NaCl cotransporter, 
AM)
ENaC (epithelial sodium channel) 
(amiloride-sensitive, AM)
Kir potassium channels (BLM)
KCC4 (K-Cl- transporter, BLM)
ClC-KB (chloride channel; BLM)
ROMK (renal outer medullary potassium 
channel, AM)
BK (K channel, AM)

Collecting duct Salt and water transport
Control of [K+]
Acid/Base regulation through 
excretion of NH3/NH4

+, 
reabsorption/generation HCO3

Two cell types: Principal Cells 
and Intercalated Cells
Aldosterone sensitive part of 
distal nephron

ENaC (epithelial Na channel)
AQP2 (water channel)
Na+-K+-ATPase (principal cells)
ROMK
BK
H+-ATPase (Intercalated cells)
Pendrin (Cl—HCO3 exchanger)
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       . Table 22.2 Key functions of nephron segments and receptors

Hormone Trigger Receptor/nephron segment Effect

Adenosine Salt loading Generated by interstitial fibroblasts, 
which metabolize ATP released by 
macula densa cells
Activates A1 & A2 receptors
Inhibition of ENaC in collecting 
ducts (CD)

Vasodilation of efferent arterioles 
and   Vasoconstriction of afferent 
arterioles
Overall reduction in glomerular 
filtration rate (GFR)
Inhibits renin release

Aldosterone Hyperkalemia
Volume depletion

NCC in distal convoluted tubule 
(DCT)
ROMK (renal outer medullary 
potassium channel) in DCT
Increases # ENaC in DCT and CD
Increase pendrin in CD Type B IC

Facilitates K+ secretion directly
Reabsorbs NaCl helping to 
increase extracellular fluid (ECF) 
volume
Increases K+ permeability

Angiotensin II Volume depletion NCC in DCT
Activates ENaC in DCT and CD
Increase pendrin and H+-ATPase in 
CD Type B IC
Inhibits ROMK

Reabsorbs NaCl helping to 
increase ECF volume
Prevents K+ wasting

Atrial natriuretic peptide Atrial stretch receptors
Angiotensin II
Endothelin

Inhibits ENaC in CD
Inhibits renin secretion
Inhibits aldosterone production in 
adrenal gland

Inhibits reabsorption of Na+

Erythropoietin Decreased tissue oxygen 
tension

Produced by interstitial renal 
fibroblasts

Stimulates Erythropoiesis

Insulin Hyperglycemia Stimulates NHE3 dependent Na+ in PT
Activates NCC in DCT
Stimulates ENaC in CD

Stimulates salt reabsorption

Parathyroid Decreased in plasma concentra-
tion of ionized calcium

TRPV5 receptor in DCT
Decreases the abundance of 
phosphate transporter proteins in 
proximal tubule

Increased renal reabsorption of 
calcium
Stimulates bone resorption
Enhanced intestinal calcium and 
phosphate absorption by 
promoting the formation of 
calcitriol in kidney
Decreased renal reabsoption of 
phosphate

Renin Atrial Natriuretic peptide
Angiotensin II
Sympathetic Activation
(NaCl) in macula densa cells
Nitric oxide
Prostacyclin/Prostaglandin E2

Cleaves angiotensinogen to 
angiotensin I

Regulates the renin–angiotensin–
aldosterone system (RAAS)
Helps to maintain blood pressure 
and intravascular volume

Vasopressin Increasing plasma osmolality
Circulatory hemodynamics (ie, 
CV collapse)
Low sensed circulating volume
NE/ Dopamine
Pain
Hypoxia
Acidosis

NCC in DCT
Stimulates ENaC in CD
Induced an increase in AQP2 
receptors in CD
Increases permeability of inner 
medullary CD to urea by Increasing 
the number and ability of UT-A1/
UT-A3 transporters

Stimulates salt reabsorption
Increased water reabsorption
Overall effect: lower Na+ 
concentration
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bolic processes. When physiologic derangements occur to 
drive the body’s acid-base status outside of this range, compen-
satory responses are initiated in an effort to mitigate the per-
turbation from normal values [18]. Responses to alterations in 
pH are managed in a number of ways including the use of buf-
fers, regulation of PCO2, and manipulation of plasma HCO3. 
Proteins and the bone act as important physiologic buffers. 
However, the bicarbonate/carbon dioxide buffer system is per-
haps the most important buffering system in the body.

The Henderson-Hasselbach equation illustrates the rela-
tionship between pH, plasma bicarbonate, and PCO2:

pH HCO PCO= + ×( )−6 1 0 033 2. log / . .

Thus, in order to compensate for a specific change in pH, the 
body must manipulate values of either HCO3 or PCO2. These 
values can be independently regulated by the kidneys and the 
lungs respectively.

Through changes in ventilation, the lung is able to exert it 
effects on pH. The key to this effect lies in the interaction of 
carbon dioxide and water. When the two are combined, car-
bonic acid is formed, which then dissociates into hydrogen 
ion and bicarbonate. These forms of water and carbon diox-
ide exist in an equilibrium and are thus affected when the 
level of carbon dioxide changes:

CO H O H CO H HCO2 2 2 3 3+ ↔ ↔ ++ −

       . Table 22.3 Key electrolytes and solutes in the glomerular filtrate

Solute Percent Loop of Henle Distal convoluted 
tubule (DCT)

Collecting ducts (CD)

Na+ 60–70% reabsorbed 25–30% reabsorbed: descending 
thin limb (DTL) and ascending thin 
limb (ATL) - passive reabsorption
Thick ascending limb (TAL) - active 
reabsorption via NKCC2 and NH3

Reabsorbed via NCC and 
ENaC
DCT and CD together 
only reabsorb 5–10% 
filtered Na+

Reabsorbed via ENaC

Cl- 60–70% reabsorbed DTL and ATL – passive reabsorption
TAL - active reabsorption

Reabsorbed by NCC and 
paracellular

Transport via:
1. paracellular 
transport

Bicarbonate 70–90% reabsorbed/
generated

TAL- 15% reabsorbed via apical 
Na+/H+ exchanger

New generation in IC

K+ Majority of filtered potassium 
is reabsorbed through 
paracellular pathway. Only 
~10% reaches distal nephron.

TAL - Paracellular reclamation plus 
transcellular transport via NKCC2 
transporter

Secreted into tubular 
lumen via ROMK (renal 
outer medullary 
potassium channel) and 
BK (K channel)

Secreted into tubular 
lumen via ROMK in PC
May be secreted by 
BK receptor in Type A 
IC depending on 
conditions.

Ca2+ 60–70% reabsorbed mainly 
by paracellular transport. 
Small amount actively 
transported.

20% reabsorbed in TAL mainly via 
paracellular transport.

7–10% actively 
reabsorbed

5% reabsorbed

Mg2+ 10–30% reabsorbed via 
paracellular pathway

40–70% reabsorbed in TAL via 
paracellular pathway

5–10% actively 
reabsorbed

Phosphate 85% reabsorbed

NH4
+ Generates NH4

+ from gluta-
mine and secreted into lumen

Approximately 50% reabsorbed in 
TAL into peritubular space with 
formation of medullary gradient

Secretion of 
ammonium into 
lumen by interca-
lated cells

Urea Concentration increases as 
salt and water are reabsorbed

Countercurrent multiplication, 
(urea) increases in thin limbs due 
to secretion but is reabsorbed as 
the thin limbs ascend; develops an 
equilibrium with medullary 
interstitium at TAL

Reabsorption of some of 
urea. Concentration 
changes from approx 
110% filtered load to 
roughly 70%

Excretion of urea into 
interstitium. Tubular 
fluid (urea) reduced 
to 50% filtered load

Water 60–70% reabsorbed Some reabsorption in DTL
ATL, TAL water impermeable

Impermeable Reabsorbed via AQP 
proteins

Glucose >99% reabsorbed
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Hypoventilation results in an increase in PCO2. This eleva-
tion in PCO2 will drive the formation of carbonic acid, and 
thus hydrogen ion and bicarbonate. Changes in ventilation 
are triggered by specialized chemoreceptor cells within the 
medulla oblongata responding to alterations in pH and 
PCO2. In the example of hypoventilation, the decrease in 
cerebral intrastitial pH causes the chemoreceptors to stimu-
late ventilation. As a result of this activation, PCO2 decreases. 
Initially, ventilatory changes are most sensitive to changes in 
PCO2. The maximal ventilatory response to changes in pH 
takes approximately 12–24 h. While PCO2 is easily diffusible, 
the blood-brain barrier acts as hurdle slowing the response to 
nonvolatile acids and alterations in plasma bicarbonate. 
Generally speaking, there is a limit to the effect that ventila-
tion can exert upon the pH via PCO2, with decreases greater 
than 12 mm Hg unlikely.

The contribution that the kidney makes in regulating 
acid-base balance is accomplished through its handling of 
bicarbonate. Remember that bicarbonate is freely filtered by 
the glomerulus. The proximal tubule then reabsorbs about 
80% of this filtered bicarbonate with the remaining amounts 
reclaimed in the thick ascending limb of the loop of Henle. 
The mechanism by which this reabsorption occurs was dis-
cussed in detail earlier [7], but essentially relies on the pro-
duction of hydrogen ion and bicarbonate intracellularly 
through the work of carbonic anhydrase. The bicarbonate is 
then reabsorbed into the blood. Meanwhile the hydrogen ion 
gets secreted into the luminal fluid. Here the hydrogen ion 
either gets bound as a titratable acid excreted in the urine or 

is recycled back into the proximal tubular cell as carbon diox-
ide (thanks to carbonic anhydrase again) or a form of citrate 
(remember that citrate can be converted into bicarbonate in 
the liver). The extent to which these processes occur in the 
proximal tubule will depend on the body’s acid-base and vol-
ume status.

Final refinement of the body’s acid-base balance is 
achieved in the distal tubule through the work of the Type A 
and Type B intercalated cells as previously mentioned. The 
ultimate effect on the urine, either acidification by type A 
intercalated cells, or bicarbonate secretion by type B interca-
lated cells will be influenced by a variety of factors [18]. For 
example, in type A intercalated cells vesicles full of H+-
ATPase pump proteins lie beneath the cellular membrane 
awaiting the pH induced signal to move to the apical mem-
brane and insert themselves increasing the productivity of 
the cell. In a sense these vesicles act as a type of SWAT team 
immediately responding to pH conditions sensed in the 
tubular fluid. While these vesicles act as a type of temporary 
workforce, if conditions persist more chronically, the cell 
begins to synthesize more transporter proteins, in a sense 
hiring a larger more permanent workforce. Factors such as 
potassium depletion, increased sodium reabsorption, and 
hormonal effects—such as those caused by mineralcorti-
coids, aldosterone, and angiotensin II—will all lead to 
increased tubular hydrogen ion secretion.

As illustrated, the kidney has a variety of tools that it can 
employ in order to compensate for different acid-base distur-
bances (. Table 22.4). As with any compensatory response, 

       . Table 22.4 Mechanisms of action in homeostasis

Type of diuretic Mechanism of action Result Example

Osmotic diuretic Filtered at glomerulus with minimal reabsorption 
in proximal tubule. Offsets the passive reabsorp-
tion of water in the proximal tubule.

Excretion of water Mannitol

Loop diuretic Inhibit Na and Cl reabsorption in the TAL by 
inhibiting the electroneutral Na+-K+-2Cl− cotrans-
porter (NKCC2)

Increases excretion of filtered Na load. 
Increased Calcium and Magnesium 
excretion in urine.
Increases K+ & H+ excretion at DCT & CT

Furosemide
Bumetanide
Torsemide

Thiazides/
Thiazide like 
diuretics

Inhibit sodium reabsorption through inhibition of 
the luminal NaCl cotransporter protein.(NCC)
Augment Ca+ reabsorption in distal tubule.

Increase Na+ excretion by a small 
amount.
Increased Na+ excretion results in 
enhanced secretion of K+ &H+

Hydrochlorothiazide
Metolazone
Indaptamide

Potassium sparing 
diuretic

Collecting tubule: Inhibit Na+reabsorption and K+ 
secretion by blocking epithelial sodium channel 
(ENaC). May inhibit Na+-K+-ATPase activity as well

May result in hyperkalemia and 
metabolic acidosis

Amiloride

Aldosterone 
Antagoinists

Antagonize aldosterone receptors in CT Na+ reabsorption and K+ secretion is 
inhibited. Can lead to hyperkalemia 
and metabolic acidosis

Spironolactone

Carbonic 
anhydrase 
inhibitors

Proximal tubule: inhibit carbonic anhydrase. 
Inhibits renal acidification (H+ secretion and Na+ /
HCO3

− reabsorption)

Weak diuretic due to ability of distal 
segments of nephron to compensate 
for the effects on Na+ and HCO3

−. End 
result is a mild hyperchloremic 
metabolic acidosis

Acetazolamide
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the effects are not able to completely correct for the original 
acid-base disturbance and take some time to fully develop. 
Chronic respiratory acidosis results in increased reabsorp-
tion of bicarbonate by the proximal tubule and its increased 
production in the distal tubule. Conversely, chronic hypo-
capnea decreases the reabsorption of bicarbonate by the 
proximal tubule and results in hydrogen ion secretion in the 
distal tubule. Large metabolic acid loads that overwhelm the 
kidney’s ability to generate bicarbonate engenders a different 
set of responses. The plasma bicarbonate will fall despite 
increased reabsorption of bicarbonate by the proximal 
tubule. Concurrently, the distal tubule will increase both 
hydrogen ion secretion as well as secretion of NH4

+. These 
responses will take approximately 3–5 days to become fully 
realized. In addition, a compensatory respiratory response to 
increase ventilation thereby decreasing PCO2 will be stimu-
lated. This respiratory response will fully manifest over a 
12–24-h period, and again will not be able to fully correct for 
the metabolic derangement [7].

The response to metabolic alkalosis will depend on a vari-
ety of factors [7]. A pure alkali load, such as when a patient is 
given a bicarbonate infusion, is relatively easily dealt with by 
the kidney. Decreased proximal tubule reabsorption will lead 
to loss of bicarbonate in the urine and thus correct the 
derangement. From a respiratory standpoint, the compensa-
tory response will be to decrease ventilation slightly leading 
to retention of PCO2. However, when a metabolic alkalosis is 
caused by loss of acid such as with vomiting, the kidney’s 
response may actually maintain the metabolic alkalosis until 
other factors such as hypokalemia, hypochloremia, and 
hypovolemia are corrected. Chronic hypokalemia results in 
secretion of hydrogen ion. In patients who are volume con-
tracted, the effects of hormones (such as angiotensin II, aldo-
sterone, adrenergic agonists) will result in the increased 
reabsorption of sodium and bicarbonate. Until the volume 
depletion is corrected, the metabolic alkalosis may be main-
tained.

22.3  Renal Function Tests

To this point we have focused on the function of a single 
nephron. This microscopic level is difficult for clinicians to 
measure, and considering that there are millions of glomer-
uli, knowledge of a single nephron’s activity is not clinically 
relevant. As clinicians we are more focused on the productiv-
ity of the kidneys as a whole unit. Unlike the cardiac myo-
cytes, which leak troponin when injured and inflamed, we do 
not have any similar easily measurable, widely available, vali-
dated compounds that provide an early warning of injury to 
nephrons. This area is currently being actively researched 
and in the future may unearth a biomarker useful in practical 
day to day decision making.

At present, the glomerular filtration rate (GFR), which 
represents the cumulative functioning of all of the millions of 
nephrons in the kidney, is the parameter referred to as an 
indicator of global renal function. This value represents to 

the amount of plasma that is filtered through all the glomer-
uli per unit of time, usually minutes. A normal value for GFR 
ranges from 120–130  ml/min/1.73m2. This value will vary 
from person to person depending on factors such as age, sex, 
and race. Patients with Stage 5 kidney disease have end stage 
renal disease requiring dialysis and have a GFR of less than 
15 ml/min/1.73m2.

A few challenges surround the use of the GFR by clini-
cians. First and foremost is the fact that the GFR cannot be 
measured directly. Instead we must rely on surrogates that 
act as representative markers of filtration [19–25]. These 
markers can either be produced endogenously by the body or 
be introduced exogenously. In order to portray an accurate 
picture of renal function the concentration of these markers 
must not be altered by the kidney; i.e., they must not be 
metabolized, reabsorbed from, or secreted into the tubular 
lumen. Second, although we use GFR as a measure of renal 
function, the degree of injury to nephrons does not translate 
to a proportional decrement in the GFR. For example, a 10% 
loss of functioning nephrons does not result in a reduction of 
GFR by 10%. The kidney can be thought of as a stoic organ in 
the sense that early injuries to it are not easily visible. When 
nephrons are lost, the remaining units adapt by a “hyperfil-
tration” of the higher amounts of solutes and water. In this 
manner nephron damage can occur without any perceptible 
change in GFR until this “functional reserve” has been 
exhausted.

Is it necessary to exactly measure GFR? Knowledge of 
this marker of kidney function allows us to accurately dose 
medications thereby reducing toxicity. While it may be 
imperfect, the GFR helps clinicians follow the progression of 
loss of renal function. Knowledge of the GFR may aid with 
issues in prognostication regarding need for renal replace-
ment therapy or listing for renal transplant as well. Given this 
utility, how then do we reconcile the practical needs of this 
value with the fact that we cannot directly measure it? 
Fortunately, in many cases an estimate of the GFR (eGFR) 
sufficiently answers many clinical queries [19–25]. For the 
instances in which a measured value is needed due to con-
cerns of inaccuracies with estimated values, use of exogenous 
markers can be employed.

22.3.1  Exogenous Markers of Renal Function

Inulin clearance remains the gold standard for determination 
of GFR.  Inulin is a polysaccharide, which is not protein 
bound, that is solely excreted by glomerular filtration and is 
neither secreted nor absorbed. The GFR is determined by the 
exogenous administration of inulin either by a bolus or an 
infusion. The specifics of how the calculation is determined 
depends on the method used, but does require multiple sam-
ples of blood, and may require a timed urine collection as 
well. Thus, the method is invasive, expensive, and time con-
suming [19–25].

The use of different radioisotope compounds largely 
replaced the use of inulin, but again were difficult to 
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administer, not as accurate, expensive, and not safe in certain 
patient populations. The use of iohexol or iothalamate pro-
vide an alternative nonradioactive method. These com-
pounds are radiocontrast agents. Iohexol is administered as a 
intravenous bolus injection and calculation of its plasma 
clearance provides a measurement of GFR.  This spares the 
bedside clinician of having to perform a timed urine collec-
tion and deal with all of the special requirements of radioac-
tive isotopes. Iohexol has been shown to underestimate GFR 
slightly compared to inulin. Renal clearance of iothalamate 
has also been demonstrated as an accurate method to mea-
sure GFR [19–25].

22.3.2  Endogenous Markers of Renal 
Func tion

The convenience associated with the use of serum creatinine 
has led to its widespread use as an indicator of renal function 
for many years. Creatinine is a product of skeletal muscle 

breakdown and is freely filtered by the kidney without being 
reabsorbed. Its serum levels correlate inversely with 
GFR. However, unlike inulin, creatinine undergoes secretion 
by the proximal tubule in varying amounts depending on 
body conditions. Thus it is not an ideal renal biomarker to 
assess glomerular filtration rates. While this secretion can be 
blunted by the administration of cimetidine, the use of plasma 
creatinine is problematic for other reasons as well. Evidence 
exists of external elimination of creatinine thus adding to 
inaccuracies. Also the generation of serum creatinine will 
depend on factors such as muscle mass, obesity, and dietary 
intake. For example, a creatinine level of 1.2 may not have the 
same clinical implications in a body builder taking dietary 
supplements compared to a frail, wheelchair bound 80-year-
old woman. Patients who have a high volume of distribution 
from edema can have a “diluted” serum creatinine concentra-
tion which again may create a false impression of renal func-
tion. Nevertheless use of creatinine is widely favored because 
of its ease of use, and cost effectiveness [19–25].

The creatinine clearance can be easily calculated by:

Cr Cl mg
urine creatinine mg mL hour urine volu

/ min
/

( ) =
( ) ×24 mme mL

plasma creatinine
mg
mL

( )
















× ×24 60min

Performing a 24-h urine collection can be difficult, so in 
order to minimize inaccuracies, the equation can be modi-
fied for a shorter time period of urine collection. 
Unfortunately, the improvement in convenience and cost 
effectiveness comes at the price of decreased accuracy in 
the information obtained. Studies that have been per-
formed comparing the accuracy of serum creatinine in 
relation to other renal markers have demonstrated that cre-
atinine clearance consistently overestimates the 
GFR. Additionally, the amount of overestimation increases 
when the GFR is low.

In most instances, creatinine clearance is not calculated 
based on plasma and urinary creatinine levels but rather an 
estimated GFR, which is calculated with equations that 
incorporate laboratory results with demographic data. 
Various equations have been developed and evaluated for 
accuracy compared to measured GFR values. The familiar 
Cockcroft-Gault equation takes age, weight, and sex into 
account to calculate eGFR:

CrCl Years Age Kg bodyweight

if female sCr in

= −( )×( )×
( ) ×
140

0 85 72. / mmg dL/( )

Numerous other equations have been developed over time 
including the Modification of Diet in Renal Disease (MDRD) 
study equation, and the CKD-EPI (CKD epidemiology col-
laboration) equation. These equations have their strengths 
and weaknesses regarding their accuracy in predicting eGFR 
accurately and will vary depending on the patient population 

in question, cultural dietary factors, genetic factors, and level 
of kidney function.

The issues with serum creatinine described earlier have led 
to a search for other endogenous renal markers that do not 
suffer from the limitations described above. A lot of interest 
has surrounded cystatin C [20, 21]. This compound is gener-
ated by nucleated cells and released into the blood. Serum 
levels also vary inversely with GFR. In the kidney it is freely 
filtered by the glomerulus and then reabsorbed and metabo-
lized by the proximal tubules. As such it is not possible to cal-
culate a cystatin C clearance in the way that we calculate one 
for creatinine. While cystatin C levels are not impacted by fac-
tors such as diet and muscle mass in the manner serum creati-
nine levels are, they can be affected by conditions affecting cell 
turnover rate such as high doses of steroids and thyroid dys-
function. There is also some evidence from animal studies of 
extrarenal elimination that may overestimate true GFR.  As 
with serum creatinine, various equations have been developed 
to estimate GFR based on cystatin C levels. Additionally, equa-
tions have been developed that combine the use of both serum 
creatinine and cystatin C levels in an attempt to determine an 
equation that accurately reflects GFR and without needing 
modification due to race. In addition, cystatin C may help to 
better define and risk stratify patients with chronic kidney dis-
ease when compared to use of eGFR based on creatinine alone 
[20, 21]. Research into the best use and role of cystatin C is 
dynamic, and recent improvement such as the standardization 
of assays and increased availability suggest an increasing role 
for this renal biomarker in the future.
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22.4  Acute Kidney Injury and the Role 
of Emerging Biomarkers

The difficulties inherent in determining global renal function 
make it challenging to identify when the kidney has sustained 
an injury or is under stress. The clinical relevance of this real-
ity is obvious. If one cannot identify that an injury has taken 
place, it is difficult to institute therapies or guide clinical deci-
sions that reverse or arrest the pathologic process.

In the past, a lack of consensus regarding the definition of 
acute renal injury has further complicated the clinical pic-
ture. Prior research has utilized many different definitions 
and endpoints making it difficult to interpret research find-
ings [26–32]. Fortunately, this issue is being addressed. A 
standardized criteria for the definition of acute kidney injury 
was proposed in 2004 by the Acute Dialysis Quality Initiative 
and is commonly referred to as the RIFLE criteria (Risk 
Injury Failure Loss End-stage renal disease) [26]. This defini-
tion has been refined over the years and the current consen-
sus definition has been described by the Kidney Disease 
Improving Global Outcomes (KDIGO) group [27]. The clas-
sification system according to the KDIGO criteria describes 3 
stages of acute renal injury. These stages are generally differ-
entiated from one another based on 2 variables: increases in 
serum creatinine and changes in urine output. The KDIGO 
criteria is summarized in . Table  22.5. The differentiation 
between the stages is relatively straightforward when one 
considers the urine output parameters. With a Foley catheter 
in place it is not difficult to determine how much urine a 
patient has produced over the specified time period. On the 
other hand, the criteria for changes in serum creatinine are 
more difficult to interpret. Oftentimes, clinician do not have 
the luxury of knowing what a patient’s baseline creatinine is. 
This makes it difficult to interpret a given elevated creatinine 

level. A creatinine level that seems normal for the average 
individual may actually be pathologic in an older patient 
since they tend to produce less creatinine as a result of lower 
levels of muscle mass. Thus, an elevation in creatinine may 
either: (1) go completely unrecognized missing the acute 
renal injury completely, or (2) have a renal injury recognized 
but be underestimated in terms of its severity.

As mentioned previously, the desire to improve our clini-
cal ability to both diagnose and improve prognostic predic-
tion in acute kidney injury has led to a very active search to 
identify renal biomarkers. A number of different biomarkers 
have shown promise in helping to identify both acute kidney 
injury and kidney stress. Here we will focus on a few of the 
compounds that have thus far shown promise.

Neutrophil gelatinase-associated lipocalin or NGAL is a 
compound that is released from neutrophils in response to 
systemic inflammation. This protein is expressed in the lung, 
liver, and kidney. Its utility as a biomarker has been investi-
gated in many different clinical settings and appears to be a 
good predictor of acute renal injury. A limitation of the use of 
this biomarker is the fact that elevations are not limited to just 
renal dysfunction, but other inflammatory conditions such as 
cancer, preeclampsia, and sepsis. In addition, its clinical utility 
is not as robust in patients with preexisting renal dysfunction.

Two compounds that have shown a lot of promise recently 
include insulin-like growth factor-binding protein 7 
(IGFBP7) and tissue inhibitor of metalloproteinases-2 
(TIMP-2). Both of these biomarkers are classified as G1 cell 
cycle arrest proteins. Epithelial cells in the body express 
IGFBP7 while TIMP-2 is expressed in tubular epithelial cells. 
Epithelial cells have developed a protective mechanism that 
they employ in times of stress; they enter cell cycle arrest. 
Because of this protective mechanism, elevations in TIMP-2 
and IGFBP7 may provide the opportunity to identify risk for 
renal injury before any damage actually occurs. In truth, 
these two biomarkers have shown the best results in identify-
ing acute renal dysfunction than any others studied thus far. 
In addition, they do not appear to become elevated in patients 
with sepsis or chronic renal dysfunction in the way that 
NGAL does. With time, the role of these two biomarkers will 
become better elucidated.

22.5  Renal Drug Excretion

Stop and think for a moment of the myriad of compounds that 
the kidney must handle over the course of a person’s life. In 
addition to managing levels of electrolytes, amino acids, and 
glucose, etc. that we addressed earlier, nephrons also manage 
the excretion of metabolic byproducts, both endogenous and 
exogenous toxins, as well as drugs and vitamins. The man-
ner in which this impressive logistical feat is accomplished is 
not all that well understood and is being actively investigated. 
A discussion regarding the manner of disposal by the kid-
ney of all the compounds of interest to the anesthesiologist 
is beyond the scope of this discussion. Instead we will focus 
on developing an overall understanding of how drugs and 

       . Table 22.5 The Kidney Disease Improving Global Outcomes 
(KDIGO) criteria [27]

KDIGO stage 
of renal 
dysfunction

Serum creatinine Urine output

1 Increase 1.5–1.9 × baseline or
>0.3 mg/dL increase within 
48 h

<0.5 mL/kg/h 
for 6–12 h

2 Increase 2.0 to 2.9 × 
baseline

<0.5 mL/kg/h 
for >12 h

3 Increase 3.0 × baseline or
Rise serum creatinine to > or 
equal to 4.0 or
Initiation of renal replace-
ment therapy (RRT) or
Decrease eGFR to <35 mL/
min per 1.73 m2 in patients 
<18 years old

<0.3 mL/kg/h 
for > or equal 
to 24 h or
Anuria for > or 
equal to 12 h

eGFR estimated glomerular filtration rate
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endogenous toxins are manipulated by the kidney as well as 
the complexity of the interactions involved [33–35].

As discussed, the glomerulus is the site of initial filtration 
of most compounds with the exception of anions and large 
molecules. When the glomerulus is damaged, it may lose its 
ability to prevent these compounds from being filtered, lead-
ing to a loss of albumin and a subsequent alteration in bind-
ing and free fraction of protein bound drugs.

The proximal tubule segment shares a significant portion 
of the responsibility for drug and endogenous toxin excretion 
as well, according to our current understanding of renal drug 
elimination. It manages those compounds that are either too 
large or too protein bound to be effectively filtered by the 
glomerulus. The sheer number of different compounds 
makes it impractical for a specific transporter protein to be 
created for every type of compound to which the body is 
exposed. Instead the kidney appears to rely on specialized 
drug transporter proteins to process compounds depending 
on characteristics such as size and electrical charge. 
Compounds can be classified as positively charged organic 
cations, negatively charged organic anions, or containing 
both positive and negative charges.

Those drugs not undergoing glomerular filtration reach 
the proximal tubule through peritubular capillaries. Multi- 
specific drug transporters then import the compounds into 
the peritubular cell. Two general types of transporters exist 
and are differentiated from one another by the way that they 
fund the energy expenditure necessary for their actions. The 
first type, solute carriers or SLC carriers, either take advan-
tage of a favorable concentration gradient or make use of 
secondary, or even tertiary active transport. (This again 
underscores the importance of the Na+-K+-ATPase.) The 2 
most important members of this family of transporters are 
the organic anion transporters (OAT) and the organic cation 
transporters (OCT). The second general class are the ATP-
binding cassette (ABC) transporters. These transporters 
make use of ATP hydrolysis to generate the energy needed 
for the transport process. Once the compounds have been 
imported across the basolateral (capillary-cell interface) 
membrane then they travel across the cell to the apical mem-
brane where they are shuttled across into the tubular lumen.

Different transporters are involved in the handling of 
organic anions versus organic cations. For organic cations, 
OCT2 mediates transport on the basolateral membrane while 
proteins such as MATEs are involved in the apical transport. 
Transport of organic anions occurs via OAT1 and OAT3 on 
the basolateral membrane with OAT4 and ABC transporters 
such as MRP2 functioning at the apical interface.

The key here is not to get caught up in this veritable 
alphabet soup of transporters, but to have an awareness of the 
pathway drugs and toxins take in order to undergo secretion 
and elimination. This knowledge also helps us to understand 
the reasons for different drug-drug interactions and the vari-
ability of responses to medications in certain patients. With 
the many different substrates available to these transporter 
proteins it should not be surprising that they can become 
saturated. Fortunately, many of these compounds can be 

managed by more than 1 type of renal transporter. Still, the 
addition of a new substrate may alter the excretion of another 
one through its occupation of the renal transporter binding 
site. An example of this type of competitive inhibition was 
mentioned earlier when we discussed the ability of cimeti-
dine to inhibit secretion of creatinine. Creatinine and cimeti-
dine are both substrates of OCT2. Another example involves 
the interaction between methotrexate and nonsteroidal anti- 
inflammatory drugs (NSAIDs). The use of NSAIDs in preop-
erative care is very common. Many patients with Crohn’s 
disease or other autoimmune diseases have been prescribed 
methotrexate. The elimination of methotrexate is mediated 
by OAT transporters, which can be inhibited by NSAIDs. 
Thus, the coadministration of these medications can result in 
methotrexate toxicity and bone marrow suppression.

Variability in the clinical effects of drugs in different indi-
viduals may be partially explained by different variations or 
polymorphisms of these transporter proteins. Changes in the 
makeup of these proteins may lead to differences in rates of 
transport, which may affect drug efficacy and or toxicity. 
Metformin is an example of a drug whose variable effective-
ness may be explained by this mechanism.

Finally, the above discussion has mainly focused on drug 
elimination in the health kidney. Chronic kidney disease 
results in many changes in drug elimination and excretion. 
These changes result from the accumulation of uremic toxins 
and have effects outside of the kidney itself. They can alter 
bioavailability of drugs, the expression and activity of cyto-
chrome P450 3A enzymes in the liver and drug transporter 
proteins in the liver. The transporter proteins in the kidney 
itself can also be affected leading to reduced excretion of 
drugs. Alterations in albumin levels affect free drug levels, 
and uremic toxins can affect the ability of the remaining 
albumin to bind to acidic drugs. Fortunately, it appears that 
the removal of uremic toxins by hemodialysis can reverse 
some of these effects.

22.6  Questions and Answers

 ? Questions (choose the most appropriate answer)
1.  Which of the following correctly pairs the 

highest degree of reabsorption of the indicated 
substance with the nephron segment?
 A. Proximal tubule: albumin
 B. Collecting duct: glucose
 C. Ascending thin limb loop of Henle: water
 D. Magnesium: loop of Henle
 E. Collecting duct: ammonium ion

2.  The sodium potassium ATPase pump creates the 
electrochemical gradient responsible for cellular 
activities in all of the following cell types EXCEPT:
 A. Proximal tubule cell
 B. Descending thin limb loop of cell
 C. Thick ascending limb cell
 D. Principal cell in collecting duct
 E. Intercalated cell in collecting duct
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3.  Which of the following compounds/solutes is 
NOT reabsorbed in the proximal tubule?
 A. NH4

+

 B. Amino acids
 C. Bicarbonate
 D. Water
 E. Sodium

4.  Which of the following statements regarding 
renal anatomy is INCORRECT?
 A. The left kidney has a more cephalad position 

in the body compared to the right kidney.
 B. The body contains approximately 2 million 

nephrons.
 C. The kidney receives approximately 15% of 

total cardiac output.
 D. The majority of nephrons in the renal cortex 

are cortical rather than juxtamedullary.
 E. The left renal vein is longer than the right 

renal vein.
5.  Which is the TRUE statement regarding the loop 

of Henle?
 A. The thin descending and ascending limbs are 

permeable to water.
 B. The thin descending and ascending limbs 

have limited permeability to urea.
 C. The area from the hairpin loop to the thick 

ascending limb of the loop of Henle is perme-
able to NaCl.

 D. Reabsorption of NaCl in the thick ascending 
limb occurs mainly via the paracellular pathway.

 E. More calcium than magnesium is reabsorbed 
in the thick ascending limb.

6.  Which of the following statements about the 
distal convoluted tubule (DCT) is TRUE?
 A. Of the 2 segments of the DCT, the DCT2 segment 

is the most sensitive to the effects of aldosterone.
 B. Sodium reabsorption in the early DCT is elec-

trogenic in nature, but electro-neutral in the 
late DCT.

 C. The late DCT is an important mediator of 
potassium reabsorption in the nephron.

 D. Magnesium plays an important role in the 
mechanism through which potassium reab-
sorption is achieve in the DCT.

 E. None of the above
7.  Which of the following patients would be 

expected to have a normal serum osmolality?
 A. An 18-year-old patient with type 1 diabetes 

admitted with a blood sugar of 480.
 B. A 55-year-old patient who has been taking 

salt substitutes (KCl).
 C. An 81-year-old patient with end-stage renal 

disease (ESRD) prior to institution of dialysis.
 D. A 75-year-old patient with syndrome of inappro-

priate antidiuretic hormone secretion (SIADH).
 E. A 56-year-old patient treated with hypertonic 

saline in the neuro ICU secondary to elevated 
intracranial pressure (ICP).

8.  Which of the following is a FALSE statement 
regarding inulin?
 A. Measurements of its clearance is considered 

to represent the “gold standard” for determi-
nation of renal function.

 B. Inulin is neither secreted, excreted, or reab-
sorbed by the kidney.

 C. Measurement of GFR using inulin clearance is 
costly and effort intensive.

 D. Inulin clearance has been replaced by other 
methods in order to measure renal function.

 E. Inulin is an endogenous compound and is a 
polysaccharide.

9.  Which of the following regarding endogenous 
markers of renal function is TRUE?
 A. Serum creatinine gives an accurate repre-

sentation of renal function because it is not 
secreted or reabsorbed by the kidney.

 B. A serum creatinine level of 1.0 would be con-
sidered to be representative of normal renal 
function in all patients.

 C. Renal clearance of cystatin C acts as an alter-
native marker of renal function in a manner 
similar to creatinine clearance.

 D. Both cystatin C and creatinine levels vary 
inversely with GFR.

 E. Cystatin C levels are influenced by dietary 
factors in a manner similar to that of serum 
creatinine.

 10. Regarding the handling of drugs and toxins by 
the kidney, which of the following represents an 
accurate pairing:
 A. Glomerulus: filtration of anions
 B. Proximal tubule: small, non-protein bound 

drugs
 C. SLC carriers: make use of ATP hydrolysis to gener-

ate the energy needed for the transport process.
 D. Peritubular capillaries: Mechanism for trans-

portation of large protein-bound compounds 
to the proximal tubule.

 E. ABC transporters: Depend on a favorable con-
centration gradient, secondary, or even tertiary 
active transport to drive the energy expendi-
ture necessary for the transport of drugs.

 v Answers
 1. D. The highest rate of reabsorption of magnesium 

occurs via the paracellular pathway in the loop of 
Henle. Under normal physiologic conditions, albu-
min is not filtered by the glomerulus and thus does 
not undergo reabsorption. Glucose is reabsorbed 
almost completely by the proximal tubule. The thin 
ascending limb of the loop of Henle is impermeable 
to water. The collecting duct secretes ammonium ion 
rather than reabsorbing it.

 2. E. Instead of the Na+-K+-ATPase, a H+-ATPase serves 
as the generator of the electrochemical gradient in 
intercalated cells.
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3.  A. All of the listed compounds/solutes undergo reab-
sorption by the proximal tubule with the exception 
of NH4

+. Ammonium is actually produced by the prox-
imal tubule not reabsorbed. Ammonium ion can be 
created in a variety of ways. Hydrogen ion secreted 
into the proximal tubule lumen can combine with 
NH3 to form ammonium anion thus functioning as a 
titratable acid. Under conditions of acidosis, gluta-
mine undergoes metabolism in the proximal tubular 
cell. The mitochondrial enzyme glutaminase interacts 
with glutamine to form glutamate and an ammo-
nium ion. The glutamate then undergoes enzymatic 
conversion into alpha-ketoglutarate and another 
ammonium ion. The 2 ammonium ions can either be 
secreted into the lumen by the NH3 transporter, or 
can undergo dissociation into a hydrogen ion and 
NH3 with subsequent transport into the lumen. In 
summary, metabolism of glutamine under conditions 
of acidosis leads to the formation of 2 ammonium 
ions, and alpha-ketoglutarate. The ammonium is 
secreted into the tubular lumen and flows through 
subsequent nephron segments.

4.  C. The kidney receives approximately 20–25% of car-
diac output. The other statements are all correct.

5.  C. The area from just prior to the hairpin loop to the 
thick ascending limb (TAL) is permeable to NaCl, which 
is passively reabsorbed. The ascending thin limb and 
the majority of the descending thin limb are imper-
meable to water due to a lack of expression of the 
aquaporin channel. The thin limbs of the loop of Henle 
are highly permeable to urea, which diffuses into the 
luminal fluid as the descending thin limb dives into 
the renal medulla. The urea then diffuses back out of 
the lumen as the tubule ascends back toward the renal 
cortex. In the TAL, the transport of NaCl occurs actively. 
While there may be a small amount reabsorbed from 
the tubular lumen via the paracellular pathway, the 
majority occurs as a result of secondary active trans-
port. The paracellular pathway plays an important role 
in the reabsorption of both magnesium and calcium. 
However, 55% of filtered magnesium is reabsorbed by 
the TAL compared to only 20% of calcium.

6.  A. It is true that of the 2 segments of the DCT, the 
DCT2 segment is the most sensitive to the effects of 
aldosterone.

7.  B. Serum osmolarity can be calculated by the follow-
ing equation:

 

Serum Osmolality Na BUN

Glucose
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8. E. All of the answers are true with the exception 
of the fact that inulin is an exogenous compound 
administered to a patient in an effort to measure renal 
function.

9.  D. Creatinine is not an ideal marker of renal func-
tion because it is secreted by the proximal tubule. 
Also the generation of serum creatinine will depend 

on factors such as muscle mass, obesity, and dietary 
intake. For example, a creatinine level of 1.2 may 
not have the same clinical implications in a body 
builder taking dietary supplements compared 
to a frail, wheelchair-bound 80-year-old woman. 
Patients who have a high volume of distribution 
from edema can have a “diluted” serum creatinine 
concentration, which again may create a false 
impression of renal function. Cystatin C is gener-
ated by nucleated cells and released into the blood. 
In the kidney it is freely filtered by the glomerulus 
and then reabsorbed and metabolized by the proxi-
mal tubules. As such it is not possible to calculate 
a cystatin C clearance in the way that we calcu-
late one for creatinine. Cystatin C levels are not 
impacted by factors such as diet and muscle mass 
in the manner serum creatinine levels are affected. 
Both creatinine and cystitis C serum levels vary 
inversely with GFR.

 10. D. The glomerulus is the site of initial filtration of 
most compounds with the exception of anions and 
large molecules. The proximal tubule manages those 
compounds that are either too large or protein bound 
to be effectively filtered by the glomerulus. Those 
drugs not undergoing glomerular filtration reach 
the proximal tubule through peritubular capillaries. 
Multi-specific drug transporters then import the com-
pounds into the peritubular cell. Two general types 
of transporters exist and are differentiated by the 
way that they fund the energy expenditure necessary 
for their actions. The first type, solute carriers or SLC 
carriers, either take advantage of a favorable concen-
tration gradient or make use of secondary, or even 
tertiary active transport. The second general class are 
the ATP-binding cassette (ABC) transporters. These 
transporters make use of ATP hydrolysis to generate 
the energy needed for the transport process.
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Key Points
1. The hypothalamus is the control center for the body’s 

homeostatic mechanisms and hormone release.
2. The pituitary responds to the hypothalamus through 

hypothalamic releasing hormones and has exquisite 
feedback mechanisms; pituitary tumor resection 
can lead to postoperative or intraoperative diabetes 
insipidus.

3. Patients with acromegaly should be treated as a dif-
ficult airway.

4. Aberrations in thyroid physiology require special 
anesthetic considerations; patients that are hyper- or 
hypo-thyroid are at increased risk for morbidity and 
mortality.

5. The hypothalamic pituitary adrenal axis controls 
the stress response and is affected by anesthesia; 
patients on long-term steroids may require stress 
dosing.

6. The pancreas is responsible for glucose metabolism 
through insulin and glucagon mechanism; diabetic 
patients require close glucose control and monitor-
ing intraoperatively.

7. Calcium homeostasis is controlled by the parathyroid 
gland. In severe hypercalcemia PR or QT interval may 
be shortened.

8. Severe hypocalcemia can show delayed ventricular 
repolarization with a prolonged QT interval along 
with muscle spasms and tetany.

9. Patients with pheochromocytoma should have their 
blood pressure and electrocardiogram stabilized 
prior to surgery and anesthesia techniques center on 
avoidance of catecholamine release.

23.1  Introduction

The endocrine system is made of ductless glands that 
secrete hormones into the circulatory system (. Fig.  23.1). 
Hormones are chemical products that affect target cells that 
express hormone-specific receptors. Hormones come in 
a variety of forms such as chemical peptides, steroids, and 
amino acids—all of which have varying half-life durations. 
The majority of hormones are peptides that are stored in 
secretory granules that require calcium for exocytosis. This 
occurs in a process similar to the release of neurotransmit-
ters in the synaptic cleft. Steroid hormones are derived from 
cholesterol and include glucocorticoids, mineralocorticoids, 
androgens, estrogens, and progesterone. Amino acid-based 
hormones, such as epinephrine, norepinephrine, dopamine, 
and thyroid hormones are synthesized from tyrosine precur-
sor molecules.

Hormones can be excreted in different fashions. 
Endocrine effects occur when the hormone exerts an effect 
on distant organs. Paracrine effect is when 1 cell produces 

effects on a neighboring cell in the same organ. Autocrine 
effect occurs when a hormone acts on the same cell it is 
excreted by. Finally, a newly discovered intracrine effect is the 
process whereby a hormone is synthesized and acts intracel-
lularly in the same cell. All of these modalities give the endo-
crine system an exquisite amount of feedback with local and 
distant end organ control.

Hormones circulate freely or are protein bound. Most 
carrier proteins are synthesized in the liver, and in states of 
liver dysfunction carrier protein and total hormone concen-
trations can be affected. Unbound hormones can be cleared 
from the circulation by metabolic clearance.

23.2  Hypothalamus

The hypothalamus is the main coordinating center for the 
endocrine system. It responds to different environmental 
stimuli and integrates this information with other areas of 
the brain and produces an endocrine response that maintains 
homeostasis (. Fig. 23.2). Thirst, food intake, energy metab-
olism, body temperature, and the sleep-wake cycle are under 
hypothalamic control. Most of the hypothalamic response is 
mediated through its control of the pituitary (. Fig.  23.3). 
The hypothalamus controls the release of hormones from the 
anterior pituitary through stimulation/inhibition via release 
of hypophysiotropic peptide hormones (. Fig.  23.4). The 
posterior pituitary neuropeptides are directly synthesized in 
the hypothalamus and released through the hypothalamo- 
hypophyseal tract (. Fig. 23.5).

At the inferior pole of the third ventricle, the hypothala-
mus joins to form the median eminence. This important 
 anatomic structure is where a portal drainage system exists. 
The superior hypophyseal arteries form the primary capillary 
plexus that supplies blood to the median eminence. From 
this capillary system, the blood is drained in hypophyseal 
portal veins into the secondary plexus. The peptides released 
at the median eminence enter the primary plexus capillaries. 
From there, they are transported to the anterior pituitary via 
hypophyseal portal veins to the secondary plexus. The sec-
ondary plexus is a network of fenestrated sinusoid capillaries 
that provide blood to the anterior pituitary.

The median eminence is also the structure that contains 
axons from the hypothalamus that travel down to form the 
posterior pituitary gland. Short portal vessels connect the 
posterior to the anterior pituitary allowing function to be 
closely associated.

Two types of neurons mediate the endocrine function of 
the hypothalamus. Magnocellular neurons are located in the 
paraventricular and supraoptic nuclei of the hypothalamus 
and produce oxytocin and vasopressin (AVP). Magnocellular 
neurons are unmyelinated and form the hypothalamo- 
hypophysial tract that travels through the median eminence 
to form the posterior pituitary. Parvicellular neurons are the 
cluster of neurons that terminate in the median eminence 
and release hypophysiotrophic hormones that control the 
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anterior pituitary (andenohypophysis). Parvicellular neurons 
release CRH (corticotropin releasing hormone), LHRH 
(leutinizing hormone releasing hormone), TRH (thyrotropin 
releasing hormone), GHRH (growth hormone releasing hor-
mone), somatostatin, and dopamine. Each hypophysiotro-
phic hormone then acts on the anterior pituitary causing 
release of specific hormones that then act on target cells. 
Dopamine acts as an inhibitor of prolactin release. Prolactin 
is the hormone that acts on lactotrophs in the breast causing 
milk production. Antipsychotic medications with antidopa-
minergic action remove inhibition, causing increased circu-
lating prolactin levels; this is the physiology behind 
galactorrhea in patients on antipsychotic medications. Light 
plays an important role in the hypothalamic suprachiasmatic 
nucleus serving as an overall biologic internal clock generat-
ing circadian rhythms of hormone secretion.

23.3  Pituitary

The pituitary consists of an anterior (. Fig. 23.4) and a poste-
rior lobe (. Fig. 23.5). The adenohypophyis, or anterior lobe, 
is comprised of the pars anterior and the pars intermedia 
separated by a remnant of Rathke’s pouch. The anterior pitu-
itary is derived from epithelial cells from the ectodermal lin-
ing of the top of the mouth. The anterior pituitary has 
individual cells that are named respectively according to the 
different hormones each release. Corticotrophs produce 
adrenocorticotropic hormone (ACTH), Thyrotrophs pro-
duce thyroid-stimulating hormone (TSH), somatotrophs 
produce growth hormone (GH), lactotrophs produce prolac-
tin, and gonadotrophs produce gonadotropins leutinizing 
hormone (LH) and follicle-stimulating hormone (FSH). The 
gonadotrophs (LH and FSH producing) and the somato-
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trophs (GH) cells are more prone to injury due to their loca-
tion in the postero-lateral region.

The hormones of the anterior pituitary are classified into 
glycoproteins, propiomelanocortin (POMC) derived, and GH 
and prolactin type. The glycoprotein hormones are TSH, FSH, 
and LH. These hormones share a common α(alpha) subunit 
and a unique β(beta) subunit that confers specificity. POMC 
type hormones are ACTH, β(beta) endorphin, and melano-
cyte-stimulating hormone (MSH). Growth hormone and pro-
lactin share a similar structure to human placental lactogen.

Thyroid-stimulating hormone (TSH) is secreted by thy-
rotrophs and binds to a g-protein coupled receptor in the 
thyroid gland leading to hormone synthesis. TSH secretion is 
regulated by stimulation from TRH from the hypothalamus 
and negative feedback is provided by T3 and T4.

Gonadotropins produce LH and FSH, engaging the testes 
and ovaries causing sex hormone synthesis, spermatogenesis, 
folliculogensis, and ovulation. The gonadotrophs are under 
exquisite feedback control that allows for cyclical release 
leading to menstruation and sexual maturity. Testosterone 
and estrogen provide negative feedback control.

Corticotrophs release POMC type hormones that are 
post-translationally cleaved into ACTH, β(beta) endorphin, 
and melanocyte-stimulating hormone (MSH). ACTH is 
released in response to stress and binds to the adrenal cortex 
that leads to release of glucocorticoids and mineralocorti-
coids. MSH binds to skin melanocytes to increase melanin 
synthesis. Diseases involving adrenal dysfunction lead to 
overproduction of ACTH and MSH causing the pathogno-
monic skin tanning in Addisons disease. β(beta) endorphin 
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       . Fig. 23.2 The hypothalamus responds to different environmental 
stimuli and produces an endocrine response to maintain homeostasis 
(Reprinted from OpenStax, Anatomy & Physiology, OpenStax. 25 April 
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is an endogenous opioid that produces analgesia along with 
neuromodulatory effects on behavior and nervous function. 
Negative feedback is provided by cortisol.

Growth hormone is released by somatotrophs (acido-
trophs) in pulsatile bursts that interact with metabolism, sex 
steroids, adrenal glucocorticoids, thyroid hormone, and 
renal and hepatic functions. Growth hormone is inhibited by 
somatostatin and stimulated by GHRH release from the 
hypothalamus. The release of growth hormone is stimulated 
by thyroid hormone, dopamine, catecholamines during 
stress, excitatory amino acids, and hypoglycemia.

The majority of GH circulates bound to GH-binding 
protein and its half-life is 6–20 min. The principal effect of 
growth hormone is to promote longitudinal growth and also 
functions to regulate metabolism, adipocyte differentiation, 
maintenance and development of the immune system, and 
regulation of brain and cardiac function. In adipose tis-
sue, GH causes oxidation of free fatty acids raising levels of 
circulating lipid available for energy metabolism. GH acts 
in skeletal muscles to effect anabolic growth. Insulin-like 
growth factor 1 (IGF-1) is produced in the liver in response 
to GH.  The IGF-1 binds to the insulin receptor and to 
IGF-1 receptor leading to bone formation, protein synthe-
sis, and glucose uptake by muscle, neuronal survival, and 
myelin synthesis. The cellular message is transduced by the 
 phosphorylation of Jak 2 tyrosine kinase receptors and sec-
ondary messengers. The half-life of free IGF-1 is 15–20 min, 
however, most of it circulates bound to IGF binding proteins. 
IGF-1 participates in negative feedback loops that decrease 

GH release. The immune system cellular function is depen-
dent on GH for activation of B cells, natural killer cells, mac-
rophages, and T cells.

An excess of growth hormone causes the syndrome of 
acromegaly. Adult patients with acromegaly can present 
with symptoms that result from mass effect secondary to 
excessive growth hormone: they can have headache, visual 
field defects, rhinorrea, skeletal overgrowth, soft tissue over-
growth, and connective tissue overgrowth causing recur-
rent laryngeal nerve palsy and carpal tunnel syndrome. 
Intraoperative considerations include visceromegaly, glucose 
intolerance, osteroporosis, hyperhidrosis, and increased lung 
volumes. Patients with acromegaly may present for transphe-
noidal resection of the pituitary gland due to GH-secreting 
tumor. These patients should be treated as difficult airways as 
a result of reduction in the size of the glottic opening, hyper-
trophy of aryepiglottic folds, calcinosis of the larynx, recur-
rent laryngeal nerve injury, prognathism, and hypertrophy 
of the tongue.

Prolactin is released from lactotrophs. Prolactin is under 
inhibitory control by dopamine in the hypothalamus and also 
gamma-aminobutyric acid (GABA) and somatostatin. Tonic 
inhibition by dopamine is released by sucking of the nipple 
and increased levels of ovarian steroid hormones, primarily 
estrogen. TRH, oxytocin, vasoactive intestinal peptide, and 
neurotensin may weaken the inhibition of prolactin release. 
Prolactin binds to receptors in the mammary gland causing 
growth, milk production, and milk expulsion. Interestingly, 
prolactin also plays a role in maternal and sexual behavior.

Anterior pituitary

Thalamus

Hypothalamus

Infundibulum

Posterior pituitary

       . Fig. 23.3 The hypothalmus-pituitary complex. The hypothalamus 
connects to the pituitary gland by the stalk-like infundibulum. The 
pituitary gland consists of an anterior and posterior lobe, with each 
lobe secreting different hormones in response to signals from the 

hypothalamus (Reprinted from OpenStax, Anatomy & Physiology, 
OpenStax. 25 April 2013. Creative Commons Attribution 4.0 Inter-
national License. Download for free at 7 http://cnx. org/content/
col11496/latest/)
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The posterior pituitary is formed by the axons from the 
magnocellular neurons of the hypothalamus. The posterior 
pituitary releases AVP and oxytocin (. Fig.  23.5). Both are 
synthesized as part of a larger precursor protein (neurophy-
sin 2) that is cleaved. AVP and oxytocin circulate unbound 
and have short half-lives of 1–5 min.

Oxytocin is released during suckling on the breast and 
stretch on the cervix during childbirth. Oxytocin stimulates 
the contraction of myoepithelial cells in the mammillary 
ducts causing milk to be expelled. Its other primary function 
is to induce smooth muscle contraction on the uterus that 
allows for labor and regression of the uterus after birth. 
Receptor levels and gap junctions between the smooth mus-
cle of the uterus are increased during pregnancy, which lends 
to a much stronger response to circulating oxytocin. Oxytocin 
release is inhibited by loud noise, pain, and elevated body 
temperature. Deficiency of oxytocin can impair breast feed-
ing. Patients on the labor and delivery floor that are on 
extended durations of oxytocin infusions are at an increased 

risk of postpartum hemorrhage and decreased milk produc-
tion as a result of oversaturation of the oxytocin receptors.4.

Arginine vasopressin (AVP) or antidiuretic hormone 
(ADH) is the other hormone released from the posterior 
pituitary gland. AVP is released in response to elevated 
plasma osmolarity or a decrease in circulating blood volume. 
Changes in the release of AVP are more sensitive to changes in 
osmolarity than blood volume: A small increase of 1% plasma 
osmolarity is effective whereas it takes a 10% reduction in cir-
culating blood volume to induce release. The effective plasma 
osmolarity is sensed by special osmoreceptor neurons in 
the hypothalamus. Decreases in blood volume are detected 
in the cardiac atria, aorta, and carotid sinus through the 9th 
and 10th cranial nerves. AVP regulates water reabsorption by 
altering water permeability at the distal convoluted tubule of 
the nephron. AVP also causes smooth muscle vasoconstric-
tion in the arterioles increasing vascular resistance. Drugs and 
hormones such as estrogen, progesterone, opiates, nicotine, 
alcohol, and atrial natriuretic peptide influence AVP release.
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       . Fig. 23.4 Anterior pituitary. The anterior pituitary manufactures 
seven hormones. The hypothalamus produces separate hormones 
that stimulate or inhibit hormone production in the anterior pituitary. 
Hormones from the hypothalamus reach the anterior pituitary via the 
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Disorders of vasopressin include diabetes insipidus (DI) 
and syndrome of inappropriate antidieuretic hormone 
(SIADH). Diabetes insipidus is insufficiency of AVP, causing 
diluted urine and hypernatremia, and may be central or periph-
eral. Central DI, where there is a low level of AVP, may be 
caused by brain tumors, traumatic brain injury, and cerebral 
ischemia. Hypernatremia secondary to central DI is a common 
finding in brain dead patients presenting for organ harvest. In 
nephrogenic DI, damage to the renal tubules by methoxyflu-
rane and other nephrotoxic agents (lithium, demeclocycline, 
ofloxacin, polycystic kidney disease) leads to receptor insensi-
tivity to AVP, leading to a decrease in the kidney’s ability to 
concentrate urine. Lithium toxicity and hypercalcemia are the 
2 most common medical conditions. Amyloidosis and polycys-
tic kidney disease are also common causes for nephrogenic DI.

SIADH presents with hyponatremia and very small amounts 
of concentrated urine. SIADH can be the presenting symptom 
in tumors of the lung and brain as well as sequelae of traumatic 
brain injuries. Cerebral salt wasting is a rare complication of 
brain injury that mimics SIADH, however, the diagnosis is made 
when the patient shows signs of hypovolemia (. Table 23.1).
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       . Fig. 23.5 Posterior pituitary. Neurosecretory cells in the hypo-
thalamus release oxytocin (OT) or antidiuretic hormone (ADH) into 
the posterior lobe of the pituitary gland. These hormones are stored 
or released into the blood via the capillary plexus (Reprinted from 

OpenStax, Anatomy & Physiology, OpenStax. 25 April 2013. Creative 
Commons Attribution 4.0 International License. Download for free at 
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       . Table 23.1 Comparative differences between diabetes 
insipidus, syndrome of inappropriate antidieuretic hormone, 
and cerebral salt wasting

Diabetes 
insipidus

Syndrome of 
inappropriate 
antidieuretic 
hormone

Cerebral 
salt 
wasting

Urine output Polyuric Decreased Polyuric

Serum sodium High Low Low

Urine sodium Low High High

Serum osmolarity High Low Can be low 
or normal

Urine osmolarity Low High Can be low 
or normal

Central venous 
pressure

Can be 
normal or 
low

High Low
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Tumors, traumatic brain injury, apoplexy (acute vascular 
infarction or hemorrhage of the pituitary), and infection can 
lead to pan hypopituitarism. This disease is usually marked 
by an absence of hormones controlled by sections of the pitu-
itary. If there is a tumor, visual defects (bitemporal hemi-
anopsia) may be seen from compression of the optic chiasm. 
The most common cause of hypopituitarism is pituitary 
adenoma with compression of the normal surrounding brain 
tissue. The most sensitive cells to damage are those that 
secrete growth hormone and gonadatropic hormones. 
Diagnosis of hypopituitarism is made by measuring a low 
basal hormone level in an effector site gland in combination 
with a low pituitary hormone level. Treatment of hypopitu-
itarism aims to restore levels of the hormone by giving exog-
enous supplement while also attempting to remove the 
offending cause and address any other repercussions from 
the deficiency.

Patients presenting for resection of pituitary tumors 
should have their endocrine function evaluated as well as 

imaging studies to rule out suprasellar extension. Most com-
monly, patients present with headache, hormonal excess or 
symptoms of hypopituitarism and visual disturbances; it is 
rare to have increased intracranial pressure (ICP) as the pre-
senting symptom. If ICP is elevated, anesthetic techniques 
should be taken to prevent further increases. Interestingly, in 
cases of suprasellar extension of pituitary tumors, controlled 
hypercarbia may shift the tumor into the surgeon’s view 
assisting in resection. Stress doses of steroids may be consid-
ered if measured levels of cortisol are low or if the patient 
develops signs of Addisonian symptoms.

23.3.1  Thyroid

The main function of the thyroid gland is the synthesis and 
storage of thyroid hormone (. Figs. 23.6 and 23.7). The func-
tional unit of the thyroid gland is the thyroid follicle, which 
consists of a layer of thyroid epithelial cells arranged around 
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a large central cavity filled with colloid. The apical surface of 
the follicular cells face the follicular lumen where colloid is 
stored and the basolateral surface faces the bloodstream 
where iodine is absorbed and thyroid hormone is released. 
Thyroglobulin is found in this colloid.

TSH binds to the basolateral side of the follicular cells 
and causes iodide uptake through activity of the sodium- 
iodide symporter, transcription of thyroglobulin, and activa-
tion of thyroid peroxidase (TPO). TPO is the enzyme 
responsible for organification of tyrosine. TPO oxidizes 
iodine to iodide so that it can be added onto specific tyrosine 
residues on thyroglobulin causing monoiodotyrosine (MIT) 
and 3,5,3′-triiodothyronine (T3). Further coupling then cre-
ates diiodotyrosine (DIT) and 3,4,3′,5′-tetraiodothyronine 
(T4). The coupling of iodinated tyrosine residues either of 2 
DIT residues or 2 MIT and 1 DIT residues is catalyzed by 
TPO. In the follicular lumen there is stored MIT and DIT as 
well as formed T3 and T4. When plasma levels of iodine are 
elevated 15–20-fold above normal it inhibits the organic 
binding of iodine within the thyroid gland: this autoregula-
tory phenomenon is independent of the effect of TSH and is 
known as the Wolf-Chaikoff effect.

TSH regulates the release of thyroid hormones from the 
gland. This process involves the endocytosis of vesicles con-
taining thyroglobulin from the apical surface and these vesi-
cles fuse with follicular epithelial phagolysosomes leading to 
digestion and cleavage of thyroglobulin. Once thyroglobulin 
is digested, the vesicles are released on the basolateral surface 

into the bloodstream increasing systemic levels of T4. Some 
of the T4 is de-iodinated to T3 in the follicular cells and the 
residual iodide is then recycled to participate in the synthesis 
of new thyroid hormone. The thyroid gland releases greater 
amount of T4 than T3 (40-fold greater amount of T4). Most 
of the circulating levels of T3 are formed through di- 
iodination of T4 in the periphery. T4 therefore acts as a pro- 
hormone for T3 because it has much less affinity for the 
intracellular ligand binding sites of cells. The thyroid gland 
can store 2–3 months of thyroid hormone in the thyroglobu-
lin pool.

Once T3 and T4 are released in circulation, 70% is bound 
to thyroid-binding globulin (TBG). A small fraction of each 
hormone, 0.03% T4 and 0.3% of T3, are in their free form. 
The free form is bioavailable to enter the cell and bind to the 
thyroid receptor. T4 binds more tightly to TBG and therefore 
has a longer half-life than T3. Binding of T3 and T4 to TBG 
causes a circulating storage reserve pool. Thyroid hormone 
exerts its effects by binding to nuclear receptors TRα(alpha) 
and TRβ(beta) that activate DNA mRNA synthesis with sub-
sequent protein transcription products that control calorie 
metabolism, anabolic growth, and development.

Thyroid hormone is a key regulator of cardiovascular func-
tion because it increases the concentration of adrenergic recep-
tors. Thyroid function is measured by levels of TSH in addition 
to free T4 or total T4 and thyroid binding ratio. Thyroid bind-
ing ratio is necessary because thyroid hormone is usually 
bound to thyroxine binding globulin (TBG). TBG  levels can be 
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increased during pregnancy, use of oral contraceptives, hepati-
tis, acute intermittent porphyria, and the neonatal state. 
Conversely testosterone, corticosteroids, severe illness, cirrho-
sis, nephrotic syndrome, and phenytoin can decrease circulat-
ing levels of TBG. Changes in the amount of TBG can impact 
the total amount of circulating thyroid hormone, which 
includes the free and protein bound forms. Increases in TBG 
will cause a decrease in free hormone, stimulating the release of 
more TSH and in turn more synthesis and release of thyroid 
hormones. Alternately a decrease in TBG levels will increase 
free thyroid hormone levels, decreasing TSH release, and 
decreases thyroid hormone synthesis and release.

The process of de-iodination (conversion of T4-T3) 
occurs primarily in the liver and kidney by the enzyme deio-
dinase. If the iodine is removed from the carbon 5 molecule 
on the outer ring of T4 it forms T3; conversely if iodine is 
removed from the carbon 5 molecule in the inner ring it 
yields reverse T3 (rT3), which has little to no biologic activ-
ity. T4 and T3 are further metabolized to T2—a biologically 
inactive hormone that is excreted from the body in the bili-
ary system by glucoronidation.

Thyroid hormone exerts genomic and non-genomic 
effects. Non-genomic effects include stimulation of activ-
ity Ca2+ − adenosine triphosphatase (ATPase) at the plasma 
membrane and sarcoplasmic reticulum, increased activity of 
the Na + /H + antiporter, and increases in oxygen consumption. 
The genomic effects are mediated by thyroid hormone enter-

ing the nucleus of cells to bind to ligand-activated transcrip-
tion factors that influence gene transcription. T3 has higher 
affinity for the ligand activated transcription factors than T4. 
Once the transcription factor is activated it binds to enhancer 
sequences on DNA called hormone response elements.

Cellular transcription of proteins in response to T3 and 
T4 increases several metabolic functions: Na+/K+-ATPase 
cell membrane proteins increase oxygen consumption, 
uncoupling proteins enhance fatty acid oxidation and heat 
generation without production of ATP, and protein synthesis 
leads to growth and differentiation. Thyroid hormone also 
plays a key role in cholesterol synthesis and fasted versus fed 
epinephrine-induced glycogenolysis and insulin-induced 
glycogen synthesis.

The effects of thyroid hormone are seen in every cell of the 
body due to the universal nature of the receptor (. Fig. 23.8). 
In the bone it is essential for growth and development, with 
excess hormone placing adults at risk for osteoporosis. In the 
heart, thyroid hormone acts to increase gene transcription of 
proteins involved in the electrical cycle of contraction/relax-
ation (phospholamban, Ca2+ ATPase, β(beta)-adrenergic 
receptors, adenyl cyclase, NA+Ca+ exchanger, Na+/K+-
ATPase, and voltage-gated potassium channels), which 
increases cardiac output and decreases systemic vascular 
resistance. In fat tissue, thyroid hormone regulates triglyc-
eride and cholesterol synthesis while controlling cell growth. 
In the brain, thyroid hormone causes transcription of genes 
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mone action. 7 Clinicalgate. com)
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involved in myelination, cell differentiation, and migration 
and signaling all leading to growth and development.

Hyperthyroidism is most commonly caused by Graves’s 
disease where there is a thyroid stimulating immunoglobulin 
that causes pathologic stimulation of the TSH receptor and 
release of thyroid hormone. Elevated levels of thyroid hor-
mone can also be seen in pregnancy, thyroiditis, thyroid 
adenoma, choriocarcinoma, or TSH-secreting pituitary ade-
noma. Manifestations of hyperthyroidism are weight loss, 
diarrhea, warm moist skin, weakness of large proximal mus-
cles, menstrual abnormalities, osteopenia, agitation, heat 
intolerance, tachycardia, cardiac arrhythmia, mitral valve 
prolapse, and congestive heart failure. In addition to the 
aforementioned classic symptomologies, mild anemia, 
thrombocytopenia, elevated serum alkaline phosphatase, 
hypercalcemia, muscle wasting, and bone loss can also occur.

Antithyroid medications methimazole and propythioura-
cil work by inhibiting the thyroid peroxidase enzyme that 
oxidizes iodide (I−) to iodine (I0), preventing the organifica-
tion of tyrosine residues on the hormone precursor thyro-
globulin. Propythiouracil has an additional mechanism in 
the periphery where it inhibits the enzyme 5′-deiodinase 
(tetraiodothyronine 5′ deiodinase), which converts T4 to the 
active form T3. While these medications can induce remis-
sion in Graves’ disease, more recent use of propranolol and 
iodides allows a quicker optimization (7–14  days vs 
2–6  weeks). Intraoperative control of tachycardia can be 
achieved with boluses of esmolol, however, this alone will not 
prevent the occurrence of “thyroid storm.”

“Thyroid storm” is the clinical diagnosis for a life- 
threatening condition seen in patients whose hyperthyroid-
ism has been exacerbated by acute stress (surgery). The 
patient will exhibit hyperpyrexia, tachycardia, and altered 
mental status. These symptoms may mimic malignant hyper-
thermia, pheochromocytoma, or neuroleptic malignant 
syndrome. Treatment is based on fluid resuscitation, admin-
istering antithyroid medications, blocking the release of 
thyroid hormone with iodine by utilizing the Wolf- Chaikoff 
effect, and supportive therapy.

Amiodarone is a medication used for cardiac arrhyth-
mias that can cause hyperthyroidism or hypothyroidism 
through its action on synthesis and peripheral conversion of 
T4 to T3. Patients on amiodarone therapy may warrant 
investigation into thyroid function as well as the cardiac dys-
function that led them to require treatment.

Hypothyroidism is characterized by increased TSH 
levels and low thyroid hormone levels. Hypothyroidism 
can be caused by autoimmune Hashimoto’s disease, iodine 
dietary deficiency, or thyroid goiter. Hashimoto’s thyroiditis 
is the most common cause of adult hypothyroidism and is 
caused by thyroid microsomal antiperoxidase (anti TPO) 
antibodies, which inhibit the Na+/I+ symporter, and anti 
thyroglobulin antibodies. Patients may manifest symptoms 
of lethargy, motor retardation, dry skin, arthralgias, carpal 
tunnel syndrome, periorbital edema, cold intolerance, hyper-
capnea and depressed ventilator drive, bradycardia, obstruc-
tive sleep apnea, and slow gastric emptying. Severe cases of 

 hypothyroidism may lead to cardiomegaly, heart failure, and 
pericardial/pleural effusions.

Levothyroxine administration can restore euthyroid state 
and should be given on the morning prior to surgery despite 
its long half-life. Concomitant hypothyroidism and coronary 
artery disease pose a clinical challenge in that repleting thy-
roid hormone may exacerbate cardiac ischemia, while oper-
ating under hypothyroid state may lead to overt heart failure 
and cardiogenic shock. A team approach is needed in these 
cases. Other considerations in hypothyroidism are the 
decreased requirement of volatile anesthetic agents with 
lower minimum alveolar concentration (MAC), enlarged 
tongues that make endotracheal intubation challenging, and 
increased risk of hypothermia.

Overall, perioperative considerations in thyroid surgery 
include possible extrinsic compression of the airway causing 
obstruction, inability to lie down flat, and possibility of diffi-
cult intubation with tracheomalacia. Postoperative complica-
tions—such as unilateral/bilateral recurrent laryngeal nerve 
injury, hypocalcemic tetany, and neck hematoma—can pres-
ent as airway emergencies. Complete recurrent laryngeal 
nerve injury causes fixed adduction of the vocal chords and 
may require emergent intubation or tracheostomy.

Perioperative risk is high when a patient is in the hypo-
thyroid or hyperthyroid state, and therefore only emergency 
surgery should be undertaken before optimization can occur.

23.4  Parathyroid

The 4 parathyroid glands are located behind the upper and 
lower pole of the thyroid gland lobes (see . Fig. 23.6). The para-
thyroid gland is responsible for calcium and phosphate homeo-
stasis (. Fig. 23.9). Slight decrease in the free ionized Ca2+ level 
is sensed through the Ca2+ sensor in parathyroid chief cells 
resulting in an increased release of parathyroid hormone (PTH). 
Of the total body calcium, 99% is in the skeleton. When body 
ionized calcium decreases, PTH causes an increase in calcium 
release from bone, reabsorption in the kidney, and excretion of 
phosphate from the kidney. Downstream PTH acts in the kid-
ney to raise vitamin D levels. PTH release is also controlled by 
phosphate and magnesium levels. With low magnesium PTH is 
released; however, at very low levels PTH release is blocked. 
Adrenergic agonists have been shown to increase PTH release 
through β(beta)-adrenergic receptors on parathyroid cells.

In bone, PTH binds to receptors leading to the recruit-
ment of preosteoclasts. The preosteoclasts mature to active 
osteoclasts, which are responsible for increased bone resorp-
tion and release of Ca2+ and inorganic phosphate (Pi) into the 
circulation. PTH binding to osteoblasts triggers the synthesis 
of osteoclast differentiating factor (ODF), also known as 
receptor activator of nuclear factor-κ(kappa)β(beta) ligand 
(RANKL) or osteoprotegerin ligand. This ligand binds to the 
ODF receptor (RANKL receptor) expressed on the hemopoi-
etic osteoclastic precursors and stimulates their differentia-
tion into functional osteoclasts. Osteoprotegerin is a protein 
member of the tumor necrosis factor (TNF) receptor.
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In the kidney, PTH promotes Ca2+ reabsorption and Pi 
excretion in urine. PTH stimulates the hydroxylation of 
25-hydroxyvitamin D3 at the 1-position (through the enzyme 
25-hydroxyvitamin D3 1-alpha-hydroxylase), leading to the 
formation of the active form of vitamin D (calcitriol).

Vitamin D increases intestinal absorption of dietary Ca2+ 
and renal reabsorption of filtered Ca2+. In the distal tubule, 
Ca2+ absorption is entirely transcellular and is regulated by 
PTH, vitamin D, and calcitonin. Thiazide diuretics are cal-
cium sparing and can raise Ca2+ levels. PTH leads to the 
insertion and opening of the apical Ca2+ channel, facilitating 
the active transport of Ca2+ .

The majority (80–90%) of protein-bound Ca2+ is bound to 
albumin, and this interaction is sensitive to changes in blood 
pH. Acidosis leads to a decrease in protein binding of Ca2+ and 
an increase in “free” or ionized Ca2+ in the plasma. Alkalosis, a 
result of aggressive hyperventilation, results in increased Ca2+ 
binding and a decrease in ionized Ca2+ in the plasma.

Ca2+ also has diverse extracellular functions; for example, in 
the clotting of blood, maintenance of skeletal integrity, and 
modulation of neuromuscular excitability. Stable Ca2+ levels are 
critical for normal physiologic function. Sodium channel volt-
age gating is dependent on the extracellular Ca2+ concentra-
tion. Decreased plasma Ca2+ concentrations reduce the voltage 
threshold for the action potential firing, resulting in neuromus-
cular hyper-excitability. Clinically, neuromuscular irritability 
can be demonstrated by mechanical stimulation of the hyper-
excitable nerve. Chvostek sign (ipsilateral contraction of facial 
muscles elicited by tapping the skin over the facial nerve) or 
Trousseau sign (carpal spasm induced by inflation of the blood 
pressure cuff) can be elicited in patients who are hypocalcemic.

The thyroid gland has parafollicular cells that secrete cal-
citonin. Calcitonin regulates calcium metabolism. Calcitonin 
counteracts the effects of PTH to decrease free calcium. In the 
bone it inhibits osteoclast activity, decreasing bone resorp-
tion, and in the kidney it increases renal excretion of Ca2+.
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       . Fig. 23.9 The parathyroid glands regulate calcium homeostasis 
via 2 pathways: one turns on when blood calcium levels drop below 
normal and the other turns on when blood calcium levels are elevated. 
PTH - parathyroid hormone (Reprinted from OpenStax, Anatomy & 

Physiology, OpenStax. 25 April 2013. Creative Commons Attribution 4.0 
International License. Download for free at 7 http://cnx. org/content/
col11496/latest/)
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Additional tissues including skin, lymphocytes, skeletal 
and cardiac muscle, breast, and anterior pituitary express 
receptors for calcitriol. Thus, calcitriol has additional physi-
ologic effects in modulating immune response, reproduc-
tion, cardiovascular function, and cellular differentiation and 
proliferation.

Patients with elevated calcium present with a number of 
symptoms with the degree and severity linked to the blood 
levels. At levels above 14 mg/dl, a patient may present with 
anorexia, nausea, vomiting, abdominal pain, constipation, 
polyuria, tachycardia, and dehydration. Psychosis and 
 obtundation are usually the end result of severe and pro-
longed hypercalcemia. Hypercalcemia should be suspected 
in patients with nephrolithiasis, peptic ulcers, and subperios-
teal bone resorption. Thiazide diuretics should be avoided in 
these patients.

Hyperparathyroidism is caused by parathyroid adenomas 
and parathyroid hyperplasia. Ectopic tumors of the lung or 
kidney can produce biologically active fragments that stimu-
late the PTH receptor. In chronic renal failure, elevated phos-
phorus can lead to elevated calcium and PTH levels and this 
syndrome is termed secondary hyperparathyroidism. In 
patients presenting with hypercalcemia and a low PTH, a 
thorough workup should be done to rule out metastatic 
bone-invading tumors and multiple myeloma. Uncommon 
abnormalities such as Milk-Alkali syndrome, vitamin D 
intoxication, and sarcoidosis can also cause elevated blood 
calcium levels. Prolonged immobilization and Paget’s disease 
should also be on the list of potential differential diagnosis.

Treatment of hypercalcemia includes saline hydration 
and furosemide and phosphate repletion. Careful monitor-
ing of potassium and magnesium levels should be routine. 
More aggressive therapy with bisphosphonates, mithramy-
cin, glucocorticoids, calcitonin, or dialysis may be required. 
Hypoventilation increases ionized calcium and should be 
avoided. Mithramycin is a drug with low therapeutic index.

In severe hypercalcemia, PR or QT interval may be short-
ened on the electrocardiogram. In chronic hypercalcemia 
there can be cardiac, renal, or central nervous system calcifi-
cations. These are usually seen in chronic renal failure 
patients. Severe hypocalcemia can show delayed ventricular 
repolarization with a prolonged QT interval along with mus-
cle spasms and tetany. Spasm of the laryngeal muscles can 
cause vocal cords to be fixed at the midline, leading to stridor.

Correction of phosphorus will lead to increased 
ventilatory strength and left ventricular contractility. 
Hypophosphatemia can cause hemolysis, platelet dysfunc-
tion, leukocyte dysfunction, muscular weakness, and rhab-
domyolysis.

Hypomagnesemia as a sequelae of diuretics can cause 
cardiac dysrhythmias (ventricular tachydysrhythmias) hypo-
calcemic tetany, and neuromuscular irritability. Low serum 
magnesium can be seen in chronic severe malabsorption, 
malnutrition, and alcoholism.

Hypocalcemia is most commonly caused by surgical 
removal of the parathyroid gland. Differential diagnosis 
should include chronic renal failure, malabsorption syn-

dromes, pseudohypoparathyroidism, hypomagnesemia, 
osteoblastic malignant tumors, pancreatitis, and rare autoim-
mune abnormalities of the endocrine glands. In very rare 
cases of hypocalcemia, Di George’s syndrome is seen with 
thymic hypoplasia associated with hypoparathyroidism. 
Pseudohypoparathyroidism (Albright’s hereditary osteodys-
trophy) causes hypocalcemia as a result of resistance to PTH 
and is associated with short stature, round face, mild mental 
retardation, and shortened fourth and fifth metacarpals.

Treatment of hypocalcemia is usually accomplished with 
vitamin D derivatives. Phenothiazines such as prochlorpera-
zine and promethazine should be used with caution in 
patients with hypocalcemia because they may precipitate 
dystonic reactions or dysrhythmias.

23.5  Adrenal Gland

Secretion of glucocorticoids is regulated by the pituitary tropic 
hormone ACTH (. Figs. 23.10 and 23.11), which is synthe-
sized from the precursor molecule pro- opiomelanocortin 
metabolized to form an endorphin and ACTH. It is secreted 

Hypothalamus

CRH/AVPParaventricular
nucleus

Median
eminence

Pituitary Pituitary
stalk

Posterior
lobe

Anterior
lobe

Portal
vessels

ACTH Glucocorticoids

Cortex

Adrenal glandMedulla

Corticotrophs

       . Fig. 23.10 A schematic representation of the components of the 
hypothalamic-pituitary-adrenal axis and their hormonal interactions. 
Stimulatory effects are represented by solid lines and inhibitory effects 
by dashed lines (CRH corticotropinreleasing hormone, AVP arginine 
vasopressin) (Reprinted with permission from Kyrou and Tsigos [6])
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in a diurnal rhythm that is regulated by light-dark cycles. 
Secretion of ACTH is regulated by the release of corticotro-
pin releasing factor (CRF) from the hypothalamus. Cortisol 
and other glucocorticoids work through a negative feedback 
mechanism on the pituitary and the hypothalamus to inhibit 
secretion of ACTH and CRF.  The principal glucocorticoid 
is cortisol, which functions as a regulator of carbohydrate, 
protein, lipid, and nucleic acid metabolism. Cortisol exerts 
intracellular effects by stimulating nuclear transcription of 
m-RNAs that are then translated into proteins.

Most cortisol is bound by coticosterone-binding globu-
lin. The unbound cortisol enters cells and exerts its effect. 
Liver disease and nephrotic syndrome causes decreased lev-
els of corticosterone binding globulin while pregnancy 
increases the levels. Although total levels may rise or fall, the 
unbound amount remains in normal levels. The most accu-
rate measure of cortisol activity is the level of urinary cortisol 
(the amount that is free and able to be filtered by the kid-
neys). Cortisol is inactivated in the liver and excreted as 
17-hydroxycorticosteroid. When glucocorticoids are given in 
supraphysiologic doses they bind to the mineralocorticoid 
receptor and cause salt and water retention and loss of potas-
sium and hydrogen ions.

Cushing’s syndrome is a glucocorticoid excess condition 
caused by either endogenous oversecretion or chronic 
exogenous treatment with supraphysiologic doses. The 
most common cause of spontaneous cases is benign pitu-
itary adenoma. Other causes of intrinsic excess are micro-
adenomas or neuroendocrine ectopic ACTH production 
seen in tumors of the lung, pancreas, and thymus. A smaller 
percent of spontaneous cases may be caused by adrenal 
adenoma or carcinoma. Patients with Cushing’s syndrome 
often have moon facies, truncal obesity, skin striae, easy 
bruising, and proximal muscle weakness. Also common are 
hyperglycemia, hypertension, osteopenia, hypokalemic 
alkalosis, and increased leukocyte count. Special precau-
tions for preoperative management are control of hypergly-
cemia, hypertension,  ensuring fluid volume status is 
optimized, and correcting and electrolyte abnormalities. 
There is also a higher risk of fractures secondary to osteope-
nia and hence patients should be positioned carefully dur-
ing surgery. Furthermore, glucocorticoid excess causes a 
decreased immune response making patients susceptible to 
wound infections and delayed wound healing. Delayed 
wound healing may be partially reversed by administration 
of vitamin A.

       . Fig. 23.11 Response of the adrenal glands to short-term and long-term stresses. ACTH adrenocorticotropic hormone (Adapted from 7 http://
www. proprofs. com/flashcards/story. php?title=bio- lecture- 4-page-12411-lecture-pt-1)

 M.E. Schoor and S. Shaikh
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Aldosterone is the primary mineralocorticoid. It is 
secreted from the zona glomerulosa in the adrenal cortex and 
causes reabsorption of sodium and secretion of potassium 
and hydrogen ions by the kidneys in the distal renal tubule 
and also in the salivary and sweat glands.

Conn’s syndrome, or primary hyperaldosteronism, is a 
mineralocorticoid excess that leads to low serum potas-
sium, sodium retention, muscle weakness, hypertension, 
tetany, polyuria, inability to concentrate urine, and hypoka-
lemic alkalosis. Primary hyperaldosteronism is most com-
monly caused by a unilateral adrenal adenoma; however, 
25–40% of patients may have bilateral adrenal hyperplasia. 
Special considerations for perioperative management 
include restoring intravascular volume and correcting the 
hypokalemia. Patients with Conn’s syndrome have a higher 
incidence of hypertension and ischemic heart disease, 
which may necessitate preoperative treatment with spi-
ronolactone and aggressive intraoperative hemodynamic 
monitoring.

Adrenocortical hormone deficiency is caused by with-
drawal of exogenous steroids or destruction of synthesis 
seen in immune disorders, tuberculosis, hemorrhage, cyto-
toxic drugs, or cancer. Human immunodeficiency virus 
(HIV), cytomegalovirus (CMV), mycobacteria, and fungal 
infection can destroy the adrenal gland. Heparin-induced 
thrombocytopenia (HITT) has been implicated in adrenal 
insufficiency. Hashimoto’s thyroiditis and type 1 diabetes 
mellitus are autoimmune disorders that can also affect the 
adrenals. Addison’s disease is primary adrenal insufficiency 
caused by local destruction of all zones of the adrenal cortex 
causing both glucocorticoid and mineralocorticoid defi-
ciency. Secondary adrenal insufficiency occurs when the 
pituitary or the hypothalamus are no longer able to secrete 
ACTH or CRH, respectively. Patients with adrenal insuffi-
ciency may experience weight loss, weakness, postural 
hypotention, abdominal pain, constipation, diarrhea, hyper-
pigmentation, hyperkalemia, hyponatremia, hypoglycemia, 
hypercalcemia, and pre- renal azotemia as a result of volume 
depletion. Acute Addisonian crisis can occur when even a 
minor stress is placed on an already deficient patient. 
Therefore, it is recommended that patients receive 100–
200  mg of hydrocortisone phosphate IV, depending on 
whether the surgery is considered major or minor, as stress 
dose steroid.

Mineralocorticoid deficiency is less common and is seen 
in congenital syndromes or occurring after unilateral adre-
nalectomy. Long-standing heparin use has also been impli-
cated as a cause. These patients can present with severe 
hyperkalemia, hyponatremia, and cardiac conduction abnor-
malities. Treatment is with mineralcorticoids such as fludro-
cortisone.

Glucocorticoids mediate catecholamine-induced 
increases in cardiac contractility and maintenance of vas-
cular tone. Therefore, insufficient repletion during surgical 
stress can lead to Addisonian crisis and death.

Measurement of adequate steroid response to stress can 
be measured as a plasma concentration of cortisol more 

than 25  μ(mu)g/dL.  The cosyntropin test can also be per-
formed where first the baseline cortisol level is measured 
then 250  μ(mu)g of cosyntropin (synthetic ACTH) is 
administered. An increase in plasma cortisol of 6–20 μ(mu)
g/dL indicates that the patient has a normal pituitary-
adrenal axis. A smaller increase indicates pituitary-adrenal 
insufficiency. These tests may be useful for planned elective 
operations, and in the event they are not available it is safe 
to assume that any patient receiving steroids in the past year 
should receive stress dose supplementation. Risks of stress 
dose steroids include hypertension, fluid overload, stress 
ulcers, and increased risk of infection and delayed wound 
healing.

Etomidate is an imidazole sedative hypnotic used for 
induction of anesthesia that inhibits 11β(beta)- hydroxylase 
and cholesterol side chain cleavage enzyme, which causes 
inhibition of peripheral adrenocortical enzymes and com-
promised adrenal reserves.

23.6  Pheochromocytoma

Pheochromocytomas are catecholamine-producing tumors 
derived from chromaffin cells. It has been reported that 
25–50% of hospital related deaths in patients with pheo-
chromocytoma occur during induction of anesthesia or 
surgical procedures for other causes. These tumors are usu-
ally found in the adrenal medulla and can also occur any-
where such as the right atrium, spleen, broad ligament of 
the ovary, or the organs of Zuckerkandl at the bifurcation of 
the aorta. These tumors can be part of a familial syndrome 
known as multiple endocrine neoplasia (MEN) type IIA or 
IIB, manifested as an autosomal dominant trait. Type IIA is 
characterized as medullary thyroid carcinoma, parathyroid 
adenoma, and pheochromocytoma. Type IIB is character-
ized as having medullary thyroid cancer, pheochromo-
cytoma, and marfanoid habitus. Von Reklinghausen’s 
neurofibromatosis, Von Hippel-Lindau disease, and cerebel-
lar hemangioblastoma are also associated with MEN type 
IIB.  Pheochromocytoma can be localized using magnetic 
resonance imaging (MRI), computed tomography (CT), 
ultrasonography, or metaiodobenzylguanidine (MIBG) 
nuclear scanning. While vanillymandelic acid, catechol-
amine, and metanephrine excretion can be used to test for 
pheochromocytoma, the cluster of symptomatic paroxys-
mal hypertension, headache, sweating, and tachycardia has 
been shown to be the most sensitive and specific indicator. 
Perioperative management with α(alpha)-adrenergic recep-
tor blockage has led to a significant reduction in mortality 
associated with tumor resection. Phenoxybenzamine should 
be started at doses of 20–30  mg/70  kg patient by mouth 
once or twice daily. Patients may require 60–250  mg/day. 
The treatment is deemed adequate when the blood pressure 
is normalized and the symptoms decrease. Patients who 
demonstrate changes on the electrocardiogram may require 
pre- procedure α(alpha) blockade for 1–6 months in order to 
counteract the catecholamine-induced myocarditis.
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β(beta)-adrenergic blockade with propranolol is used 
for patients with tachycardia and arrhythmias. β(beta)-
adrenergic blockade should not be used without con-
comitant α(alpha) blockade to prevent the unopposed 
α(alpha)-adrenergic vasoconstriction and dangerous hyper-
tension. Most patients require 10–14 days of medical treat-
ment to stabilize blood pressure and decrease symptoms. The 
commonly recommended criteria include:
 1. No in hospital blood pressure (BP) reading higher than 

165/90 for 48 h prior to surgery.
 2. Orthostatic hypotension is present but BP on standing 

should not be lower than 80/45 mm Hg.
 3. Electrocardiogram (ECG) should be free of any ST-T 

segment changes that are not already permanent.
 4. No more than 1 premature ventricular contraction every 

5 min.

Intraoperative blood pressure augmentation can be achieved 
with phenylephrine or dopamine and nitroprusside for 
hypertension. Esmolol can be used for severe tachycardia 
without hypertension or volume depletion. Painful stimuli 
and intraoperative manipulation of the tumor can lead to 
enormous surges of catecholamines that should be antici-
pated.

23.7  Pancreas

The pancreas is a mixed exocrine and endocrine gland that is 
coupled to our digestive and metabolic systems. The pancreas 
regulates digestion, metabolism, utilization, and storage of 
energy. It is located in the retroperitoneum of the abdomen 
and is anatomically formed from a head, body, and tail 
located between the spleen and the duodenum (. Fig. 23.12). 
The head sits in the duodenum and the tail “tickles” the 
spleen. The exocrine cells that produce digestive enzymes are 
clustered into lobules called acini that drain an alkaline fluid 
into the duodenum through the ampulla of Vater. Within 
these acini are small clusters of endocrine cells called islets of 
Langerhans. The islets of Langerhans contain mostly α(alpha) 
and β(beta) cells. The β(beta) cells are insulin producers and 
make up most of the total mass of endocrine cells. The 
α(alpha) cells secrete glucagon—the principle antagonist of 
insulin. A small portion of cells called δ(delta) cells produce 
somatastatin and an even smaller population of cells produce 
pancreatic polypeptide. There is an architecture to the islets 
of Langerhans; β(beta) cells are located centrally and the 
α(alpha) and δ(delta) cells surround them radially.

The endocrine pancreas receives a disproportionate 
amount of blood supply from fenestrated capillaries, allowing 
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       . Fig. 23.12 The pancreas (Reprinted from Blausen.com staff [7])

 M.E. Schoor and S. Shaikh



421 23

for rapid sensing and release of hormone into the blood 
stream. Venous blood from the pancreas returns to the circu-
lation through the portal vein and the liver receives the great-
est concentration of pancreatic hormones. Parasympathetic 
and sympathetic nerves innervate the pancreatic islets and 
exert regulatory effects on the gland.

Insulin is a peptide hormone that starts as preproinsulin; 
preproinsulin undergoes post-translational modification in 
the endoplasmic reticulum to form proinsulin. Proinsulin 
has a C-peptide that is cleaved by carboxypeptidase enzyme 
in vesicles formed in the Golgi apparatus to form mature 
insulin. The C-peptide and insulin are both packaged into 
secretory vesicles and levels of insulin and C-peptide should 
mirror one another as a result of their partnered release. 
Insulin has a half-life of 3–8 min and is primarily degraded in 
the liver during first pass metabolism. C-peptide has a longer 
half-life, 35 min, and may be involved in renal and nervous 
system function with investigation under way.

Insulin is released in response to elevated levels of amino 
acids, acetylcholine, cholecystokinin, glucagon, glucagon- 
like peptide-1 (GLP-1), and glucose. Norepinephrine, epi-
nephrine, and somatostatin inhibit insulin secretion. 
Epinephrine and norepinephrine inhibit insulin when they 
stimulate the alpha receptors and stimulate release when act-
ing on beta adrenergic receptors. Oral intake of glucose 
stimulates a larger insulin release compared to parenteral 
nutrition secondary to gastrointestinal hormone release that 
potentiates insulin release.

β(beta) cells sense glucose levels through an intricate 
mechanism. Glucose enters the β(beta) cell through the glu-
cose transporter 2 (GLUT 2) membrane bound transporter; 
inside the cell, glucose is phosphorylated by glucokinase and 
eventually generates ATP through the Krebs cycle. The 
increase in ATP to ADP ratio within the cell causes an ATP- 
sensitive K+ channel to close. Decreased efflux of K+ through 
the ATP sensitive K+ channel causes membrane depolariza-
tion and opening of voltage-gated Ca2+ channels. Influx of 
Ca2+ coupled with intracellular mobilization of Ca2+ stores 
cause fusion of insulin containing secretory granules to the 
plasma membrane and release of insulin into the circulation. 
Sulfonylurea type drugs act on this ATP-sensitive K+ channel 
to increase insulin secretion. Catecholamines and somatosta-
tin antagonize this sensing mechanism by inhibiting adenyl-
ate cyclase and modifying the Ca2+ and K+ channels.

Insulin is released in biphasic waves; there is an initial 
rapid release in response to elevated glucose and a second 
more prolonged wave afterwards. Physiologic release of insu-
lin is usually pulsatile and rhythmic to ensure maximal 
effects. Insulin binds to the insulin receptor a hetro- tetrameric 
glycoprotein membrane receptor with 2 α(alpha) and 2 
β(beta) subunits. The α(alpha) subunits are extracellular and 
bind insulin while the β(beta) subunits function as an intra-
cellular tyrosine kinase. The intracellular tyrosine kinase 
becomes autophosphorylated once insulin is bound and acti-
vates several insulin receptor substrates.

The overall effect is to increase glucose intracellular 
transport through the GLUT 4 transporter and then direct it 

toward glycolysis for ATP production, glycogen synthesis, 
lipogenesis, protein synthesis, and overall cell growth and 
survival.

The PI3K pathway is involved predominantly in mediat-
ing the short-term metabolic effects of insulin. Short-term 
effects center on the GLUT 4 glucose transporter, most of 
which is sequestered intracellulary in the absence of insulin. 
Intermediate effects of insulin focus on changes in cellular 
machinery affecting the direction of metabolism of glucose. 
Adipocytes respond to insulin by increasing lipogenesis and 
fat storage. In the liver, insulin causes gene expression of gly-
colytic, glycogen synthethetic, and lipogenic enzymes (glu-
cokinase and pyruvate kinase) that function to utilize glucose 
in the Krebs cycle and store it as glycogen and fat. In muscle, 
insulin acts on the mammalian target of rapamycin (mTOR) 
to stimulate glucose uptake and protein synthesis.

The MAPK pathway is involved in long-term effects of 
insulin receptor activation. The MAPK pathway causes 
growth and mitosis and enhanced synthesis of lipogenic 
enzymes. Prolonged states of elevated insulin can lead to pro-
liferation of vascular smooth muscle cells, which are postu-
lated to play a role in the development of hypertension, 
atherosclerosis, dyslipidemia, and cardiovascular disease.

Once the insulin-insulin receptor mediated signal trans-
duction has been completed, the insulin-bound insulin 
receptor undergoes endocytosis and acidification of the 
endosome causes insulin breakdown. The insulin receptor is 
then unbound and ready to be reinserted in the membrane 
for future stimulation and receptor transduction. Chronic 
exposure to high insulin levels and excess growth hormone 
lead to a down-regulation of insulin receptors. In contrast, 
exercise and fasting cause an upregulation of membrane 
receptors, improving insulin responsiveness.

23.7.1  Glucagon

The α(alpha) cells of the pancreas and the enteroendocrine 
cells in the intestinal tract synthesize proglucagon. 
Proglucagon is proteolytically cleaved and forms glucagon in 
the pancreas and glucagon-like peptipe 1 (GLP 1), an incre-
tin, in the digestive tract. GLP 1 interestingly is produced in 
response to a high concentration of glucose in the intestine 
and functions to amplify insulin release. Glucagon increases 
metabolic machinery that antagonize glucose utilization 
pathways caused by insulin. The stimulus-secretion coupling 
mechanism for glucagon is not well understood; glucagon is 
stimulated by hypoglycemia and inhibited by hyperglycemia. 
High amino acid levels following a meal stimulate glucagon. 
Also, epinephrine stimulates glucagon through β(beta)2 
adrenergic receptors.

Glucagon exerts its effects on cells by binding to a G 
protein- coupled receptor increasing adenylate cyclase and 
elevating levels of cAMP and protein kinase A activity, 
resulting in phosphorylation of enzymes responsible for glu-
coneogenesis, glycogenolysis, and lipolysis. The main site of 
glucagon’s effects is the liver where it stimulates hepatic 
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 glucose output. During times of stress, glucagon acts on adi-
pose tissue stimulating hormone-sensitive lipase, which 
breaks down trigylcerides into diacylglycerol and free fatty 
acids, which are then released into circulation. Glycerol is 
utilized by the liver in gluconeogenesis and free fatty acids 
are used as fuel in the skeletal muscle and liver. Free fatty 
acids undergo β(beta) oxidation in the liver to yield acetyl 
CoA and ketones (3- β[beta]-hydroxybutyrate, acetoacetate, 
and acetone).

During times of low blood glucose, glycolysis and glyco-
gen synthesis enzymes in the liver are suppressed; for exam-
ple, pyruvate kinase, phosphofructokinase 2, glucokinase, 
and glycogen synthase are inhibited. Gluconeogenesis, glyco-
genolysis, and release of glucose are favored by increased 
expression of glucose 6 phosphatase, glycogen phosphory-
lase, and phosphoenolpyruvate carboxykinase. With insulin 

deficiency and high levels of glucagon, epinephrine, and cor-
tisol there is a shunting of oxaloacetate (Krebs cycle interme-
diate) to gluconeogenesis and the liver produces an excess 
supply of fatty acyl CoA and ketone bodies. The entire body’s 
metabolism is shifted when increased activity of hormone 
sensitive lipase in adipocytes and acetyl-CoA carboxylase 
and HMG-CoA synthase in the liver cause increase fatty 
acids and ketones to be produced and released into the circu-
lation (. Fig. 23.13).

Ketones are freely diffusable and serve as energy for tis-
sues including the brain, skeletal muscle, and kidneys. Ketone 
bodies release H+ ions, which eventually overcome the bod-
ies’ buffering capacity and lead to metabolic acidosis with 
anion gap. The pathway of gluconeogenesis and ketogenesis 
serve to protect the brain and red blood cells from glucose 
starvation.
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Somatostatin is an amino acid peptide produced by the 
δ(delta) cells in response to high fat, high carbohydrate, and 
high protein meals. It inhibits all gastrointestinal and pancre-
atic function. It can be administered exogenously to control 
hyper insulin, glucagon, or vasoactive intestinal peptide hor-
mone release. It is often used as a treatment for many gastro-
intestinal secreting tumors.

The endocrine pancreas also secretes amylin and pancre-
atic polypeptide. Amylin may have a role in obesity, hyper-
tension, gestational diabetes, and destruction of pancreatic 
β(beta) cells. Pancreatic polypeptide plays a role in feeding 
behavior and causes gallbladder contraction, modulation of 
gastric acid production, and gastrointestinal motility.

23.7.2  Diabetes Mellitus

Diabetes mellitus is the disease state that is related to either 
absence of basal insulin (type I) or relative insufficiency of 
insulin (type II). Type I diabetic patients are prone to ketoaci-
dosis if insulin is withheld, whereas type II patients are prone 
to the development of a hyperglycemic hyperosmolar non-
ketotic coma. In both states, ketoacidosis and hyperglycemic 
hyperosmolar non-ketotic coma, the patient suffers from a 
diuresis secondary to elevated glucose levels. Diabetic patients 
develop long-term complications such as cataracts, retinopa-
thy, neuropathy, nephropathy, and angiopathy that lead to 
premature morbidity and mortality. Surgical mortality for 
diabetic populations is on average 5 times higher than those 
for the non-diabetic population. Over time, uncontrolled dia-
betes can lead to cardiovascular, renal, and neurologic end 
organ diseases that make anesthetic management challenging.

Diabetes is diagnosed when fasting glucose is above 
126 mg/dl or when random glucose measurements are above 
200 mg/dl in patients symptomatic with polyuria, polypha-
gia, and polydipsia. Oral glucose tolerance testing can also be 
done to diagnose diabetes; a level greater than 200 mg/dl 2 h 
after glucose ingestion is diagnostic. Glycated hemoglobin or 
hemoglobin A1C is a measurement of glucose concentra-
tions in the blood during the prior 6–8 weeks. Normal values 
are 5% and glycated hemoglobin levels are used as a target for 
optimal diabetic glucose control.

Glucose is toxic in high levels because it undergoes non 
enzymatic glycosylation reactions that form abnormal pro-
teins (advanced glycosylated end products). These abnormal 
proteins may cause joint stiffness (making intubation diffi-
cult) and decreased wound healing. Glucose itself also func-
tions to inhibit immune system cell chemotaxis and 
phagocytosis, potentially increasing the risk for infection. 
Patients with severe diabetic autonomic neuropathy are at an 
increased risk for gastroparesis, painless myocardial isch-
emia, and aspiration as well as increased intraoperative and 
posteroperative cardiac arrest. Anesthesiologists are hinted 
to cardiovascular lability when patients demonstrate charac-
teristics such as early satiety, lack of sweating, lack of pulse 
variability, resting tachycardia, nocturnal diarrhea, and dense 
peripheral neuropathy.

Patients with insulinoma will have elevated levels of pro-
insulin with similar levels of insulin and c-peptide. These 
hypersecretory tumors present with classic symptoms of 
fasted hypoglycemia secondary to low glucose and increased 
catecholamine levels. Whipple’s triad of diagnostic criteria 
for insulinoma includes:
 1. Symptoms of hypoglycemia brought on by exercise or 

fasting
 2. Blood glucose levels that are low (less than 45 mg/dl in 

men and 40 mg/dl in women) during symptoms
 3. Relief of symptoms with administration of glucose

Medical management of insulinoma includes administration 
of glucose, high protein meals, glucocorticoids, and diazox-
ide—a medication that suppresses insulin release. In cases of 
metastatic insulinoma streptozocin is used to further inhibit 
insulin biosynthesis.

Classic hypoglycemia is described as having confusion, 
visual disturbance, dizziness, epilepsy, lethargy, loss of 
consciousness, abnormal behavior, and amnesia with low 
glucose levels and amelioration of these symptoms when 
glucose is restored to normal levels. Elevated catecholamine 
levels seen during hypoglycemia can cause patients to 
exhibit tachycardia, palpitations, and hypertension. It is not 
uncommon for hypoglycemic patients to have nausea and 
vomiting along with abdominal cramps and severe hunger. 
Hypoglycemia can also be seen in patients with rapid gas-
tric emptying, impaired glucose tolerance, and parenteral 
nutrition. Hormone deficiencies, enzyme defects, liver fail-
ure, and certain medications can also impair gluconeogen-
esis during the fasted state leading to hypoglycemia.

Hypoglycemia is a concern for patients in the postopera-
tive care unit and can be managed with dextrose-containing 
fluids if tolerated. Signs and symptoms of hyperglycemia and 
hypoglycemia are masked during general anesthesia and 
therefore close monitoring in the perioperative period can 
help prevent dangerous glucose levels. Hypoglycemia is more 
dangerous than hyperglycemia and therefore conservative 
treatment of glucose levels is a more prudent strategy. 
Hyperglycemia during cardiac arrest and stroke may also 
lead to poorer outcomes. Currently there is much ongoing 
research into optimal glycemic control in surgical and inten-
sive care unit (ICU) patients.

23.8  Conclusion

Endocrine abnormalities will commonly be encountered by 
practitioners of anesthesia. The major teaching points of each 
disease have been briefly mentioned. For more in-depth dis-
cussion of specific diseases and management it is advised to 
consult up-to-date literature. Each time a patient undergoes 
general anesthesia there is an extensive alteration to the 
body’s homeostatic mechanisms. While the basic tenets of 
endocrine physiology have not changed since the 1960s, 
more research is showing how anesthesia alters each of the 
hormone pathways. As we learn more about the complex 
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ways in which pharmacology and the endocrine system 
interact, we can develop better strategies to improve anes-
thetic care for all patients.

23.9  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. The anterior pituitary gland releases all of the fol-

lowing hormones EXCEPT
 A. Growth hormone
 B. Follicular stimulating hormone
 C. Prolactin
 D. Oxytocin

 2. Corticotrophs from anterior pituitary release propi-
omelanocortin (POMC) type hormones that are post 
translationally cleaved into
 A. B endorphin
 B. Aldosterone
 C. Cortisol
 D. Somatostatin

 3. Growth hormone release is stimulated by all EXCEPT
 A. Thyroid hormone
 B. Catecholamines
 C. Dopamine
 D. Insulin-like growth factor (IGF-1)

 4. Serum sodium is elevated in
 A. Diabetes insipidus
 B. Cerebral salt wasting
 C. SIADH (syndrome of inappropriate ADH secretion)
 D. Hypervolemia

 5. Wolf-Chaikoff effect is caused by
 A. TSH-dependant organic binding of iodide
 B. Autoregulatory phenomenon with excess iodide 

preventing organic binding of iodide
 C. Coupling of MIT (mono-iodinated tyrosine) and 

DIT (di-iodo-tyrosine)
 D. Endocytosis of vesicles containing thyroglobulin

 6. Symptoms of altered mental status, hyperpyrexia, and 
tachycardia are seen in the following diseases EXCEPT
 A. Malignant hyperthermia
 B. Myxedema coma
 C. Neuroleptic malignant syndrome
 D. Thyroid storm

 7. Effects of hypo-parathyroidism include
 A. Increased renal excretion of calcium
 B. Directly increases intestinal absorption of calcium
 C. Increases osteoclasts activity
 D. Reabsorption of phosphates

 8. Following parathyroid surgery, the patient develops 
severe stridor. Direct laryngoscopy reveals vocal 
cords are fixed in the midline. A 12-lead EKG is most 
likely to reveal
 A. Prolonged PR interval
 B. Prolonged QT interval
 C. U waves
 D. Short QT interval

 9. Inhibition of cortisol synthesis is caused by
 A. Propofol
 B. Pentobarbital
 C. Etomidate
 D. Ketamine

 10. Autonomic neuropathy in a diabetic patient pres-
ents as ALL of the following EXCEPT
 A. Orthostatic hypotension
 B. Bradycardia
 C. Early satiety
 D. Nocturnal diarrhea

 v Answers
 1. D. Oxytocin. The hormones of the anterior pituitary 

are classified into glycoproteins, propiomelanocor-
tin (POMC) derived, and GH and prolactin type. The 
glycoprotein hormones are TSH, FSH, and LH. POMC 
type hormones are ACTH, β(beta) endorphin, and 
melanocyte stimulating hormone (MSH).

  The posterior pituitary is formed by the axons from 
the magnocellular neurons of the hypothalamus. 
The posterior pituitary releases AVP and oxytocin.

 2. A. B endorphin. Corticotrophs release POMC type 
hormones that are post-translationally cleaved into 
ACTH, β(beta) endorphin, and melanocyte stimulat-
ing hormone.

  Aldosterone is the primary mineralocorticoid. It is 
secreted from the zona glomerulosa in the adre-
nal cortex and causes reabsorption of sodium and 
secretion of potassium and hydrogen ions by the 
kidneys in the distal renal tubule.

  Cortisol hormone is secreted by the adrenal glands 
regulated by the pituitary tropic hormone ACTH.

  Somatostatin is produced by the neuroendocrine 
neurons of the ventromedial nucleus of the hypo-
thalamus. It is released by the neurosecretory nerve 
endings into the hypothalamo-hypophyseal system 
through neuron axons. Somatostatin inhibits the 
secretion of growth hormone from somatotrope 
cells in the anterior pituitary.

 3. D. The release of growth hormone is stimulated by 
thyroid hormone, dopamine, catecholamines dur-
ing stress, excitatory amino acids, and hypoglyce-
mia. GH acts in skeletal muscles to effect anabolic 
growth. Insulin-like growth factor 1 (IGF-1) is pro-
duced in the liver in response to GH. The IGF-1 binds 
to the insulin receptor and to IGF-1 receptor leading 
to bone formation, protein synthesis and glucose 
uptake by muscle, neuronal survival, and myelin 
synthesis. IGF-1 participates in negative feedback 
loops that decrease GH release.

 4. A. Diabetes insipidus (DI) is caused by insufficiency 
of AVP (arginine vasopressin) causing dilute urine 
and hypernatremia. Central DI, where there is a low 
level of AVP, may be caused by brain tumors, trau-
matic brain injury, and cerebral ischemia. Hyperna-
tremia secondary to central DI is a common finding 
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in brain dead patients presenting for organ harvest. 
In nephrogenic DI damage to the renal tubules 
by methoxyflurane and other nephrotoxic agents 
(lithium, demeclocycline, ofloxacin, polycystic kid-
ney disease) leads to receptor insensitivity to AVP, 
leading to a decrease in the kidney’s ability to con-
centrate urine.

  Cerebral salt wasting is a rare complication of brain 
injury that mimics SIADH, however, the diagnosis is 
made when the patient shows signs of hypovolemia 
and hyponatremia.

  SIADH is caused by inappropriate secretion of ADH 
and causes fluid retention and consequently hypo-
natremia. SIADH can be the presenting symptom in 
tumors of the lung and brain as well as sequelae of 
traumatic brain injuries.

  Hypervolemia caused by volume overload causing 
hyponatremia.

 5. B. TSH binds to the basolateral side of the follicular 
cells and causes iodide uptake through activity of 
the sodium-iodide symporter, transcription of thyro-
globulin, and activation of thyroid peroxidase (TPO). 
TPO is the enzyme responsible for organification of 
tyrosine. TPO oxidizes iodine to iodide so that it can 
be added onto specific tyrosine residues.

  Wolf-Chaikoff effect occurs when plasma levels of 
iodine are elevated 15–20-fold above normal and 
this phenomenon inhibits the organic binding of 
iodine within the thyroid gland. This autoregulatory 
phenomenon is independent of the effect of TSH.

  The coupling of iodinated tyrosine residues either 
of 2 DIT residues or 2 MIT and 1 DIT residues form T4 
and T3. This effect is catalysed by the thyroid peroxi-
dase. In the follicular lumen there is stored MIT and 
DIT as well as formed T3 and T4.

  TSH regulates the release of thyroid hormones from 
the gland. This process involves the endocytosis of 
vesicles containing thyroglobulin from the apical 
surface and these vesicles fuse with follicular epithe-
lial phagolysosomes, leading to digestion and cleav-
age of thyroglobulin.

 6. B. Malignant hyperthermia occurs when a patient 
is exposed to “exposed to triggering factors such as 
succinylcholine and inhalational agents while receiv-
ing general anesthesia”. It presents as tachycardia, 
tachypnea, increased temperature, muscle rigidity, 
hyperkalemia, respiratory and metabolic acidosis.

  Myxedema coma denotes severe hypothyroidism. 
It is a rare life-threatening clinical condition usually 
precipitated by infection, cerebrovascular disease, 
heart failure, trauma, or drug therapy. Patients 
develop hypotension, hypothermia, and depressed 
mental status and occasionally congestive heart fail-
ure. Patients present with hypothermia rather than 
hyperthermia.

  Neurolept malignant syndrome is a life-threatening 
neurological disorder most often caused by adverse 

reaction to neuroleptic or antipsychotic drugs. It 
typically consists of fever, muscle rigidity and auto-
nomic instability, increased delirium, and release of 
CPK.

  Manifestations of hyperthyroidism are weight loss, 
diarrhea, warm moist skin, weakness of large proxi-
mal muscles, menstrual abnormalities, osteopenia, 
agitation, heat intolerance, tachycardia, cardiac 
arrhythmia, mitral valve prolapse, and congestive 
heart failure.

  “Thyroid storm” is the clinical diagnosis for a life-
threatening condition seen in patients whose hyper-
thyroidism has been exacerbated by acute stress 
(surgery). The patient will exhibit hyperpyrexia, 
tachycardia, and altered mental status.

 7. C. The parathyroid gland is responsible for calcium 
and phosphate homeostasis. Slight decrease in the 
free ionized Ca2+ level is sensed through the Ca2+ sen-
sor in parathyroid chief cells resulting in an increased 
release of parathyroid hormone (PTH). Of the total 
body calcium, 99% is in the skeleton. When body ion-
ized calcium decreases, PTH causes an increase in cal-
cium release from bone, reabsorption in the kidney, 
and excretion of phosphate from the kidney.

  Hypo-parathyroidsim causes decreased excretion of 
calcium by increasing renal reabsorption of calcium.

  In bone, PTH binds to receptors leading to the 
recruitment of preosteoclasts. The proteosteoclasts 
mature to active osteoclasts, which are responsible 
for increased bone resorption and release of Ca2+ 
and inorganic phosphate (Pi) into the circulation.

  Vitamin D directly increases absorption of calcium 
from the intestine. PTH indirectly influences intestinal 
absorption of calcium by increasing formation of the 
active form of vitamin D (conversion of 25, hydroxyl 
calciferol to 1, 25 di-hydroxy cholecalciferol).

  Hypo-parathyroidism causes increased renal excre-
tion of phosphates.

 8. D. Severe stridor can occur postoperatively due to 
several causes including, hematoma in the neck, 
tracheomalacia (after goiter surgery), injury to bilat-
eral recurrent laryngeal nerve injury after thyroid 
surgery, and hypocalcemia. Severe stridor secondary 
to severe hypocalcemia occurs due to vocal cord 
adduction, which is evident as vocal cords fixed in 
the midline.

  Prolonged P-R interval occurs due to first-degree 
heart block. Hypocalcemia presents as shortened 
P-R interval.

  Prolonged QT interval can occur due to drug toxicity 
(haloperidol, droperidol, etc) but not due to hypo-
calcemia. Hypocalcemia presents as shortened QT 
interval.

  U waves are seen in hypokalemia not in hypocalce-
mia.

  In severe hypocalcemia PR or QT interval may be 
shortened on the electrocardiogram.
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 9. C. Etomidate is a short-acting intravenous anesthetic 
used for induction of general anesthesia. It has a 
rapid onset of action and safe cardiovascular pro-
file. Side effects of etomidate include suppression 
of corticosteroid synthesis in the adrenal cortex by 
reversibly inhibiting 11 B hypdroxylase an enzyme 
important in adrenal cortisol synthesis.

  Propofol, pentobarbital and ketamine do not cause 
suppression of cortisol synthesis.

 10. B. Autonomic neuropathy in a diabetic patient pres-
ents with dizziness, fainting when standing caused 
by a sudden drop in blood pressure. Patients com-
plain of urinary difficulties starting with difficulty 
starting urination, incontinence, difficulty sensing a 
full bladder, and inability to empty the bladder. GI 
symptoms include difficulty digesting food, loss of 
appetite, diarrhea, nausea, vomiting. Signs of auto-
nomic neuropathy include resting tachycardia, exer-
cise intolerance, postural hypotension, and cardiac 
dysfunction.

  Orthostatic hypotension, early satiety and nocturnal 
diarrhea are all associated with autonomic neuropa-
thy.

  Resting tachycardia is a common sign. Bradycardia is 
not a sign of autonomic neuropathy.
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Key Points
 1. Routine preoperative laboratory tests rarely 

change the course of anesthesia.
 2. Approximately 1:500 tests reveal pertinent 

information.
 3. Centers for Medicare and Medicaid Services (CMS) 

will not pay for solely age-based tests.
 4. All medications should be documented, including 

over-the-counter drugs such as non-steroidal 
anti- inflammatory agents (NSAIDs) and herbal 
preparations.

 5. An understanding of drug interactions, especially 
as they relate to herbals, is essential.

 6. Multiple investigations detect minor irrelevant 
abnormalities, increase patient risk, cause delay, 
and increases liability.

 7. Postoperative complication can be linked to higher 
American Society of Anesthesiologists (ASA) 
classification, longer duration of anesthesia, more 
complex surgery, and poor nutritional status.

 8. Laboratory tests should be ordered only as 
indicated to discover a disease, verify a condition, 
or formulate a plan.

 9. Current guidelines have no recommendations for 
starting calcium channel blockers in the periopera-
tive period.

 10. Despite the increase in hypotension, there appears 
to be no increased incidence of death, myocardial 
infarction (MI), or renal failure in patients contin-
ued on angiotensin- converting enzyme (ACE) 
inhibitors.

24.1  Introduction

“On feeling the pulse of a gentleman about twenty-one years 
of age, in March 1855, who had just seated himself in the 
chair to take chloroform…I found it to be small weak, and 
intermitting and it became feeble as I was feeling it. I told the 
patient he would feel no pain and that he had nothing what-
ever to apprehend. His pulse immediately improved…Now if 
the inhalation had commenced without inquiry or explana-
tion, the syncope which seemed approaching would probably 
have taken place, and it would have had the appearance of 
being caused by the chloroform, although not so in reality.”

 » - John Snow. On Chloroform and other Anaesthetics. 
London: John Churchill. 1858

Although the importance of examination of the patient, 
especially the pulse, had been emphasized since ancient 
times, Dr. Snow was one of the first to stress the need for 
physical contact and evaluation prior to anesthesia.

Traditionally, routine tests have been considered impor-
tant elements of preanesthetic evaluation to determine fit-
ness for surgery. Over the past three decades this practice has 
been scrutinized due to a low yield and high cost. In fact, 

routine tests such as complete blood count (CBC), chest 
X-ray, electrocardiogram (EKG), urinalysis, and electrolyte 
panel are of little value in detecting disease or changing man-
agement. Rather multiple investigations detect minor irrele-
vant abnormalities, increase patient risk, cause delay, and 
increases liability [1].

Choosing Wisely was initiated in 2012 by the American 
Board of Internal Medicine to establish a national program to 
avoid unnecessary tests, treatments, and procedures through 
education of practitioners and patients [2, 3]. The initial 9 
specialty boards and Consumer Reports were soon joined by 
some 70 other specialties, including anesthesiology in 2013. 
They were all charged with releasing 5 recommendations to 
facilitate decisions regarding appropriate care.

Recommendations from the American Society of 
Anesthesiologists (ASA) are as follows:
 1. Do not obtain baseline laboratory studies (“routine 

tests”) in patients without significant systemic disease 
(ASA I or II) undergoing low-risk surgery—specifically 
complete blood count, basic or comprehensive metabolic 
panel, coagulation studies when blood loss (or fluid 
shifts) is/are expected to be minimal.

 2. Do not obtain baseline diagnostic cardiac testing 
(trans-thoracic/esophageal echocardiography – TTE/
TEE) or cardiac stress testing in asymptomatic stable 
patients with known cardiac disease (e.g., coronary 
artery disease [CAD], valvular disease) undergoing low 
or moderate risk non-cardiac surgery.

 3. Do not use pulmonary artery catheters (PACs) routinely 
for cardiac surgery in patients with a low risk of hemo-
dynamic complications (especially with the concomitant 
use of alternative diagnostic tools; e.g., TEE).

 4. Do not administer packed red blood cells (PRBCs) in a 
young healthy patient without ongoing blood loss and 
hemoglobin of ≥6 g/dL unless symptomatic or hemody-
namically unstable.

 5. Do not routinely administer colloid (dextrans, hydroxy-
ethyl starches, and albumin) for volume resuscitation 
without appropriate indications.

Nevertheless, many patients, surgeons, and internists believe 
that the primary purpose of a preoperative evaluation is to 
give blood and urine samples, undergo an electrocardio-
gram, and have a chest X-ray. Routine testing, generally con-
sidered to include EKG, complete blood count, urinalysis, 
chest X-ray, electrolyte screen, blood urea nitrogen (BUN) 
and creatinine, blood glucose level, type and screen and a 
coagulation profile (PT/PTT), is not only time consuming 
and but also extremely costly with little benefit. An early 
large study challenged the usefulness of routine preoperative 
laboratory screening in 1985. Over a 4-month period the 
authors assessed the value of screening 2000 patients of all 
ages, estimating that 60% of these routinely ordered tests 
would not have been performed if testing had only been 
done for specific indications. Abnormalities that might 
influence perioperative management were identified in 
0.22% although they were not acted upon and no changes 
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were made to the planned procedure. No adverse anesthetic 
or surgical consequences were recorded. The authors con-
cluded three decades ago that in the absence of specific indi-
cations, routine preoperative laboratory tests contribute 
little to patient care, and can be eliminated. Moreover, even 
when an abnormality was recorded, the results often were 
not read by the physician or nurse manager who had ordered 
the test—an oversight that could have serious malpractice 
consequences.

Some years later, one of the authors of the aforemen-
tioned study calculated that $40 billion a year was spent in 
the United States on preoperative testing and evaluation. 
Likening it to the statement that “if a little epinephrine is 
good, more is better,” he remarked that additional testing 
caused iatrogenic disease by pursuit and treatment of border-
line and false-positive results, thereby increasing medico-
legal risks (especially if an abnormal result is obtained and 
not acted upon), and decreasing the efficiency of practice. 
Rather, he remarked, perioperative physicians could turn 
such inefficiency to advantage by successfully employing 
inexpensive technology to reduce costs substantially and 
improve the quality of care.

Over the past three decades, many reviews and studies 
have confirmed these findings that routine testing does little 
or nothing to aid in effective preanesthetic assessment [4, 5]. 
Rather, postoperative complications were linked to higher 
ASA classification, longer duration of anesthesia, more com-
plex surgery, and poor nutritional status. In addition, 
increased age may also be a factor, although a weak one.

However, even now, hospitals and specialists are reim-
bursed for unnecessary testing, For example, stress testing, 
acknowledged by the American College of Cardiology (ACC) 
and the American Heart Association (AHA) to have restricted 
benefit in the majority of patients, amounts to around 
US$2300. A common test sequence that includes complete 
blood count, basic metabolic panel, chest X-ray, and EKG 
bills for about $1600, which does not include the cost of 
interpretation. In some instances the Center for Medicare/
Medicaid Services (CMS) and insurers will not reimburse for 
repeat testing and for tests based on age alone, placing the 
burden of payment on the patient. In other situations, CMS 
shoulders the enormous costs, almost arbitrarily. Change is 
slow to be realized and further studies, both larger and more 
diverse, must be undertaken.

24.2  Evaluation and Preoperative 
Preparation

Preanesthetic evaluation is the process of clinical assessment 
that precedes the delivery of anesthesia or ordering of tests for 
all procedures. It is the responsibility of the anesthesiologist 
or certified registered nurse anesthetist (CRNA) practicing 
alone. Consideration of information from multiple sources is 
essential, especially all medical records. Consultations should 
be sought as necessary. Further laboratory tests should be 
ordered only as indicated to discover a disease, verify a con-

dition, or formulate a plan. Informed consent, as to risk ben-
efit of different types of anesthetic management, must be 
obtained. A plan for postoperative pain relief must also be in 
place [6].

The information sought must include at a minimum:
 1. The procedure
 2. Past medical and surgical history
 3. Medications
 4. Documentation of vital signs
 5. Airway examination
 6. Informed consent

24.2.1  ASA Physical Status Classification

The ASA Physical Status (PS) classification system was ini-
tially created in 1941 by the American Society of Anesthetists, 
an organization that later became the ASA. The grading sys-
tem was intended simply to evaluate the degree of a patient’s 
“sickness” or “physical state” before selecting the anesthetic 
and performing surgery. The preoperative physical status is 
used for recordkeeping, for communicating between col-
leagues, and to create a uniform system for statistical analy-
sis. The grading system is not intended for use as a measure 
to predict operative risk.

The modern classification system consists of 6 categories, 
as follows:

 5 ASA PS 1 - Healthy patients without systemic, physi-
ologic, or psychiatric disease. No physical limitations. 
Good exercise tolerance.

 5 ASA PS 2 - Patients with mild systemic disease that is 
well controlled. Controlled hypertension or diabetes 
with no physical effects. Mild obesity. Long-standing 
smoking without chronic obstructive pulmonary disease 
(COPD).

 5 ASA PS 3 - Patients with severe systemic disease 
affecting >1 body system. No immediate threat of death. 
Controlled congestive heart failure (CHF). Morbid 
obesity. Chronic renal failure. Bronchospastic disease.

 5 ASA PS 4 - Patients with severe systemic disease that is a 
constant threat to life. Possible risk of death. 
Symptomatic CHF and COPD.

 5 ASA PS 5 - Moribund patients who are not expected to 
survive >24 h without surgery. Multiorgan failure. Sepsis 
with hemodynamic instability. Uncontrolled coagulopa-
thy.

 5 ASA PS 6 - Patients declared brain dead for organ 
donation.

24.2.2  Medical and Surgical History

Based on the medical and surgical history provided by the 
patient and the procedure to be performed, the American 
College of Surgeons, National Surgical Quality Improvement 
Program (ACS NSQUIP) has devised a Surgical Risk 
Calculator. Using standardized clinical data from almost 
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400 hospitals, a Web-based tool has been devised. By in-
putting 21 preoperative factors such as co-morbidities and 
demographics, surgeons are able to estimate the risks of sur-
gery, chance of complications including death, and length of 
hospital stay. Not only does this mechanism afford better 
informed consent for the patient, but it also allows decisions 
to be made regarding the type and even necessity for certain 
procedures. The Centers for Medicare and Medicaid Services 
are moving to incentivize surgeons through the Physician 
Quality Reporting System to discuss patient-specific risks 
and outcomes preoperatively. Using almost 3000 Current 
Procedural Terminology (CPT®) codes, several hundred 
operations over many subspecialties have been incorporated 
into the calculations. Thirty-day outcomes were ascertained 
from medical records or patient contact. Event rates were 
found to vary from 0.6% for renal failure to 9% for overall 
morbidity. Some of the patient and surgical information is 
shown in . Table 24.1. Outcomes and risk factors are shown 
in . Table 24.2.

While many surgical factors are taken into consideration, 
anesthetic factors are not addressed. History of previous dif-
ficult intubation or tracheostomy, or problems specific to 
anesthesia such as malignant hyperthermia or certain aller-
gies might well impact outcome and hence risk.

24.2.3  Medications

All the medications that a patient is taking should be docu-
mented, including over-the- counter drugs such as non- 
steroidal anti-inflammatory agents (NSAIDs) and especially 
herbal preparations. The latter, while considered natural and 
thus safe, may indeed have many interactions (. Box 24.1). 

Problems arise mainly in interference with the cytochrome 
p450 isoenzymes (CYP). Inhibition of this system decreases 
metabolism and increases drug levels and duration of action. 
Induction, on the other hand, increases metabolism, while 
decreasing the effectiveness of the drug and its duration of 
action. Of most concern is the interference with CYP 3A4 in the 
liver as >50% of current prescription drugs depend on this sys-
tem. Some of the more commonly used herbal substances and 
their varied effects on the CYP system is shown in . Table 24.3.

Whether or not medications should be continued during 
the perioperative period should be made on a case-by-case 
basis for each individual patient by the patient care team. Of 
major concern are the cardiac medications. The most recent 
ACC/AHA guidelines, however, can provide some guidance 

       . Table 24.1 After entering a procedure, one or more CPT® 
codes are shown. The surgeon can then input information 
specific to the patient. A representative questionnaire for a 
patient undergoing colectomy is shown

Age Diabetes

Sex Hypertension treated

Emergency Previous cardiac event

ASA class Congestive cardiac failure within 
30 days

Chronic steroid use Dyspnea

Ascites within 30 days Current smoker

Systemic sepsis within 48 h Severe COPD

Ventilator dependent Dialysis

Metastatic cancer Acute renal failure

Height Weight

ASA American Society of Anesthesiologists, COPD chronic 
obstructive pulmonary disease

       . Table 24.2 Based on the answers, the risk factors for a 
specific procedure, in this illustration, colectomy, are obtained. 
The predicted average length of hospital stay is then displayed

Outcomes Average patient 
risk (on a 
sliding scale)

Chance of 
outcome (below, 
average, above)

Death

Any complication 
(includes return to OR)

Pneumonia

Cardiac event

Surgical site infection

Urinary tract infection

Blood clot

Renal failure

OR operating room
NSAIDs nonsteroidal anti-inflammatory drugs, MAO monoamine 
oxidase

       . Table 24.3 Many herbs affect the CYP system, some increas-
ing the effectiveness of drugs, even to toxic levels while others 
prevent absorption and thus render the drug essentially useless

CYP3A4 Inhibition
Induction

Chamomile, grapefruit, ginko, kava
Garlic, ginko, St. John’s wort

CYP1A2 Inhibition
Induction

Chamomile, ginko, grapefruit
St. John’s wort

CYP2C19 Inhibition
Induction

Feverfew, grapefruit, kava
Ginko, St. John’s wort

CYP2C9 Inhibition
Induction

Feverfew, ginko, grapefruit, kava
St. John’s wort

CYP2E1 Inhibition
Induction

Garlic, kava

CYP2D6 Inhibition
Induction

Ginko, goldenseal, kava
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pertaining to cardiac medications that may directly affect 
perioperative morbidity and mortality [7].

 Beta Blocker Therapy
Several studies have examined the risks and benefits of peri-
operative beta blocker therapy. Although each study was 
designed to answer the same question, most resulted in dif-
ferent answers. It does appear that beta blocker therapy in the 
perioperative period decreases the number of cardiac events, 
such as myocardial infarction (MI). However, this benefit 
comes at the cost of increased hypotension, stroke, and, in 
some studies, composite death. The most recent systematic 
review examining the data came with the following recom-
mendations [8]:
 1. Beta blockers should be continued in patients undergo-

ing surgery who have been on beta blockers chronically.
 2. The management of beta blockers after surgery may be 

guided by clinical circumstances independent of when 
the agent was started.

 3. In patients with intermediate or high cardiac risk it may 
be reasonable to begin perioperative beta blocker 
therapy. If the decision is made to begin beta blocker 
therapy on a patient in the perioperative period, it is 
recommended that therapy be initiated at least 1 day 
prior to surgery, and preferably at least 2–7 days prior. 
Beginning beta blockers on the day of surgery is likely 
ineffective and may be harmful. Common sense would 
dictate that beginning a medication that could have 
significant changes in myocardial contractility and 
systemic blood pressure should occur days prior to 
surgery, such that the tolerability of the medication and 
its dose can be assessed by the patient and the physician. 
While there is no direct data to support this conclusion, 
it likely is best practice.

 Statin Therapy
Statin therapy has been shown to be effective for primary and 
secondary prevention of cardiac events. Although most of 
the data related to statin therapy come from observational 
trials, the composite power suggests a protective effect on the 
preoperative use of these agents in either vascular surgery or 
high-risk patient populations [9]. The most recent guidelines 
therefore recommend that those on statins continue their 

therapy in the perioperative period. They also allow for the 
initiation of therapy in patients undergoing vascular surgery, 
as well as patients with clinical indications undergoing 
medium- or high-risk procedures. The mechanism of bene-
fits from perioperative statin therapy are unknown, but are 
likely related to pleotropic, lipid lowering effects, as well as 
anti-inflammatory effects. Additionally, it is not known when 
is the optimal time to begin therapy, nor is it clear what the 
duration of therapy should be.

 Alpha-2 Agonists
Early data on the role of alpha-2 agonists such as clonidine 
and mivazerol suggested that the perioperative use of these 
agents, especially in vascular surgery was protective. The 
POISE-2 (PeriOperative ISchemic Evaluation-2) trial—a 
large, multicenter, international, blinded study—was unable 
to demonstrate the benefit of clonidine. Additionally, it was 
found that clonidine use in the perioperative period was 
associated with an increase in the rate of nonfatal cardiac 
arrest and clinically significant hypotension. It is therefore 
not recommended to use alpha-2 agonists in the periopera-
tive period for the prevention of cardiac events. Patients who 
are on alpha-2 agonists for other indications (such as hyper-
tension) should continue their dose of medication; or ideally, 
be weaned off their medication and started on other thera-
pies prior to surgery. The abrupt discontinuation of these 
medications can result in rebound hypertension, headache, 
agitation, and tremor.

 Calcium Channel Blockers
The most current guidelines have no recommendations for 
starting calcium channel blockers in the perioperative period. 
A meta-analysis from 2003 examined the use of calcium 
channel blockers in patients with coronary disease and found 
trends toward reduced death and MI. It should be noted that 
these differences were mostly attributable to the use of diltia-
zem. Neither dihydropyridines nor verapamil had effects on 
mortality or MI; however, the use of either verapamil or dil-
tiazem seemed to be protective for the development of peri-
operative supraventricular tachycardia (SVT). The authors 
note that the results are trends and that larger more robust 
studies are needed to confirm the results. As such, although it 
would be prudent to continue these medications in the peri-
operative period it is not recommended to begin therapy 
unless otherwise indicated.

 Angiotensin-Converting Enzyme Inhibitors 
and Angiotensin Receptor Blockers
Approved for multiple indications from hypertension to pre-
vention of diabetic nephropathy, ACE andangiotensin recep-
tor blockers (ARBs) are some of the most commonly 
prescribed medications. Perioperative data on the risk/bene-
fit profile of continuation of these medications is limited 
mostly to observational data. The largest study examined 
almost 80,000 patients (of which 13% were on ACE-I) and 
found that patients on therapy had an increased frequency of 
intraoperative hypotension. This has been found in other 

Box 24.1 Several interactions have been identified with 
herbal medications and anesthesia

 5 Echinacea offsets immunosuppression, inhibits hepatic 
microsomal enzymes (HME)

 5 Garlic augments heparin, NSAIDs, and increases 
perioperative bleeding.

 5 Ginger increases bleeding time
 5 St. John’s wort reacts with MAO inhibitors, tetracycline
 5 Kava-kava reacts with ethanol, excessive sedation
 5 Feverfew inhibits platelet activity
 5 Ephedra interacts with inhalation anesthetics
 5 Ginseng causes hypertension, hypoglycemia, reacts with 

MAO inhibitors, increases bleeding

Preoperative Evaluation of Patients Undergoing Non-cardiac Surgery



434

24

studies as well, with one showing an incidence of hypoten-
sion of 50% in patients on therapy. Despite the increase in 
hypotension, there appears to be no increased incidence of 
death, MI, or renal failure. The evidence on discontinuation 
of these medications prior to surgery is poor. There is data, 
however, on the risks of not restarting these medications in 
the perioperative period, which seems to be the greatest risk 
of discontinuation. In fact, maintaining the continuity of 
these medications in the setting of treatment for heart failure 
or hypertension is supported by other guidelines. 
Additionally, a more recent cohort study including 30,000 
patients found an increased risk of mortality in patients in 
whom restarting ARB therapy was delayed. Due to the lack of 
demonstration of real harm to patients who continue therapy 
in the perioperative period as well as the potential risks of 
 discontinuation, continuing these medications in the periop-
erative period is reasonable. If ACE/ARB therapy must be 
withheld, it should be restarted as soon as possible.

 Diabetic Medication
Recommendations to discontinue oral diabetic medication 
remain controversial. While elevated blood sugar levels have 
been shown to retard wound healing, an ideal blood sugar 
level has not been determined. While many laboratory scales 
consider hyperglycemia to be values above 120 mg/dl, it is 
probably more important to consider the individual and the 
level at which he most usually functions. Thus, values of 
150–170 mg/dl may be considered normal for many. Should 
testing indicate values exceeding 180 mg/dl, oral medications 
should be discontinued and an infusion of regular insulin 
commenced perioperatively. Further evaluation by an endo-
crinologist is indicated with repeated blood glucose checks.

24.2.4  Cardiac Evaluation

While nonspecific abnormalities are found on EKG tracings 
in about 30% of patients, the finding rarely predicts postop-
erative complications and is usually insignificant.

As part of Choosing Wisely and recommendations from 
the ACC/AHA, the need for further cardiac testing prior to 
non- cardiac surgery is limited to determination of 1 of 4 cri-
teria [10]:

 5 Unstable coronary syndrome (MI, unstable angina)
 5 Decompensated heart failure (New York Heart 

Association [NYHA] class IV or worsening disease or 
new onset)

 5 Significant dysrhythmias; high grade or Mobitz II 
atrioventricular (AV) block, 3rd degree AV block, 
symptomatic ventricular dysrhythmias

 5 Severe valvular disease

Stress testing and cardiac consultation should only be 
requested if any of the above findings can be made on physi-
cal examination.

24.2.5  Airway Assessment

Evaluation of the airway begins with a comprehensive his-
tory and physical examination. It is very important to ascer-
tain if the patient has been told of any difficulty with 
intubation in the past and if he/she had a sore throat after a 
procedure. A short list of factors that may be indicative of a 
difficult airway are shown in . Table 24.4.

As well as assessment for any of the conditions listed in 
. Table  24.4, physical examination requires a systematic 
approach as follows:
 1. On nasal examination are there any polyps or a 

deviated septum?
 2. Does the mouth open to allow at least 2 fingerbreadths 

between upper and lower teeth?
 3. Is there good alignment with the upper and lower 

teeth? Protruding upper incisors or canines should be 
noted as well as carious or loose teeth and gum hyper-
trophy due to medication (usually dilantin). Edentulous 
patients often offer an easier airway, although a large 
tongue can cause hypopharyngeal obstruction.

       . Table 24.4 Many factors may contribute to a difficult airway and can usually be elicited by careful history and physical examination

Congenital Trauma Tumors Body habitus Infection Arthritis

Down 
syndrome

Burns Thyroid tumor Obesity Croup Rheumatoid arthritis

Hunter-hurler 
syndrome

Facial fractures Cystic hygroma Dental caries Intraoral abscess/
tonsillar enlargement

Ankylosing spondylitis

Pierre-Robin 
syndrome

Cervical cord 
injuries

Lipomas Facial hair/beard Ludwig’s angina Temporo- mandibular 
joint disease

Marfan 
syndrome

Laryngeal trauma Adenomas/polyps Mandibular 
hypoplasia

Thrush

Treacher Collins 
syndrome

Airway hematomas Oral cancer Acromegaly Diphtheria

 E.A.M. Frost and D. Katz



435 24

 4. Is the palate free of any clefts, high arch, or a long, 
narrow anatomy?

 5. Can the lower jaw be protruded over the upper jaw?
 6. Is there any limitation of temporo- mandibular joint 

movement?
 7. Is the hyomental/thyromental distance at least >6 cm?
 8. Is the neck size <17 cm?
 9. Can a sniffing position be assumed?
 10. Does the patient have any stridor, previous tracheos-

tomy, or hoarseness?
 11. Is the patient pregnant?

Some other specific tests can be made to determine anatomi-
cal criteria:
 1. Mallampati test. The test is performed with the patient 

sitting, and the head in a neutral position. The mouth is 
opened wide and the tongue protruded (. Fig. 24.1). The 
degree to which tongue size correlates to pharyngeal size 
is assessed. A review of 42 studies, with 34,513 partici-

pants, found that the score predicts difficult direct 
laryngoscopy and intubation, but does not predict 
difficult bag mask ventilation. Therefore, while useful in 
combination with other tests to predict the difficulty of a 
securing an airway, it is not sufficiently accurate alone. 
Other assessments are indicated.

 2. Comack and Lehane. Four grades of view are defined 
during direct laryngoscopy. Entire view of the laryngeal 
aperture is listed as Grade 1. Visualization of only the 
posterior commissure of the laryngeal aperture is graded 
as 2. If only the epiglottis is seen that is grade 3. Grade 4 
view is just the soft palate.

 3. Mandibular space assessment involves measurement of 
the thyromental space, and the  sterno- mental and the 
mandibulo-hyoid distances. The thyromental distance is 
measured from the mentum to the thyroid notch with 
the neck extended. Alignment of the laryngeal- 
pharyngeal axes is optimal when the distance is >6.5 cm. 
With the head and neck extended and the mouth closed, 
the distance from the suprasternal notch to the mentum 
should exceed 12 cm. The mandibular length from the 
chin to the hyoid bone should be at least 4 cm (about 4 
fingerbreadths). Distance between the lower and upper 
teeth is normally 4.5 cm.

24.2.6  Obstructive Sleep Apnea Syndrome

A complication often associated with obesity, but not exclu-
sively, is obstructive sleep apnea syndrome (OSA or OSAS) 
[11]. The potential for airway difficulties in patients with 
OSA is more likely to be recognized by anesthesiologists even 
when the patient has not had a formal polysomnographic 
sleep study, which defines the patient’s apnea/hypopnea 
index (AHI); categorizes the severity of OSA as mild, moder-
ate, or severe; and makes recommendations for appropriate 
nasal continuous positive airway pressure (nCPAP). Apnea is 
defined as the cessation of airflow for at least 10  s. During 
hypopnea airflow decreases by 50% for 10 s or decreases by 
30% if there is an associated decrease in the oxygen satura-
tion or an arousal from sleep. To grade the severity of sleep 
apnea, the number of events per hour is reported as the 
AHI.  An AHI of less than 5 is considered normal, 5–15 is 
mild, 15–30 is moderate, and more than 30 events per hour 
indicate severe sleep apnea. The use of nCPAP for several 
weeks preoperatively has been found to be highly effective at 
preserving airway patency during sleep and anesthesia as 
well as diminishing reflex responses to hypoxia and hyper-
capnia. This effect may result from upper airway stabiliza-
tion, a residual effect of nCPAP that begins to occur within as 
little as 4 h of continuous use of nCPAP. Also, chronic nCPAP 
preoperatively has been found to abolish mean, systolic, and 
diastolic blood pressure fluctuations in OSA patients. As a 
result, the risks of cardiac ST segment depression and recur-
rent atrial fibrillation are reduced. It is recommended that 
nCPAP and oral appliances be continued during the postop-
erative period. It is also important to note that patients who 

I II

III IV

       . Fig. 24.1 Class I views allow visualization of the sort palate, fauces, 
uvula and anterior and posterior pillars and indicates an easy 
intubation. Only the hard palate is visible in Class 4 (Illustration by 
Jmarchn - Own work, CC BY-SA 3.0, 7 https://commons.wikimedia.
org/w/index.php?curid=12842847. Reprinted under Creative 
Commons license. 7 https://creativecommons.org/licenses/by-sa/3.0/)
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have had corrective surgery for OSA, such as uvulopalato-
pharyngoplasty, may still harbor the disease despite lessening 
or absence of current symptoms.

The undiagnosed OSA patient proves to be a greater diag-
nostic dilemma during the preoperative screening clinic 
examination since these patients seldom have sleep studies. 
A presumed diagnosis of OSAS can be inferred from a his-
tory of abnormal breathing during sleep (e.g., loud snoring 
and witnessed apnea periods by a bed partner), frequent 
arousals from sleep to wakefulness (e.g., periodic extremity 
twitching, vocalization, turning, and snorting), severe day-
time sleepiness, a body mass index [BMI] of ≥35  kg/m2, 
increased neck circumference (≥ 17 inches for males, ≥ 16 
inches for females), and the presence of coexisting morbidi-
ties (e.g., essential systemic hypertension, pulmonary hyper-
tension, cardiomegaly). The STOP-Bang questionnaire has 
been shown reliable in correctly diagnosing the condition 
(. Fig. 24.2).

The ASA task force on OSAS recommended a risk scor-
ing system as summarized (points are assigned for each of 3 
categories [a, b, c] and then totaled [d]):
 (a) Severity of sleep apnea: Based on a sleep study (i.e., 

AHI) or clinical indicators if a sleep study is not 
available (i.e., presumptive diagnosis). Points: 0 = None; 
1 = Mild OSA; 2 = Moderate OSA; 3 = Severe OSA.

  One point may be subtracted if a patient has been on 
CPAP or bi-level positive airway pressure (BiPAP) prior 
to surgery and will be using this consistently during the 
postoperative period. One point should be added if a 
patient with mild or moderate OSA has a resting PaCO2 
exceeding 50 mm Hg.

 (b) Invasiveness of the surgical procedure and anesthesia: 
Based on type of surgery/anesthesia. Points: 0 = superfi-
cial surgery under local or peripheral nerve block, 
anesthesia without sedation; 1 = superficial surgery 
with moderate sedation or general anesthesia or periph-
eral surgery with spinal or epidural anesthesia (with no 
more than moderate sedation); 2 = peripheral surgery 
with general anesthesia or airway surgery with moder-
ate sedation; 3 = major surgery under general anesthe-
sia or airway surgery under general anesthesia.

 (c) Requirement for postoperative opioids: Points: 0 = none; 
1 = low-dose oral opioids; 3 = high-dose oral opioids or 
parenteral or neuraxial opioids.

 (d) Estimation of perioperative risk: Based on the overall 
score (0–6) derived from the points assigned to (a) 
added to the greater of the points assigned to (b) or (c). 
Patients with overall score of ≥4 may be at increased 
perioperative risk from OSA. Patients with a score of 
≥5 may be at significantly increased perioperative risk 
from OSA.

Clinical suspicion of OSAS may be the only preoperative tool 
available to the anesthesiologist as formal, widely used, pre-
operative validated questionnaires have not been established.

In addition to the OSA risk factors presented above, the 
anesthesiologist should consider the patient’s airway class 

and history of difficult intubation. To this end a morphologic 
OSA prediction score has been developed that includes ana-
tomical difficulties. Cardiovascular risk assessment may 
require an EKG (right ventricular hypertrophy secondary to 
cor pulmonale, left ventricular hypertrophy secondary to 
ischemic heart disease), echocardiography, cardiac stress 
testing, or preoperative cardiologist optimization. Pulmonary 
risk factors of morbid obesity and chronic obstructive pul-
monary disease may prompt obtaining a radiograph or arte-
rial blood gases to detect Pickwickian syndrome or 
hypercapnic chronic sleep apnea syndrome. These patients 
may have decreased sensitivity to CO2 in the postoperative 
period and may need ventilatory support as their hypoxic 
drive to breathe may be abolished by O2 as well as subanes-
thetic concentrations of inhaled anesthetics or sedatives.

OSA patients may be exquisitely sensitive to all preopera-
tive central depressants. Respiratory arrest, coma, and death 
can occur. Avoidance of preoperative sedation with long- 
acting benzodiazepines and opioids may be wise. Premedication 
against aspiration may include histamine-2 receptor antago-
nists (such as famotidine) and pro-motility agents (such as 
metoclopramide).

24.2.7  Respiratory Evaluation

Postoperative pulmonary complications (PPCs) impact 
recovery after surgery. It is therefore important to identify 
risk factors and establish whether preoperative respiratory 
therapy combined with adjustments to intraoperative venti-
latory management, such as addition of alveolar recruitment 
techniques, can decrease the risk of PPCs. Risk factors 
include smoking, surgical site (thorax or abdomen), previous 
lung disease, obesity, older age, malnutrition, and long anes-
thesia. Pulmonary function tests are of very limited value and 
should be used as management tools only. A simple test such 
as measurement of oxygen saturation on room air, giving a 
value >90, may be all that is required. Chest auscultation is 
indicated in all patients. Should rhonchi be heard, in most 
instances they can be cleared by coughing.

24.2.8  Neurologic Evaluation

A cursory review of the neurologic system usually suffices, 
checking for equal and bilateral motor strength and intact 
sensory perception. Any abnormalities should be referred 
for more advanced neurologic consultation. Any family his-
tory of neuromuscular disease or delayed awakening from 
anesthesia should be documented. Patients should be asked 
to extend their necks and paresthesias or limb weakness 
noted. Although multiple sclerosis is probably not worsened 
by anesthetic agents, symptoms that might relate to this dis-
ease should be documented. The ability of the patient to 
understand the procedure and the alternative anesthetic 
techniques should be assessed in order to obtain appropriate 
consent.
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       . Fig. 24.2 One of the simplest and easiest means to assess OSA and 
the one with most relevance to the anesthesiologist in a pre-anesthetic 
assessment clinic is application of the STOP-Bang questionnaire. The 
score is based on responding yes to 3 or more questions, which indicates 
a high probability of OSA: Snore, Tired, Observed (apnea), Pressure, Body 

mass index (BMI) (>35), Age (>50), Neck circumference > 40 cm or 17 in, 
and Gender male. This score is referenced but not illustrated in the 
guidelines. Age is probably a less important factor as many children are 
diagnosed with OSA (Adapted from [12])
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24.2.9  Miscellaneous

Several groups deserve special attention. Patients who are hard 
of hearing or have visual problems, as well as those for whom 
English may not be the primary language, should be identified 
and notation made on the chart. Pediatric patients also have 
different requirements. Whether the parents should accompany 
the child to the operating room should be determined on a 
case-to-case basis. Certainly, parents should have a clear under-
standing of the anesthetic process, including postoperative pain 
management that their child will undergo and have ample time 
for questions. There are many rare disease and situations that 
require consideration such as progeria, malignant hyperther-
mia, Tay Sachs, xeroderma pigmentosa, hemophilia, and por-
phyria, to name a very few. The transgender patient may have 
undergone laryngeal surgery or osteotomies. The complexities 
of these conditions are beyond the scope of this chapter.

24.3  Conclusion

Tests and evaluations should have potential benefits that are 
greater than potential adverse effects. Benefits would include 
change in time or content of anesthetic care or perioperative 
resource use that would improve safety. Adverse effects include 
interventions that cause injury, discomfort, delay, cost, incon-
venience, all of which are not commensurate with benefit.

Preoperative laboratory evaluations and EKG testing 
should be driven by history, physical findings, and surgical 
risk. Tests are indicated only if the results can correctly iden-
tify abnormalities, change the diagnosis, management plan 
or outcome. Needless tests are expensive. Improved stan-
dardization is required and it is important to remember that 
one size does not fit all.

24.4  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which finding best provides an easy and reliable 

means to diagnose obstructive sleep apnea 
syndrome (OSAS)?
 A. An apnea-hypopnea index of 4
 B. Morbid obesity
 C. A STOP-BANG score of 5
 D. A history of loud snoring

 2. Routine preoperative testing:
 A. Remains a major expense within the health 

system in the United States
 B. Is on the increase
 C. Has been shown to be very useful for developing 

countries
 D. Must be studied further before conclusions can 

be drawn as to its usefulness

 3. Which of the following statements best describes 
routine preoperative testing practices?
 A. It is standardized in all hospitals in the United 

States
 B. About 0.2% reveal abnormalities
 C. It is a useful screening measures
 D. Problems are immediately recognized and acted 

upon
 4. Choosing Wisely:

 A. Was initiated by the American Board of Internal 
Medicine

 B. Nine specialty boards and Consumer Reports 
quickly joined

 C. Later 70 other specialties including 
Anesthesiology contributed by 2013

 D. All of the above
 5. Ordering tests preoperatively only as indicated will:

 A. Decrease the number of tests performed only  
by 10%

 B. Improve hospital efficiency and cost savings
 C. Have major impact on patient care
 D. Certainly be rejected by patients

 6. Abnormality of the EKG tracing:
 A. Is found in up to 30% of patients
 B. Always signifies postoperative complications
 C. Changes management in almost half of patients
 D. Is frequently insignificant

 7. Stress testing:
 A. Reliably indicates cardiac disease
 B. Is a good predictor of postoperative 

complications
 C. Should be used as a general screening test
 D. Is not recommended as a risk assessor in older 

patients based on age.
 8. Regarding management of the diabetic patient:

 A. Blood sugar is best controlled at <120 mg/dl
 B. Controversy remains as to whether all 

medications should be discontinued
 C. Normoglycemia may be an individual  

number
 D. An infusion of regular insulin should be started 

when blood sugar levels exceed 130 mg/dl
 9. Use of nCPAP preoperatively can:

 A. Abolish fluctuations in blood pressure in OSA 
patients

 B. Require at least 24 h to be effective
 C. Not help in improving airway patency
 D. Increase reflex responses to hypoxia

 10. Indicators of a potentially difficult airway are least 
likely to include:
 A. Pierre Robin syndrome
 B. Neck circumference of 18 cm
 C. Comack-Lehane grade 2
 D. Thyromental distance of 4 cm.
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 v Answers
 1. C. A STOP-BANG score of 5 provides an easy and 

reliable means to diagnose obstructive sleep apnea 
(OSA). The score is based on responding yes to 3 or 
more questions, which indicates a high probability 
of OSA: snore, tired, observed (apnea), pressure, BMI 
(>35), age (>50), neck circumference >40 cm or 17 
inches, and male gender. Age is probably a less 
important factor as many children are diagnosed 
with OSA.

 2. A. Routine preoperative testing remains a major 
expense within the U.S. health system. Traditionally 
routine tests have been considered important 
elements of preanesthetic evaluation to determine 
fitness for surgery. Over the past three decades this 
practice has been scrutinized due to a low yield and 
high cost. One study author calculated that $40 
billion a year was spent in the United States on 
preoperative testing and evaluation.

 3. B. About 0.2% of routine preoperative testing 
reveals abnormalities. In fact, routine tests such as 
complete blood count, chest X-ray, 
electrocardiogram, urinalysis, and electrolyte panel 
are of little value in detecting disease or changing 
management. Rather, multiple investigations detect 
minor irrelevant abnormalities, increase patient risk, 
cause delay, and increases liability.

 4. D. Choosing Wisely was initiated in 2012 by the 
American Board of Internal Medicine to establish a 
national program to avoid unnecessary tests, 
treatments, and procedures through education of 
practitioners and patients. The initial 9 specialty 
boards and Consumer Reports were soon joined by 
some 70 other specialties including anesthesiology 
in 2013. They were all charged with releasing 5 
recommendations to facilitate decisions regarding 
appropriate care.

 5. B. Ordering tests preoperatively only as indicated will 
improve hospital efficiency and cost savings. 
Preoperative laboratory evaluations and EKG testing 
should be driven by history, physical findings, and 
surgical risk. Tests are indicated only if the results can 
correctly identify abnormalities, change the diagnosis, 
management plan, or outcome. Needless tests are 
expensive and improved standardization is required.

 6. A. While nonspecific abnormalities are found on EKG 
tracings in about 30% of patients, the finding rarely 
predicts postoperative complications and is usually 
insignificant.

 7. D. Stress testing is not recommended as a risk 
assessor in older patients based on age. Stress 
testing, acknowledged by the American College of 
Cardiology and the American Heart association to 
have restricted benefit in the majority of patients, 
amounts to around $2300. A common test sequence 
that includes complete blood count, basic metabolic 
panel, chest X-ray and EKG bills for about $1600, 

which does not include the cost of interpretation. In 
some instances the Center for Medicare/Medicaid 
Services (CMS) and insurers will not reimburse for 
repeat testing and for tests based on age alone, 
placing the burden of payment on the patient.

 8. C. Regarding management of the diabetic patient, 
normoglycemia may be an individual number. 
Recommendations to discontinue oral diabetic 
medication remain controversial. While elevated 
blood sugar levels have been shown to retard 
wound healing, an ideal blood sugar level has not 
been determined. While many laboratory scales 
consider hyperglycemia to be values above 120 mg/
dl, it is probably more important to consider the 
individual and the level at which he most usually 
functions. Thus, values of 150–170 mg/dl may be 
considered normal for many. Should testing indicate 
values exceeding 180 mg/dl, oral medications 
should be discontinued and an infusion of regular 
insulin commenced perioperatively. Further 
evaluation by an endocrinologist is indicated with 
repeated blood glucose checks.

 9. A. Use of chronic nasal continuous positive airway 
pressure (nCPAP) preoperatively has been found to 
abolish mean, systolic, and diastolic blood pressure 
fluctuations in OSA patients. Also, the use of nCPAP 
for several weeks preoperatively has been found to 
be highly effective at preserving airway patency 
during sleep and anesthesia as well as diminishing 
reflex responses to hypoxia and hypercapnia. This 
effect may result from upper airway stabilization, a 
residual effect of nCPAP that begins to occur within 
as little as 4 h of continuous use of nCPAP.

 10. C. Indicators of a potentially difficult airway are least 
likely to include Comack-Lehane grade 2. Using 
Comack-Lehane, 4 grades of view are defined during 
direct laryngoscopy. The entire view of the laryngeal 
aperture is listed as grade 1. Visualization of only the 
posterior commissure of the laryngeal aperture is 
graded as 2. If only the epiglottis is seen that is 
grade 3. Grade 4 view is just the soft palate.
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25 Key Points
 5 Premedication is often used to reduce discomfort, 
allay anxiety, or in an attempt to reduce periopera-
tive risk.

 5 A simple score predicts the risk of postoperative 
nausea and vomiting (PONV). Female gender, use of 
perioperative opioids, nonsmoking status, and a 
history of PONV or motion sickness each yield 20% 
additive risk.

 5 Multiple antiemetic options are available. Each 
treatment reduces the risk of PONV by 20–25%.

 5 Droperidol in larger doses causes QTc prolongation 
and is associated with torsades de pointes. The first 
generation 5-HT3 antagonists also cause QTc 
prolongation but do not carry the same warning 
label as droperidol.

 5 The American Society of Anesthesiologists preopera-
tive fasting guidelines do not recommend any 
routine prophylaxis against pulmonary aspiration of 
gastric contents. Antacids, acid-suppression agents, 
and prokinetic drugs are useful in patients consid-
ered to be at risk for aspiration.

 5 Chronic corticosteroid therapy can cause suppres-
sion of the hypothalamic-pituitary-adrenal axis. In 
patients with this condition, surgical stress may 
produce an adrenal crisis. Supplemental hydrocorti-
sone can prevent this complication.

 5 Surgical antibiotic prophylaxis is given to reduce the 
microbial burden of the surgical wound. In most 
cases, skin flora are the causative organisms in 
surgical site infections.

 5 Most medications are continued through the 
perioperative period. Caution must be exercised, 
however, due to the potential for serious drug 
interactions. Recent clinical trial evidence does not 
support starting beta blockers, alpha-2 agonists, or 
aspirin in an attempt to reduce the risk of periopera-
tive cardiac events. Patients taking beta blockers or 
alpha-2 agonists, however, should continue them 
through the perioperative period.

25.1  Introduction

Premedication refers to the administration of drugs to a 
patient prior to anesthesia and surgery. These drugs are 
related to the anesthetic and surgical plans but are not directly 
part of the anesthetic regimen. Premedication is often used 
to decrease anxiety, lower the likelihood of postoperative 
nausea and vomiting (PONV), and reduce the risk of compli-
cations such as pulmonary aspiration, adrenal insufficiency, 
and myocardial ischemia. Surgical antibiotic prophylaxis can 
also be considered premedication.

25.2  Analgesics

Opioid analgesics are not typically administered as a pre-
medicant unless the patient is experiencing pain in the pre-
operative setting or is on a chronic opioid regimen. 
Respiratory depression from opioid use is the primary risk in 
this setting, as most preoperative units do not have close 
patient monitoring. Consequently, opioids should be used 
cautiously in patients with obstructive sleep apnea (OSA). 
Patients with increased intracranial pressure also may not 
tolerate the respiratory depressant effect of opioids due to 
increased cerebral blood flow from the resulting hypercarbia.

Non-opioid analgesics such as acetaminophen, non-ste-
roidal anti-inflammatory drugs (NSAIDs), cyclooxygenase-2 
(COX-2) specific inhibitors, and anticonvulsants such as pre-
gabalin and gabapentin are often used preoperatively for 
their analgesic and opioid-sparing effects both intra- and 
postoperatively. The preoperative use of NSAIDs is limited 
by concerns about surgical bleeding due to inhibition of 
platelet thromboxane A2 synthesis, although COX-2 inhibi-
tors do not share this property.

25.3  Anxiolytics

Preoperative anxiety is common and can be severe. Non- 
pharmacologic methods of anxiolysis (eg, preoperative visit 
with an anesthesiologist) can be very helpful, but judicious 
use of anxiolytic drugs can improve patient satisfaction, 
decrease the physiologic consequences of excess anxiety, and 
improve patient compliance with necessary preoperative 
procedures.

25.3.1  Benzodiazepines

Benzodiazepines are effective anxiolytic and sedative drugs, 
as evidenced by their widespread use in the general popula-
tion. Benzodiazepines facilitate activation of the GABAA 
receptor, inhibiting neuronal depolarization by increasing 
chloride conductance. Preoperatively, these drugs are useful 
because of minimal respiratory depression and hemody-
namic effects when used as the sole agent. Caution is still 
warranted, however, in patients with obstructive sleep apnea 
as they have increased sensitivity to benzodiazepines. A spe-
cific benzodiazepine antagonist (flumazenil) provides a 
means to rapidly rescue patients from oversedation, although 
not without the risk of provoking withdrawal and/or sei-
zures in patients physically dependent on benzodiazepines 
or ethanol.

With a clinical effective duration of less than 2 h (intrave-
nous dosing) and an elimination half-life of 2–7  h, mid-
azolam is the benzodiazepine of choice for perioperative use. 
In adults, intravenous midazolam 1–2 mg typically provides 
anxiolysis and a variable degree of anterograde amnesia. 
Intravenous lorazepam is another reasonable choice. 
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Alternatively, oral midazolam liquid (0.5–0.75 mg/kg) is use-
ful for pediatric patients and does not appear to prolong 
emergence in moderate-length procedures.

25.3.2  Melatonin

Although study quality varies, orally administered melatonin 
has been shown in meta-analysis to produce sedation and 
anxiolysis roughly equivalent to benzodiazepines.

25.3.3  Clonidine and Dexmedetomidine

These centrally acting alpha-2 adrenergic agonists also have 
sedative and anxiolytic properties that can be useful in the 
perioperative period. Their use as premedication may be lim-
ited by hemodynamic effects (hypotension, bradycardia) and 
prolonged duration of action.

25.3.4  Ketamine

Ketamine is an anesthetic drug that is thought to act primar-
ily via inhibition of N-methyl-D-aspartate (NMDA)-type 
glutamate receptors in the central nervous system (CNS), 
although it interacts with multiple other receptor pathways. 
It has profound analgesic and amnestic properties when used 
at anesthetic doses, but is often associated with negative psy-
chological effects (dysphoria, hallucinations) at higher doses. 
These effects may be reduced by the concurrent administra-
tion of benzodiazepines.

Ketamine is often used for premedication in pediatric 
patients when a deeper level of sedation and analgesia is 
needed, such as in children with developmental delay or 
when uncomfortable procedures must be performed. 
Ketamine produces significant salivation and is often given 
in combination with an anticholinergic agent such as glyco-
pyrrolate or atropine.

25.4  Antiemetics/Postoperative Nausea 
and Vomiting

Postoperative nausea and vomiting is a significant problem 
in perioperative care. Using a simple risk stratification tool, it 
is possible to easily predict the likelihood of PONV given 4 
risk factors [1]:
 1. Female gender
 2. Non-smoker
 3. History of PONV or motion sickness
 4. Planned postoperative use of opioids

When 0 factors are present, the risk of PONV is 10%. One, 2, 
3, and 4 risk factors yield PONV risks of approximately 20%, 
40%, 60%, and 80%, respectively. Conversely, it has been 

demonstrated that each prophylactic intervention reduces 
the risk by approximately 20–25% [2].

25.4.1  Classes of Anti-emetic Drugs

 Anticholinergic Drugs
Scopolamine is a muscarinic anticholinergic drug that read-
ily crosses the blood-brain barrier. In the CNS, it suppresses 
the emetic response to vestibular stimulation, one of the 
mechanisms of PONV. Typically, it is administered transcu-
taneously via a patch applied several hours prior to surgery. 
The patch formulation reaches peak effectiveness in 4 h and 
delivers approximately 1 mg of scopolamine over 72 h.

Dose-limiting side effects include dry mouth, mydriasis 
(leading to blurred vision), decreased gastrointestinal motil-
ity, urinary retention, and sedation/amnesia. Blockade of 
muscarinic receptors in the stomach delays gastric emptying 
and may increase gastric volume. Concern exists about 
administering anticholinergic drugs to patients with open- 
angle glaucoma due to the possibility of creating acute angle- 
closure glaucoma—an ophthalmologic emergency. Caution 
should also be used in elderly patients, as they are at increased 
risk for delirium from centrally acting anticholinergic drugs.

 Histamine H1 Antagonists
Diphenhydramine and promethazine both have antihista-
mine effects and are thought to act via blockade of H1 hista-
mine receptors in the chemoreceptor trigger zone (CTZ). 
They both also exert anticholinergic effects similar to scopol-
amine, producing sedative and anti-emetic effects. 
Diphenhydramine has also been shown to decrease the nau-
sea associated with opioid administration.

 Dopaminergic D2 Antagonists
Several classes of drugs exert common antagonist effects at 
D2 receptors in the chemoreceptor trigger zone (CTZ). These 
include the phenothiazines, the butryophenones (haloperi-
dol and droperidol), and metoclopramide. This antagonism 
reduces both the sensation of nausea and actual vomiting. 
Metoclopramide’s effect may largely lie outside the CNS, 
however, as it exerts a prokinetic cholinergic effect on the 
gastrointestinal tract.

Caution should be used when choosing these drugs. They 
should not be used in patients with Parkinson’s disease, rest-
less legs syndrome, or other movement disorders as they can 
interfere with drug therapy and prompt exacerbations of 
these conditions. Extrapyramidal effects (dystonia, akathisia) 
can limit these drugs’ usefulness and may be very trouble-
some to patients. Other effects include sedation and ortho-
static hypotension. Prolonged use of metoclopramide 
(3 months or longer) has been associated with tardive dyski-
nesia. Its short-term perioperative use, however, does not 
appear to carry this risk.

Much attention has been devoted to the effect of droperi-
dol (and, to a lesser extent, haloperidol) on the QTc interval. 
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Droperidol (along with many other drugs) inhibits the 
delayed inward rectifier (IKr) potassium current in cardiac 
myocytes, thus prolonging the QTc interval and rendering 
the myocardium more vulnerable to arrhythmias. Due to 
reports of torsades de pointes (TdP) in patients receiving 
larger doses of droperidol (such as for neuroleptanalgesia), 
the U.S.  Food and Drug Administration (FDA) requires a 
“black box” warning on droperidol, including the require-
ment for cardiac monitoring for 4 h after drug administra-
tion. There has been much debate about the validity of this 
warning in light of the low doses of droperidol used for 
PONV prophylaxis (commonly less than 1.25 mg), its proven 
efficacy, and clinical evidence that supports droperidol’s 
safety in low doses [3].

 Corticosteroids
Corticosteroids (usually dexamethasone) are commonly 
used for PONV prophylaxis. Dexamethasone (typically 
4–8 mg intravenous [IV]) has been demonstrated to reduce 
the risk of PONV as well as decrease postoperative pain. 
Dexamethasone’s mechanism of action is not clear. It is pre-
sumed that it exerts anti-inflammatory effects in the CNS 
and peripherally to reduce inflammatory cytokine produc-
tion.

A single perioperative dose of dexamethasone is gener-
ally well tolerated. Reported adverse effects include hypergly-
cemia, mood effects, headache, and edema. Hyperglycemia is 
unlikely in patients with normal glucose metabolism, how-
ever. The risk-benefit balance appears to support the periop-
erative use of dexamethasone, as no convincing evidence of 
increased risk of surgical site infection exists.

 5-HT3-Receptor Antagonists
The most commonly used drugs in this category include 
dolasetron, granisetron, and ondansetron. They bind to and 
inhibit activation of serotonergic receptors in the gastrointes-
tinal tract, the solitary tract nucleus, and the CTZ. They are 
significantly more effective in preventing vomiting than nau-
sea. No differences in efficacy or toxicity among the 3 drugs 
have been demonstrated at clinically used doses (dolasetron 
12.5  mg, granisetron 0.35–3  mg, and ondansetron 4  mg). 
Contrary to many other prophylactic drugs, these agents are 
usually administered at the end of surgery. The second gen-
eration 5-HT3 antagonist palonosetron (usual dose 
0.075  mg), however, is administered at the start of surgery 
due to its much longer half-life (40  h). Palonosetron also 
appears to be more effective in preventing PONV than the 
first-generation drugs.

The 5-HT3 antagonists are generally well tolerated. The 
most common side effect is mild headache (15–20%) fol-
lowed by dizziness (10%). QTc prolongation also occurs with 
the first-generation drugs but not palonosetron. There have 
been case reports of TdP in patients receiving first-generation 
5-HT3 antagonists. These drugs do not carry the black box 
warning that droperidol has, but the FDA does recommend 
cardiac monitoring for patients with electrolyte abnormali-
ties or patients who are receiving other QTc-prolonging 

medications. These medications should also be used very 
cautiously (if at all) in patients taking class III antiarrhyth-
mics such as dofetilide due to the risk of TdP.

 NK1 Antagonists
Substance P is a neuropeptide with a wide distribution in the 
CNS. It is found in particularly high concentrations in neu-
rons innervating the solitary tract nucleus and CTZ. Acting 
through neurokinin type 1 (NK1) receptors, it affects many 
functions including regulation of nausea and vomiting. The 
NK1 receptor antagonist aprepitant was originally demon-
strated to reduce delayed chemotherapy-induced nausea and 
vomiting. It has also been demonstrated to be an effective 
and long-lasting prophylactic antiemetic (40 mg PO 3 h prior 
to surgery) but, due to its slow onset and oral administration, 
it is not an effective rescue medication. Common side effects 
of aprepitant include fatigue, abdominal pain, and diarrhea.

Caution is warranted with aprepitant because it is a mod-
erate inhibitor of CYP3A4. Dexamethasone is a substrate of 
this enzyme and many clinical trials used reduced doses of 
dexamethasone in combination with aprepitant. Other sub-
trates of CYP3A4 include macrolide antibiotics, many che-
motherapeutic agents, opioids (including fentanyl), 
benzodiazepines (including midazolam), calcium channel 
blockers, statins, warfarin, and oral contraceptives. This long 
list of drug interactions, combined with high acquisition 
cost, has dampened enthusiasm for aprepitant’s perioperative 
use.

 Midazolam
In addition to its effects on anxiety, prophylactic midazolam 
(50 mcg/kg IV with induction of anesthesia) has also been 
shown to reduce the incidence of PONV compared to pla-
cebo.

25.4.2  Consensus Guidelines

The Society for Ambulatory Anesthesia has published guide-
lines outlining a strategy for managing PONV [4].  After 
clinical assessment, patients are assigned as low-, medium-, 
or high-risk for PONV. Low-risk patients do not require pro-
phylaxis. Medium-risk patients should receive 1 or 2 inter-
ventions. High-risk patients, however, should receive at least 
2 interventions with consideration to a multimodal approach 
including regional anesthesia, avoidance of inhalational 
anesthetics, and other strategies.

25.5  Aspiration Prophylaxis/Fasting Status

Perioperative pulmonary aspiration of gastric contents can 
lead to severe morbidity or mortality. The overall rate of 
clinically evident aspiration is approximately 1:4000 for 
elective surgery and 1:900 for emergency surgery. Among 
witnessed cases of aspiration, the mortality rate is approxi-
mately 5%.
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The main non-pharmacologic approach to reduce the 
risk of aspiration is preoperative fasting. The American 
Society of Anesthesiologists (ASA) publishes guidelines for 
the  appropriate duration of fasting for otherwise healthy 
patients [5]. In general, clear liquids (without particulate 
matter or fat) may be consumed up until 2 h prior to surgery. 
The type of liquid is more important than the volume of liq-
uid consumed. A “light meal” of non-fatty foods may be con-
sumed 6  h preoperatively while heavier foods should be 
avoided for 8 h or longer. Infants may consume human milk 
up until 4  h preoperatively. Cow’s milk, however, empties 
from the stomach at a similar rate to solid food.

The ASA guidelines do not recommend routine pharma-
cologic aspiration prophylaxis for healthy patients. For 
patients considered to be at increased risk for aspiration 
(anatomic abnormalities, gastroparesis, esophageal motility 
disorders, long-standing diabetes mellitus, and others), pro-
phylaxis may be considered. Pharmacologic approaches to 
aspiration prophylaxis include prokinetic agents, antacids, 
and acid suppression agents. Anticholinergic drugs are also 
discussed here.

25.5.1  Prokinetic Agents

Metoclopramide is a benzamide derivative with anti-emetic 
and prokinetic properties. It acts on dopamine D2 receptors 
in the CTZ to reduce nausea and vomiting. Additionally, it 
acts as an antagonist at the 5-HT4 and muscarinic cholinergic 
receptors in the gastrointestinal tract. This activity increases 
the strength of peristaltic contractions in the small intestine 
and stomach while also increasing lower esophageal sphinc-
ter tone. The combined effect of these actions is to reduce 
gastric volume by propelling stomach contents forward 
through the small bowel.

Metoclopramide is not recommended for routine aspira-
tion prophylaxis but may be useful in patients at increased 
risk for aspiration. Again, caution is advised in patients with 
Parkinson’s disease or movement disorders. Also, the proki-
netic effect of metoclopramide may be detrimental in cases of 
bowel obstruction.

25.5.2  Antacids

Although not strongly supported by clinical evidence, it is 
commonly believed that the acidic pH of aspirated stomach 
contents is associated with the development of aspiration 
pneumonitis. Thus, raising the pH of the gastric contents 
may be helpful in patients at risk for aspiration. Antacid 
medications are salts of alkaline ions (commonly citrate, 
bicarbonate, or hydroxide) combined with counterions to 
maintain neutrality. The ASA guidelines do not recommend 
the routine use of antacids for aspiration prophylaxis. In 
high-risk patients, however, preoperative oral administration 
of non-particulate antacids such as sodium citrate with citric 
acid may be a useful tool. Compared to other antacids (such 

as calcium carbonate), nonparticulate antacids will raise the 
intragastric pH without the risk of particulate matter aspira-
tion.

25.5.3  Acid Suppression Agents: H2 
Antagonists and Proton Pump 
Inhibitors

The histamine H2 receptor is found on gastric parietal (acid- 
secreting) cells. Along with gastrin and muscarinic acetyl-
choline receptors, activation of the H2 receptor stimulates 
acid secretion. The commonly used H2 antagonists (raniti-
dine, nizatidine, and famotidine) are very safe drugs with 
adverse reaction rates similar to placebo. Dose reduction in 
renal failure is indicated due to renal elimination (both filtra-
tion and tubular secretion) of these drugs. The H2 antago-
nists have been shown to reduce gastric volume and acidity 
but no evidence exists to demonstrate a reduction in pulmo-
nary aspiration risk. The ASA guidelines do not recommend 
routine use of these drugs but they may be useful in patients 
at increased risk.

Proton pump inhibitors (PPIs) such as omeprazole, lan-
soprazole, and pantoprazole inhibit the H+-K+-ATPase on 
the luminal surface of gastric parietal cells, thus directly 
decreasing acid secretion. To exert its effect, the drug is 
secreted into the gastric lumen, is activated by the acidic 
environment, and then forms a disulfide bond with a cysteine 
residue on the parietal cell H+-K+-ATPase. These drugs are 
more effective acid suppression agents than the H2 antago-
nists but no evidence exists to demonstrate efficacy in reduc-
ing pulmonary aspiration. The ASA guidelines do not 
recommend their routine use but, again, they may be useful 
in patients at increased risk of aspiration.

25.5.4  Anticholinergic Drugs

Gastric parietal cells have muscarinic acetylcholine receptors 
that, when activated, stimulate acid secretion. In principle, 
blocking these receptors should decrease acid secretion. 
Clinical trials, however, do not demonstrate a reduction in 
gastric volume or acidity when atropine or glycopyrrolate are 
administered. This fact, combined with the multiple undesir-
able effects of anticholinergic drugs, leads to the recommen-
dation from the ASA that anticholinergic drugs have no role 
(routine or otherwise) in reducing the risk of pulmonary 
aspiration.

25.6  Corticosteroid Supplementation

Many patients take corticosteroid drugs for their anti- 
inflammatory effects. Long-term use of these medications 
beyond a certain threshold dose is associated with suppres-
sion of the hypothalamic-pituitary-adrenal (HPA) axis (with 
resulting adrenal atrophy), leading to an inability of the body 
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to produce sufficient cortisol to maintain homeostasis. This is 
of particular concern in the perioperative period due to the 
concept of the “stress response” to surgery, in which cortisol, 
catecholamines, and other mediators are produced to deal 
with the physiologic insult. Inadequate adrenal response to 
stress can lead to an acute adrenal crisis, consisting of refrac-
tory hypotension, hyponatremia, and hyperkalemia.

Controversy exists as to the threshold doses of exogenous 
corticosteroids that would predictably cause HPA axis sup-
pression. In general, patients taking 20 mg or more per day of 
prednisone for more than 3 weeks (or the equivalent dose of 
another corticosteroid) should be presumed to have HPA 
axis suppression. Conversely, patients receiving 5 mg predni-
sone daily (or equivalent) for any length of time are unlikely 
to have significant HPA suppression. Formal testing (eg, 
ACTH stimulation test) can determine the patient’s HPA axis 
status, but this is often not available preoperatively. For 
patients whose HPA axis status is unclear undergoing a 
stressful procedure, perioperative supplementation is rea-
sonable.

A typical regimen for corticosteroid supplementation in 
major surgery (laparotomy, thoracotomy) is 100 mg hydro-
cortisone intravenously followed by 50  mg intravenously 
every 8 h. This dosing is in addition to the patient’s usual ste-
roid regimen. The hydrocortisone is tapered postoperatively 
to return to the baseline corticosteroid dosing. Less stressful 
procedures may require lower doses (e.g., 50 mg hydrocorti-
sone followed by 25  mg every 8  h). Minimal-stress proce-
dures (e.g., diagnostic endoscopy, surgery under local 
anesthesia) often do not require steroid supplementation.

25.7  Prophylactic Antibiotics

Surgical site infections (SSIs) are defined as infections occur-
ring near a surgical site within 30 days of surgery or 90 days 
if material was implanted. SSIs occur in between 2% and 5% 
of surgical procedures, with the highest rates occurring in 
wounds classified as “dirty”. The most commonly isolated 
pathogens are skin flora (Staphylococcus and Streptococcus 
species). Over time, the prevalence of methicillin-resistant 
Staphylococcus aureus (MRSA) isolates has increased, 
prompting efforts to identify MRSA carriers and eliminate 
their colonization prior to the day of surgery via nasal mupi-
rocin ointment.

Along with maintenance of perioperative normothermia, 
proper hair removal, and appropriate skin antisepsis, timely 
perioperative antibiotic prophylaxis can be a cornerstone of 
SSI prevention. Prophylaxis is indicated for procedures where 
the risk of infection is high (classified as “clean- contaminated,” 
“contaminated,” or “dirty”) or in sites where an infection 
would be dangerous. The rationale for antibiotic prophylaxis 
is to decrease the bacterial burden introduced into the surgi-
cal wound, thus allowing host defenses a better opportunity 
to prevent overt infection. For most antibiotics, intravenous 
administration between 30 and 60 min before skin incision 
allows for therapeutic blood and tissue concentrations at the 

time of incision. For drugs with a longer infusion time (van-
comycin and fluoroquinolones), 90–120  min is acceptable. 
Rapid infusion of vancomycin is not recommended, as it can 
provoke significant histamine release.

The specific choice of antibiotic varies by anatomic site 
and local antimicrobial resistance patterns. In general, first- 
generation cephalosporins (e.g., cefazolin) are recommended 
as they are active against the majority of skin flora. For sur-
geries involving the gastrointestinal tract, second- or third- 
generation cephalosporins are often chosen for their 
increased activity against Gram-negative bacteria and are 
often combined with metronidazole for activity against 
anaerobic pathogens.

For patients with IgE-mediated reactions to penicillins 
(anaphylaxis, hives), the recommended alternative antibiot-
ics include clindamycin, fluoroquinolones, and/or vancomy-
cin. Patients with less severe or non-allergic reactions to 
penicillin derivatives can often safely receive cephalosporin 
drugs, as the immune cross-reactivity is approximately 1%, 
much lower than originally thought.

Repeated dosing is advised when the surgery is longer 
than more than 2 half-lives of the chosen drug or for proce-
dures in which there is a large blood loss. Continued postop-
erative dosing beyond 24  h, however, is not recommended 
because of a lack of improved outcomes and the potential risk 
of fostering antibiotic resistance.

25.8  Perioperative Management of Chronic 
Drug Therapy

Withholding chronic medications during the perioperative 
period is a controversial topic. The goal of perioperative 
medication management should be to minimize the likeli-
hood of any perioperative drug-drug interactions while at 
the same time minimizing disruption to the patient’s chronic 
medical therapy. In general, medications with significant dis-
continuation effects or medications that are thought to be 
protective should be continued through the perioperative 
period. Specific drug classes will be discussed as follows:

25.8.1  Angiotensin Converting Enzyme 
Inhibitors (ACEI) and Angiotensin II 
Receptor Blockers (ARB)

Many clinicians prefer to withhold these medications on the 
day of surgery out of concern for refractory hypotension. In 
principle, blockade of the renin-angiotensin axis eliminates a 
powerful method for maintaining blood pressure in the set-
ting of treatment with hypotensive agents (such as most 
anesthetic drugs). The bulk of available evidence suggests 
that continuation of these agents on the day of surgery 
increases the likelihood of intraoperative hypotensive epi-
sodes. Given the ability of clinicians to treat intraoperative 
hypotension, whether this significantly affects clinical out-
comes is unknown.
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25.8.2  Beta Adrenergic Antagonists

Beta adrenergic antagonists (“beta blockers”) competitively 
bind to the different subtypes of beta adrenergic receptor, lead-
ing to effects such as decreases in heart rate and blood pressure. 
Patients chronically receiving beta blockers are at high risk for 
rebound tachycardia and hypertension if these drugs are 
stopped abruptly. In patients taking these drugs for the treat-
ment of angina, sudden discontinuation can precipitate myo-
cardial ischemia. In general, patients taking beta blockers should 
continue them throughout the perioperative period. Initiating 
beta blocker therapy in an attempt to reduce cardiac risk, how-
ever, is controversial (see 7 Sect. on Cardiac Risk Reduction).

In patients presenting for urgent or emergent surgery with 
uncontrolled hyperthyroidism, the preoperative administration 
of beta blockers can be very useful to decrease the incidence of 
tachyarrhythmias, especially atrial fibrillation. Combined with 
an antithyroid drug such as propylthiouracil, beta blockers may 
reduce the risk of perioperative thyroid storm.

25.8.3  Alpha-2 Adrenergic Agonists

Alpha-2 adrenergic agonists act centrally to decrease sympa-
thetic outflow from the CNS. Like beta blockers, abrupt with-
drawal of clonidine can precipitate rebound hypertension 
and tachycardia. Thus, these agents should be continued 
through the perioperative period (see 7 Sect. on Cardiac Risk 
Reduction).

25.8.4  Aspirin

Aspirin (acetylsalicylic acid) irreversibly inhibits both forms 
of cyclooxygenase, leading to inhibition of prostaglandin 
synthesis. This is of perioperative concern mainly due to 
inhibition of thromboxane A2 production by platelets, thus 
decreasing platelet aggregation and potentially worsening 
perioperative blood loss. This risk is balanced by the benefi-
cial effects of aspirin on cardiovascular morbidity in patients 
with coronary artery or cerebrovascular disease. In particu-
lar, aspirin is a key part of the antiplatelet regimens used after 
placement of intracoronary stents to prevent in-stent throm-
bosis. If (or when) it is permissible to withhold these agents 
after stent placement is an area of much debate and patients 
with recent cardiac interventions should definitely be evalu-
ated by a cardiologist prior to surgery.

Because of recent evidence (see 7 Sect. on Cardiac Risk 
Reduction), it is reasonable to withhold aspirin in stable 
patients who do not require antiplatelet therapy for preven-
tion of stent thrombosis.

25.8.5  Lipid-Lowering Medications

HMG-CoA reductase inhibitors (“statins”) inhibit the rate- 
limiting step in the biosynthesis of cholesterol. Apart from 

their effects on lipid metabolism, these drugs have been 
found to have anti-inflammatory and plaque stabilizing 
effects. Initial concerns about an increased risk of periopera-
tive rhabdomyolysis have not been borne out and these drugs 
should be continued through the perioperative period.

25.8.6  Psychoactive Medications

In general, most antidepressants, antipsychotics, anxiolytics, 
and mood-stabilizing drugs should be continued during the 
perioperative period. Discontinuation of these medications 
can lead to withdrawal symptoms or exacerbation of the 
underlying disorder. Although discontinuation was previ-
ously recommended, current practice is to continue these 
medications and use an appropriate anesthetic technique.

Selective serotonin reuptake inhibitors (SSRIs) are associ-
ated with increased surgical blood loss, likely due to their 
effects on platelet function. Whether this is of clinical signifi-
cance is unclear and the benefits of continuing the medica-
tion are usually thought to outweigh the risks of bleeding. 
Particular care, however, is indicated in patients receiving 
monoamine oxidase inhibitors (MAOIs). The 2 forms of 
monoamine oxidase are responsible for degrading catechol-
amines and inhibition of MAO leads to accumulation of bio-
genic amines in the CNS.  These drugs are effective 
antidepressants but are used as third-line agents due to the 
unique risks involved in their use. The MAO-A isoform in 
the gut metabolizes ingested sympathomimetics such as tyra-
mine (found in aged cheese, smoked meat, soy products, and 
draft beer). Use of these drugs thus requires a tyramine-free 
diet to prevent hypertensive crises.

Previously, patients taking MAOIs were instructed to 
hold the medication for 10–14 days prior to surgery. This 
often prompted an exacerbation of the underlying psychiat-
ric condition, particularly depression, which could lead to 
suicide. Consequently, current practice is to continue these 
medications perioperatively. Patients on MAOIs are at 
increased risk of hemodynamic instability and drug inter-
actions. In particular, meperidine must be completely 
avoided due to the risk of serotonin syndrome. If a vasoac-
tive agent must be used, direct-acting drugs such as phenyl-
ephrine or epinephrine should be chosen instead of 
ephedrine.

25.8.7  Maintenance Therapy for Substance 
Abuse or Chronic Pain

Patients receiving therapy for opioid abuse or chronic pain 
present a particular challenge. Patients receiving methadone 
often have significant opioid tolerance and may require large 
doses of additional opioids. The basal methadone dose 
should be continued, either orally or intravenously (at one- 
half the oral dose). Methadone prolongs the QTc interval and 
vigilance is required due to the number of drugs used periop-
eratively that also affect the QTc interval.
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Patients receiving buprenorphine present a particular 

challenge. Buprenorphine is a semi-synthetic opioid that is a 
partial mu-opioid agonist and kappa- and delta-opioid 
antagonist. This drug will reduce the effectiveness of other 
opioids and has an inherent “ceiling effect” beyond which it 
will not provide additional analgesia. For patients undergo-
ing minor surgery, the buprenorphine should be continued. 
For procedures associated with moderate to severe pain, the 
buprenorphine should be tapered preoperatively and 
replaced with a pure mu-opioid agonist such as oxycodone. 
Alternatively, a non-opioid multimodal analgesic strategy 
may be chosen with options including NSAIDs, acetamino-
phen, regional anesthetic techniques, and adjuvant analge-
sics such as gabapentin.

25.9  Cardiac Risk Reduction

25.9.1  Beta Adrenergic Antagonists

Despite early enthusiasm for perioperative beta blocker ther-
apy as a means to reduce cardiac morbidity and mortality, it 
now appears that initiation of therapy in the perioperative 
period may not be beneficial and may in fact be harmful. The 
Perioperative Ischemic Evaluation (POISE) trial saw a reduc-
tion in cardiac events at the cost of an increase in ischemic 
strokes [6]. Whether this is due to the regimen used (large 
doses of metoprolol) or a true class effect is unclear. In gen-
eral, therefore, patients on beta blockers should continue 
them through the perioperative period but initiation of beta 
blocker therapy should be done carefully and several days 
prior to surgery if possible.

25.9.2  Alpha-2 Adrenergic Agonists

Because of their sympatholytic effects, it is believed that 
alpha-2 adrenergic agonists may provide perioperative pro-
tection against myocardial ischemia. To evaluate whether 
adding clonidine perioperatively reduces cardiac complica-
tions, a large trial (POISE-2) randomized patients at increased 
cardiac risk to perioperative clonidine versus placebo [7]. No 
improvement in cardiac morbidity was found. On the con-
trary, the clonidine group had more hypotensive episodes 
and cardiac arrests. Thus, analogous to beta blockers, patients 
receiving alpha-2 agonists should remain on them periopera-
tively but they should not be initiated without good reason.

25.9.3  Aspirin

Because of retrospective evidence associating aspirin use 
with improved cardiovascular outcomes after surgery, the 
POISE-2 trial included an arm testing whether adding (or 
continuing) aspirin perioperatively (versus placebo) reduces 
cardiac morbidity in patients at risk for coronary artery dis-
ease. Surprisingly, there was no improvement in the compos-

ite outcome of death or nonfatal myocardial infarction. There 
was, however, a higher incidence of major bleeding in the 
aspirin group. This trial supports withholding aspirin periop-
eratively in patients not taking aspirin as part of antiplatelet 
therapy for stents.

25.10  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which of the following is not a risk factor for 

postoperative nausea and vomiting (PONV)?
 A. Female gender
 B. History of PONV
 C. Smoking status
 D. Body mass index (BMI)

 2. Which of the following statements is FALSE 
regarding droperidol?
 A. It is a butyrophenone drug.
 B. Doses used for PONV prophylaxis are strongly 

associated with arrhythmias.
 C. It is an antagonist at dopamine D2 receptors.
 D. It should not be used in patients with Parkinson’s 

disease.
 3. Which of the following is TRUE regarding 

scopolamine?
 A. It must be administered intravenously.
 B. It has minimal effects in the central nervous 

system.
 C. It can precipitate acute angle-closure glaucoma.
 D. It is safe to use in elderly patients with a history 

of delirium.
 4. Which of the following drugs DOES NOT prolong the 

QTc interval?
 A. Ondansetron
 B. Dolasetron
 C. Droperidol
 D. Palonosetron

 5. Which of the following statements about 
preoperative fasting is TRUE?
 A. The American Society of Anesthesiologists (ASA) 

recommends all patients remain NPO for at least 
8 h prior to surgery.

 B. The ASA does not recommend routine 
prophylactic medications to reduce the risk of 
aspiration of gastric contents.

 C. Cow’s milk and human milk are treated the same 
in regards to duration of fasting.

 D. Orange juice with pulp is considered a clear 
liquid.

 6. For patients considered to be at risk for aspiration of 
gastric contents, which medication is NOT useful to 
decrease the risk?
 A. Glycopyrrolate
 B. Sodium citrate / citric acid
 C. Famotidine
 D. Metoclopramide
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 7. Which of the following statements about surgical 
antibiotic prophylaxis is FALSE?
 A. Extending prophylactic antibiotic therapy 

beyond 24 h is not recommended.
 B. Skin flora are the most commonly isolated 

organisms from surgical site infections.
 C. First-generation cephalosporins are 

recommended for all procedures in patients who 
are not known to be allergic to penicillin.

 D. For most antibiotics, the optimal time of 
administration is 30–60 min before skin incision.

 8. For which patient(s) would perioperative 
corticosteroid supplementation not be absolutely 
necessary?
 A. A patient taking prednisone 20 mg per day for 

1 year for rheumatoid arthritis
 B. A patient taking methylprednisolone 2.5 mg per 

day for 1 month for Crohn’s disease
 C. A patient using inhaled fluticasone metered 

dose inhaler for years for asthma
 D. B and C

 9. Which medications should be continued 
perioperatively?
 A. Beta blockers
 B. Alpha-2 adrenergic agonists
 C. Monoamine oxidase inhibitors
 D. All of the above

 10. Which statement is FALSE regarding perioperative 
cardiac risk reduction?
 A. Initiating clonidine preoperatively is an effective 

means to protect against myocardial ischemia.
 B. In randomized clinical trials, aspirin has not been 

shown to decrease the risk of perioperative 
cardiac ischemia.

 C. Initiation of perioperative metoprolol has been 
shown to reduce cardiac ischemic events but 
may increase the risk of stroke.

 D. Patients on beta blockers should continue them 
perioperatively.

 v Answers
 1. D. The Apfel risk score consists of 4 factors: female 

gender, history of PONV or motion sickness, use 
of perioperative opioids, and nonsmoking status. 
Baseline risk is 10%, whereas 1, 2, 3, and 4 risk fac-
tors convey a PONV risk of 20%, 40%, 60%, and 80%, 
respectively.

 2. B. Droperidol is a butyrophenone derivative that 
acts as an antagonist at D2 receptors in the central 
nervous system, particularly in the chemoreceptor 
trigger zone. Because dopamine D2 receptors are 
involved in movement disorders, administration of 
this drug to patients with Parkinson’s disease can 
worsen the patients’ symptoms. Droperidol carries a 
“black box” warning about the risk of prolonged QTc 
interval and torsades de pointes, but there is rea-

sonable evidence that the low doses used for PONV 
prophylaxis are safe.

 3. C. Scopolamine is an anticholinergic drug that read-
ily penetrates the blood-brain barrier. It is often 
administered as a transdermal patch for PONV pro-
phylaxis. Like other anticholinergic drugs, scopol-
amine can cause CNS symptoms such as confusion 
and delirium. It should be used cautiously in elderly 
patients as they are particularly prone to postopera-
tive delirium. Also, scopolamine should be avoided 
in patients with open-angle glaucoma because it 
can precipitate acute angle-closure glaucoma.

 4. D. Palonosetron is a second-generation 5-HT3 antag-
onist. It has a much longer duration of action than 
the first-generation drugs (ondansetron, dolasetron) 
and may be more effective at preventing nausea. 
Unlike the first-generation 5-HT3 antagonists and 
droperidol, palonosetron has not been shown to 
prolong the QTc interval.

 5. B. For patients not at increased risk for aspiration, 
the ASA recommends allowing clear liquids up to 
2 h prior to surgery. Clear liquids include water, juice 
without pulp, black coffee, plain tea, soft drinks, 
and so on. Cow’s milk is treated as a light meal (6 h), 
whereas human milk is allowed up to 4 h prior to 
surgery. The ASA does not recommend routine pre-
medication to reduce the risk of aspiration.

 6. A. Aspiration prophylaxis can consist of antacids, 
acid suppressive agents, and prokinetic drugs. The 
sodium citrate/citric acid combination is a com-
monly used non-particulate antacid that quickly 
raises gastric pH when administered orally. Hista-
mine H2 antagonists, such as famotidine, reduce 
acid secretion indirectly by blocking the stimulatory 
effect of histamine on gastric parietal cells. Metoclo-
pramide has a prokinetic effect on the gastrointesti-
nal tract and may be useful to decrease the volume 
of gastric content. Anticholinergic drugs such as gly-
copyrrolate have no role in aspiration prophylaxis.

 7. C. Most surgical site infections (SSIs) occur from skin 
flora being introduced into the surgical wound. The 
rationale for antibiotic prophylaxis is to have effec-
tive tissue concentrations of antibiotic present at 
the time of incision to decrease the microbial bur-
den in the wound. First-generation cephalosporins 
are active against most skin pathogens and are 
recommended for most procedures. For procedures 
involving the bowel, however, increased activity 
against Gram-negative and anaerobic organisms is 
needed. For these procedures, a second- or third-
generation cephalosporin is often chosen, typically 
in combination with metronidazole. Most antibiotics 
should be administered 30–60 min before incision. 
Vancomycin and fluoroquinolones, however, may be 
administered 120 min before incision due to longer 
administration times.
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 8. D. It can be challenging to determine which patients 

are at risk for perioperative adrenal insufficiency. 
Patients taking 20 mg or more per day of predni-
sone (or equivalent) for more than 3 weeks should 
be presumed to have HPA axis suppression. Patients 
taking less than 5 mg per day of prednisone (in this 
case, 4 mg methylprednisolone) or using inhaled 
corticosteroids are much less likely to have adrenal 
suppression. The risks of perioperative stress dose 
hydrocortisone are low; thus, many clinicians err on 
the side of caution if uncertain.

 9. D. Beta adrenergic antagonists and alpha 2 agonists 
should be continued perioperatively due to the risks 
of tachycardia and hypertension with abrupt cessa-
tion. Although it was previously recommended to 
stop therapy preoperatively, monoamine oxidase 
inhibitors should be continued perioperatively. 
These drugs pose particular challenges to maintain-
ing hemodynamic stability. Additionally, drug-drug 
interactions should be kept in mind, particularly 
the risk of serotonin syndrome with the concurrent 
administration of meperidine.

 10. A. The POISE-2 trial found no benefit for adding 
or continuing aspirin in the perioperative period 
for patients at risk for coronary disease. There was 
also no benefit demonstrated for clonidine; rather, 
there were more episodes of hypotension and car-
diac arrest in the clonidine group. The POISE trial 
evaluated the effect of 100 mg of extended-release 
metoprolol started on the day of surgery. There 
were fewer cardiac events but more strokes in the 

metoprolol group. At present, therefore, patients on 
alpha-2 agonists and beta blockers should continue 
them but initiating therapy perioperatively is con-
troversial. Withholding aspirin does not appear to 
increase cardiac risk in this population.
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Key Points
1. Monitored Anesthesia Care (MAC) does not describe 

depth of sedation but rather an anesthesia service 
with a wide spectrum of levels of sedation.

2. Most anesthetics are used for sedation and pain 
control during MAC each with distinct advantages 
and disadvantages.

3. Same standards of preoperative evaluation, and NPO 
guidelines, should be followed in MAC cases as in 
general or regional anesthesia ones.

4. Oxygenation, ventilation, circulation, and depth of 
sedation should be continuously monitored in all 
cases. Same monitoring standards applied to MAC 
cases as in general and regional anesthesia.

5. As per the American Society of Anesthesiologists 
(ASA) practice guidelines, same standards of 
postoperative care should be provided to MAC cases 
as in general and regional anesthesia cases.

6. MAC is not generally safer than general or regional 
anesthesia.

7. ASA established several statements, guidelines, and 
positions on granting privileges for the administra-
tion of moderate and deep sedation by non- 
anesthesiologists.

26.1  Introduction

The term “monitored anesthesia care” (MAC) does not 
describe a distinct type of anesthesia or a certain level of 
sedation. Rather, it describes a specific service where an anes-
thesia care provider has been requested to participate in the 
care of a patient undergoing a diagnostic or a therapeutic 
procedure [1].

Historically, the American Society of Anesthesiologists 
(ASA) House of Delegates approved MAC as a new term in 
1986 to replace the term “standby anesthesia” in an effort to 
demonstrate that the anesthesiologist was actively involved 
in the patient care, thus eliminating the confusion about the 
“standby” issue with third-party payers.

In MAC, the anesthesia provider offers a number of ser-
vices specific to patient care. These services include, but are 
not limited to, pre-procedure evaluation, intra-procedure 
care, as well as post-procedure management [2].

During MAC, the anesthesiologist provides or medically 
directs specific medical services to the patient including:

 5 Support of vital functions
 5 Administration of sedatives, analgesics, and even 

anesthetics as and if needed
 5 Providing physical comfort and psychological support
 5 Diagnose and treat clinical problems occurring during 

the procedure

In other words, the term MAC does not denote a specific 
level of sedation, instead it includes different levels of 

 sedation, analgesia, and anxiolysis required for different 
patients under different circumstances undergoing different 
procedures.

As per the ASA, the provider of MAC should be qualified 
and prepared to convert to general anesthesia (GA) if neces-
sary. Thus MAC should not be offered except by an anesthe-
sia care provider.

If under MAC a patient loses consciousness and the abil-
ity to respond purposefully to stimuli, the care is considered 
general anesthetic, regardless of whether airway instrumen-
tation is required, utilized or not.

26.2  Techniques of Monitored 
Anesthesia Care

26.2.1  Medications Used During Monitored 
Anesthesia Care

Almost all anesthetic and analgesic agents have been used 
during MAC with success. An ideal sedative has yet to be 
found, but should have certain properties [3]:

 5 Rapid onset of action and short duration
 5 Easy titration to effect
 5 Potent amnestic, sedative, and analgesic properties
 5 Rapid offset and no residual effects
 5 High safety profile with predictable pharmacodynamic 

and pharmacokinetic properties
 5 Painless intravenous injection
 5 Minimal to no effects on hemodynamics or respiration
 5 Cheap

26.2.2  Propofol

Propofol is an intravenous anesthetic agent that is widely 
used for sedation, both for MAC cases as well as in intensive 
care units (ICUs). In 1989, propofol was introduced com-
mercially and since that time it has gained popularity due to 
its fast onset and recovery even after repeated dosing or 
extended use.

 American Society of Anesthesiologists 
Statement on the Use of Propofol
The ASA stated that it is not always possible to predict indi-
vidual responses to rapid-acting medications, such as propo-
fol, that might cause a patient to unintentionally slip into 
deeper levels of sedation or even in a state of general anesthe-
sia [4]. Due to these reasons, the ASA stated that when pro-
pofol is used the patients should receive care consistent with 
that required for deep sedation. (Please refer to the 7 Sect. 
ASA Guidelines for Sedation by Non-anesthesiologists to see 
qualifications of deep sedation providers.)

The ASA also stated that non-anesthesia personnel who 
administer propofol should be qualified to rescue patients 
whose level of sedation becomes deeper than initially 
intended and who enter, if briefly, a state of general 
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 anesthesia. (Please refer to the 7 Sect.  ASA Guidelines for 
Sedation by Non-anesthesiologists to see definition of rescue 
from deep sedation and general anesthesia.)

 Advantages of Propofol in Monitored 
Anesthesia Care
 1. Rapid onset and recovery
 2. Antiemetic action
 3. Easy titration
 4. Short stay in post-anesthesia care unit (PACU) due to 

the reduced residual sedation after continuous infusion.

Although it is generally expected that the recovery time and 
the discharge time after propofol sedation will be shorter 
[5], several studies in the gastroenterology literature dispute 
this [6].

 Disadvantages and Side Effects of Propofol
 1. Respiratory depression – In the subanesthetic doses 

needed for sedation, propofol infusion inhibits hypoxic 
ventilatory drive and depresses the normal response to 
hypercarbia. At higher doses propofol can cause apnea, 
and can inhibit airway protective reflexes.

 2. Cardiovascular effects – Propofol decreases arterial 
blood pressure by decreasing systemic vascular resis-
tance as well as decreasing myocardial contractility and 
preload. These effects are more profound with larger 
doses, poor cardiac function, extremes of age, and 
dehydration.

 3. Painful injection and rarely thrombophlebitis – The 
incidence of pain with injection reported with propofol 
is about 58%. Several methods are used to prevent or 
decrease the intensity of the pain, such as mixing 
propofol with lidocaine before injection or injecting 
lidocaine intravenously prior to propofol injection as a 
pretreatment.

 4. Propofol infusion syndrome – It is a rare but serious side 
effect of prolonged (more than 48 h) propofol infusion 
especially in the pediatric population where acidosis, 
hepatomegaly, hyperlipidemia, rhabdomyolysis, as well 
as cardiac arrest were reported. Theories behind the 
mechanism of this syndrome include mitochondrial 
toxicity or abnormalities, impaired tissue oxygenation, 
and carbohydrate deficiency. This syndrome is more of a 
concern in the intensive care unit settings more than in 
the procedural sedation setting.

26.2.3  Benzodiazepines

Benzodiazepines are generally widely used in sedation due to 
their anxiolytic as well as their amnestic effects. In a MAC 
case, the short-acting member of this family, midazolam, 
plays a major role. Although, like most other anesthetics, the 
intravenous (IV) route is the preferred route, benzodiaze-
pines can be administered orally, intramuscularly, or intrana-
sally as well. Midazolam has many advantages, causing less 

respiratory depression than other sedatives used at the same 
level of desired sedation, has a reliable amnestic action, and it 
also increases the safety margins of local anesthetics in 
regards to central nervous system (CNS) toxicity by raising 
the seizure threshold. Moreover, a few studies pointed out the 
effectiveness of midazolam in the prevention of nausea and 
vomiting.

The onset as well as the duration of action of midazolam 
is dependent on the patient’s age, route of administration, 
dose given, as well as the concurrent use of other medica-
tions. After a single use of IV midazolam, a peak effect is 
reached in 2–3 min. In MAC cases, it is used in incremental 
doses of 0.5–1 mg every 2–3 min to reach the desired level of 
sedation; it can be used also as a continuous IV infusion of 
1–2 mcg/kg/min. Oral dose is 5–15 mgs for adults and 0.5–
0.75 mg/kg for children. Due to the lack of analgesic effect of 
benzodiazepines, midazolam is usually used in conjunction 
with opioids during MAC sedation.

26.2.4  Opioids

Opioid analgesics have always been the mainstay of pain con-
trol in the perioperative period. Due to their potent analgesic 
actions and the unreliable amnestic effects, opioid analgesics 
have been used in MAC cases in conjunction with other 
sedatives such as propofol or benzodiazepines. Opioids have 
a central analgesic action both at the brain and at the spinal 
cord levels; they also have peripheral analgesic action at the 
tissue level. Several opioid receptors have been identified and 
their activation causes different effects (. Table 26.1) [7–9].

Respiratory depression, nausea, vomiting, pruritis, as 
well as chest rigidity are among the reported complications of 
opioid use even in a non-dose related fashion.

       . Table 26.1 Opioid receptors

Opioid receptors

Receptor Site of analgesic 
action

Action

Mu1 Supraspinal Analgesia, euphoria, confu-
sion, and nausea

Mu2 Spinal analgesia 
and supraspinal 
(brain stem) 
actions

Respiratory depression, 
cardiovascular (bradycardia) 
and gastrointestinal effects 
(slow motility), miosis, and 
urinary retention

Delta Supraspinal and 
spinal

Analgesia, cardiovascular 
depression, decreased brain and 
myocardial oxygen demand

Kappa Supraspinal and 
spinal

Analgesia, dysphoria, 
psychomimetic effects

Adapted from [7–9]
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Several opioid analgesics are frequently used in MAC 
sedation cases, including morphine, fentanyl, meperidine, 
and hydromorphone, as well as the newer rapid onset opioids 
such as remifentanil, alfentanil, and sufentanil.

The onset as well as the duration of action are among the 
important factors that dictate which opioid to use in MAC 
sedation cases. Morphine has a slow onset and prolonged 
effect making it a poor choice for a MAC sedation case due 
to the difficulty in titration of its dose to the desired effect. 
Its long duration of action might make morphine a reason-
able choice when significant pain is expected postopera-
tively.

Fentanyl has a relatively rapid onset and short duration of 
action, making it a good choice for analgesia in MAC seda-
tion cases. It is commonly used in repeated intravenous 
boluses or as a continuous IV infusion. The bolus doses are 
usually 0.5–1 mcg/kg and the intravenous infusion is usually 
0.01–0.05 mcg/kg/h. Fentanyl is potent and has a relatively 
predictable effect, making it a drug of choice in procedural 
sedation by endoscopists, radiologists, and also by anesthesi-
ologists.

Hydromorphone can be used as an IV bolus in incre-
ments of 0.2–0.4 mg combined with other sedatives. It is also 
reported to be used for mechanically ventilated pediatric 
patients for ICU sedation and pain control as a continuous 
IV infusion. The usual starting dose for IV infusion is 1 mcg/
kg/h and can be titrated up to a maximum dose of 8 mcg/
kg/h.

Meperidine used to be one of the most widely used anal-
gesics in moderate procedural sedation for endoscopy—
commonly used as an IV bolus of 25–100 mg. Meperidine 
causes tachycardia due to its atropine-like action that can 
confuse the picture of inadequate sedation and/or analgesia. 
In small doses, meperidine has a desirable anti-shivering 
action. Gastroenterologists were familiar with the use of 
meperidine but with the current practice, where more anes-
thesiologists are involved in the sedation of this patient pop-
ulation, the older medications with the slow onset 
characteristics are becoming rarely used in MAC sedation 
cases, as they are being replaced by more potent analgesics 
with a rapid onset and short duration of action. Relatively 
newer opioids such as remifentanil, alfentanil, and sufentanil 
are gaining more popularity in MAC sedation cases, as they 
all share in common a rapid onset and short duration of 
action, making them suitable for different procedures—espe-
cially those with an unpredictable duration—as these medi-
cations are used as continuous IV infusion. Remifentanil has 
been used frequently as a sole sedative as well as in combina-
tion with other short-acting sedatives such as propofol. 
Remifentanil has a unique property among other opioids, 
which is its metabolism by nonspecific esterases causing a 
rapid and uniform clearance even with a prolonged adminis-
tration, especially in the sedation of ICU patients. 
Remifentanil is commonly used as a continuous infusion in a 
dose 0.05–0.1 mcg/kg/h with or without an initial bolus of 
0.5–1 mcg/kg.

Alfentanil is another synthetic opioid analgesic with a 
rapid onset and short duration of action. It also can be used 
as IV boluses of 5–10 mcg/kg or as a continuous infusion of 
0.25–1  mcg/kg/min. Alfentanil is usually combined with 
propofol in MAC sedation cases to provide successful seda-
tion and adequate analgesia.

Both alfentanil and remifentanil have the disadvantage of 
the rapid offset of analgesic effect. So although they provide 
fast, potent, and reliable analgesia in painful procedures, 
their analgesic effects do not last for a long time after the ter-
mination of the infusion at the end of the procedure, leaving 
the patient in significant pain. Thus it is recommended to 
give a longer acting analgesic during the procedure in addi-
tion to these opioids to ensure the patient’s comfort in the 
post-procedure period.

Sufentanil is the most potent synthetic opioid, with an 
estimated potency of 5–15 times more than fentanyl. It can 
be used as IV boluses of 0.1–0.5 mcg/kg and a continuous 
infusion of 0.005–0.01 mcg/kg/h. Sufentanil has the advan-
tage of longer lasting postprocedure analgesic effect that 
lasts longer that fentanyl with less respiratory depression 
effects. Sufentanil causes non-dose-dependent bradycardia 
and hypotension due to its cardiovascular depressive action.

All opioids (especially rapid onset synthetic ones) sup-
press the gag reflex, which is beneficial in upper endoscopic 
procedures.

26.2.5  Ketamine

Ketamine is an IV anesthetic with significant analgesic, 
amnestic, and sedative effects. Ketamine exerts its action by 
blocking the membrane effects of the excitatory neurotrans-
mitter glutamic acid at the N-methyl-D-aspartate (NMDA) 
receptor subtype, causing a dissociative anesthesia. It has the 
advantage of the preservation of spontaneous breathing and 
airway reflexes, but hypoventilation as well as a short period 
of apnea has been reported with larger doses. Its onset of 
action after a single IV bolus is 30–60 s, and its peak effects is 
in 1 min and duration is 15 min. Ketamine causes emergence 
phenomenon in 10–20% of cases where postoperative disori-
entation, sensory and perceptual illusions, and vivid dreams 
happen. Emergence phenomenon can be attenuated by the 
co-administration of other sedatives such as propofol, barbi-
turates, or benzodiazepines with ketamine during MAC 
sedation cases.

The IV general anesthesia induction dose of ketamine is 
2 mg/kg, but sedation and analgesia can be provided by an IV 
dose of 0.2–0.8 mgs/kg. The analgesic effect of ketamine lasts 
in the postoperative period, decreasing the need for postop-
erative analgesics.

Ketamine increases myocardial oxygen consumption, 
increases intracranial and intraocular pressures, and 
increases salivation. All these effects together with the possi-
bility of emergence phenomenon make the use of ketamine 
in the MAC sedation cases less favorable.
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26.2.6  Dexmedetomidine

Dexmedetomidine is a relatively new sedative with some 
analgesic and amnestic properties that was first introduced in 
1999. It works on the α(alpha)2 receptors as an agonist. 
Dexmedetomidine is used as a continuous infusion at a rate 
0.2–1  mcg/kg/h with or without an initial loading dose of 
0.5–1 mcg/kg over 10 min. After the initial bolus, its onset of 
action is 5–10 min, with peak effect in 15–30 min. Duration 
of action is dose dependent.

Dexmedetomidine has several advantages:
 5 It has a moderate analgesic action, even when used in a 

small dose.
 5 Patients sedated with dexmedetomidine, tend to be 

easily arousable and cooperative though still comfort-
able. This property is advantageous in cases where 
patients’ cooperation is helpful, such as during awake 
intubation using the fiberoptic scope [10].

 5 It has a potent antisialagogue action making it desirable 
in cases of airway instrumentation.

 5 It has limited amnestic properties.
 5 It allows respiratory stability, even in deep levels of 

sedation, where patients usually maintain adequate 
ventilation.

The main disadvantages of dexmedetomidine are bradycar-
dia and hypotension due to its α(alpha)2 agonist action. 
These cardiovascular effects are more pronounced in old age, 
especially when bolus doses are used and in cases of higher 
infusion doses. It also has slower onset and delayed recovery 
than other commonly used sedatives such as propofol.

26.2.7  Fospropofol Disodium

Fospropofol is a water-soluble prodrug of propofol that was 
recently introduced as a sedative. It interacts with the enzyme 
alkaline phosphatase to release propofol. Its delayed and 
non-acute peak effects add to its safety. Its recommended 
dose is 4.9–6.5 mgs/kg as a bolus dose followed by supple-
mental doses of one-fourth the initial doses no more frequent 
than every 4 min as needed. Patients are dosed according to 
their weight if their weight is 60–90  kg, and patients who 
weigh less than 60 kg are dosed as if they are 60 kg. The dose 
per kg caps at 90 kg and patients who weigh more than 90 kg 
are dosed as if they weigh 90 kg.

Initial trials of fospropofol use in sedation are promising 
[11], due to its relatively good safety margins, and less painful 
injections compared to propofol, as well as the absence of the 
propofol lipid load in cases of prolonged use.

Fospropofol causes high incidence of pruritus and pares-
thesia (mainly perineal or genital), and it can also cause 
hypotension, headache, and hypoxemia.

US Food and Drug Administration (FDA)-approved pre-
scribing information for fospropofol (Lusedra®) states, 
“Lusedra should be administered only by persons trained in 

the administration of general anesthesia and not involved in 
the conduct of the diagnostic or therapeutic procedure. 
Sedated patients should be continuously monitored, and 
facilities for maintenance of a patent airway, providing artifi-
cial ventilation, administering supplemental oxygen, and 
instituting cardiovascular resuscitation must be immediately 
available. Patients should be continuously monitored during 
sedation and through the recovery process for early signs of 
hypotension, apnea, airway obstruction, and/or oxygen 
desaturation.” [12].

26.3  Monitored Anesthesia Care Techniques

There are different techniques used to provide monitored 
anesthesia care to the patients. The choice of the appropriate 
technique is usually dependent on several factors:

 5 The experience and preference of the anesthesia care 
provider

 5 The age and physical status of the patient
 5 The length and nature of the procedure and the expected 

pain associated with the procedure
 5 The needed level of patients’ cooperation and level of 

sedation
 5 Nature of the procedure room, setting, access to the 

patient, and its proximity to the recovery room
 5 Special equipments availability, such as anesthesia 

machines and infusion pumps such as target-controlled 
infusion pumps (TCI).

26.3.1  Intermittent Intravenous Bolus 
Technique

This is one of the easiest, simplest, and most widely used 
MAC sedation techniques. The main advantage of this tech-
nique is its simplicity that makes it an attractive choice in 
minor, short procedures on young healthy patients who can 
tolerate the administration of intermittent IV boluses of rela-
tively longer acting sedatives and analgesics (e.g., benzodiaz-
epines, opioids, and fospropofol) to reach the desired level of 
sedation.

This technique might not be suitable for older, debilitated, 
or chronically ill patients where the safety margins with med-
ications are narrow. Also, it is not a favorable technique in 
morbidly obese patients or patients with significant obstruc-
tive sleep apnea who can be oversensitive to the load of a 
bolus medication. In these patients slow IV infusions pro-
vides a better titration option.

Patient controlled sedation (PCS) is one of the intermit-
tent bolus techniques tried for sedation with the suggested 
advantage of avoiding over- or under-sedation. In 2 trials 
comparing propofol PCS with anesthesiologist-controlled 
sedation, both methods provided comparable satisfaction 
levels. However, PCS was associated with lower mean calcu-
lated plasma concentrations of propofol in one report [13] 
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and the second study reported significantly lower total pro-
pofol dose [14].

26.3.2  Continuous Infusion Technique

Providing IV sedatives, anesthetics, and/or analgesics in a 
continuous infusion pattern has several advantages:

 5 Provides a more predictable plasma drug concentration
 5 Provides more cardiopulmonary stability, especially for 

older or debilitated patients, thus reducing the need for 
vasoactive medications

 5 Reduces the need for supplemental anesthetics
 5 Lowers the total agent’s doses used, resulting in faster 

recovery times

This technique is mainly suitable for newer fast-onset and 
short-acting sedatives and analgesics, where these agents can 
also be used in combinations (propofol/remifentanil, propo-
fol/alfentanil, or ketamine/propofol).

26.3.3  Target-Controlled Infusion Technique

The main concept of target-controlled infusion (TCI) is con-
trolling a specific drug concentration in a specific compart-
ment or end organ; this concentration is referred to as the 
target concentration. This target infusion rate needed to 
achieve a targeted concentration is determined using a com-
plex computer system that uses the different pharmacoki-
netic models of the sedatives studied in volunteers or actual 
patients whose physical statuses are mostly ASA classes 1 and 
2. These drugs’ information are stored in the software of the 
machine and using multi-compartment kinetic models, as 
well as the variances in age, weight, height, and sex of differ-
ent patients, calculated doses are determined by the TCI 
pumps according to the selected target level. Using this tech-
nique allows the computer in the pump to automatically cal-
culate and control the infusion pump medication delivery 
rate to reach and maintain the target plasma concentration 
selected. Target concentrations can be adjusted over time 
based on the clinical need and patient response.

The accuracy and success of a TCI system is dependant 
on the medication’s information data stored in the software. 
This information is derived from the medical literature and 
is, to a big extent, dependent on studies done on actual 
patients and volunteers who are usually healthy.

The TCI system can also incorporate a specific patient’s 
cardiac output and hepatic function into the dosing models, 
making it unique in adjusting the sedatives needed to the 
patient’s expected handling of these medications.

Due to the considerable inter-patient variability in both 
pharmacodynamics and pharmacokinetics, especially in 
older and chronically debilitated patients, the TCI systems 
are still dependant on data stored in the software that might 
not reflect the actual patient parameters.

Propofol is still the most used medication in this system.

26.3.4  Closed Loop Technique

The closed loop technique works by automatically adminis-
tering sedatives guided by the Bispectral Index™ (BIS™) mon-
itoring reading. It is still under investigation as a modification 
to the TCI system, which is considered an open loop system. 
The system adjusts the dose of sedative given and its target 
concentration according to the effect measured by the BIS 
number. The system is being evaluated both in the ICU as 
well as in the procedure room with promising results. The 
system aims at delivering minimum amounts of sedatives 
allowing for sedation, thus decreasing the side effects. Again, 
this technique is still under trial and not yet widely used in 
practice [15].

26.4  Perioperative Management

26.4.1  Fasting Time Guidelines

Sedation and general anesthesia is a continuum; so the same 
fasting duration required for general and regional anesthesia 
is also required for MAC sedation cases. The limited ability to 
predict different patients’ responses to sedatives and to surgi-
cal stimulation necessitate that the patients who are planned 
to have sedation and MAC follow the same fasting guidelines 
as general anesthesia cases. Special attention should be paid 
to the level of sedation planned for patients with a history 
suggestive of gastroesophageal reflux disease (GERD), 
delayed gastric emptying, and potentially full stomach to 
minimize the risk of pulmonary aspiration.

26.4.2  Preoperative Evaluation

A significant number of cases done outside of the main oper-
ating rooms suite are cared for under MAC sedation. This 
fact caused a major and a common misconception that these 
patients do not need a formal pre-anesthesia evaluation like 
general anesthesia cases.

Pre-anesthesia evaluation guidelines should always apply 
to MAC sedation cases. Moreover, the pre-procedure evalua-
tion of the procedure room, location, equipment, and per-
sonnel, as well as the availability of recovery rooms and 
emergency equipment, should all be evaluated before start-
ing patient care.

Pre-procedure patient evaluation should focus on medi-
cal conditions, medication allergies, NPO status, and previ-
ous anesthesia-related complications for the patient or his 
family. Airway, chest, and cardiac examination should also 
take place. Relevant investigations should be reviewed.

Planned level of sedation, and degree of anesthesia inter-
vention should be discussed with the patient and the physi-
cian performing the planned procedure before starting the 
sedation and the procedure. Questions and concerns from 
the patient’s point of view should be addressed by the anes-
thesiologist at that time.
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The anesthesiologist should also pay special attention to 
the candidacy of the patient for MAC sedation, as appropri-
ate patient cooperation and motivation are of crucial impor-
tance to the success of the procedure and the patient’s 
satisfaction as well.

There are certain conditions that make MAC sedation 
challenging or inappropriate such as:

 5 Impaired patient cooperation due to extremes of age, 
altered mental status, severe pain or discomfort, 
intoxication, or systemic or psychiatric diseases affecting 
the cognitive function of the patient.

 5 Factors related to the patient’s positioning during 
procedure, such as inability to lie still or flat, or proce-
dure requiring uncomfortable positioning for a pro-
longed period of time.

 5 Nature of the procedure, like in procedures where minor 
movements will be detrimental to the patient’s safety, 
examination accuracy, or procedure success. Also 
procedure where expected blood loss or cardiopulmo-
nary instability are highly expected.

 5 Suspected or known difficult airway management, when 
more than minimal sedation is expected to be required 
for the procedure.

26.5  Intraoperative Management

In the effort to improve, guide, and standardize the anesthe-
sia and patient care practices, the ASA came up with recom-
mendations, statements, and guidelines. In 1986 the ASA 
approved the standards of basic anesthetic monitored, which 
was last amended in 2010 and affirmed on October 28, 2015 
[16]. They identified 2 standards:

 5 Standard 1 – It stressed the importance of  
continuous presence of a qualified anesthesia care 
provider throughout the conduct of all general  
anesthetics, regional anesthetics, and monitored 
anesthesia care.

 5 Standard 2 – During all anesthetics (including MAC 
sedation) oxygenation, ventilation, and circulation 
should be continually evaluated for all patients. They 
also identified the recommendations for ideal ways of 
monitoring that might differ from one type of anesthetic 
to the other. For oxygenation, although the inspired 
oxygen concentration in the breathing circuit should be 
monitored for patients under GA, only a quantitative 
method of measuring tissue oxygenation by a pulse 
oximetry is feasible and suitable for MAC sedation cases. 
They stressed the importance of audible variable pitch 
pulse tones and adequate illumination to assess the 
patients’ color.

During moderate or deep sedation in MAC cases, the 
adequacy of ventilation should be evaluated by continual 
observation of qualitative clinical signs and monitoring 
for the presence of exhaled carbon dioxide, unless 
precluded or invalidated by the nature of the patient, 
procedure, or equipment.

Continuous assessment of circulation by means of 
heart rate and blood pressure monitoring at least every 
5 min is mandated during all anesthetics.

Temperature monitoring is mandated in cases where 
significant body temperature changes are expected or 
intended.

26.5.1  Monitoring Depth of Sedation

Continuous monitoring of the depth of sedation is very 
important for ensuring the safety and effectiveness of seda-
tion during MAC, both in the operating room as well as in 
procedure rooms. The most basic way of monitoring the 
depth of sedation is the continuous clinical assessment of 
the patient. Clinical assessment of a patient’s response to 
verbal and tactile stimulation is very important. Observing 
eyelash reflexes, papillary responses, tearing, and the pat-
tern of respiration are all helpful in evaluating the level of 
sedation.

Clinical scoring systems, such as Evan’s score [17], are 
widely used, simple, and inexpensive. Assessing the auto-
nomic responses of patients to procedure stimulation is of 
utmost importance. Although not all increased autonomic 
responses are caused by patient discomfort, but still these 
autonomic changes (tachycardia, tachypnea, and hyperten-
sion) together with the other quantitative measures help 
determine the actual level of sedation, and help prevent the 
sliding from a level of light sedation to deeper sedation and 
ultimately to a state of unintended general anesthesia.

Measuring skin conductance can help determine depth of 
sedation, as it increases with increasing depth of anesthesia. 
It is an indirect way of evaluating sympathetic nerve activity. 
Measuring skin conductance was found to correlate with the 
Modified Observer’s Assessment of Alertness/Sedation 
(MOAA/S) scale as well as propofol plasma concentration. 
This method is not widely used due to its complexity and also 
due to the presence of several factors that affect its accuracy, 
such as sweating.

Heart rate variability observation plays a role in monitor-
ing depth of sedation. Normally, heart rate increases during 
inspiration and decreases during expiration. This takes place 
through a parasympathetic reflex called respiratory sinus 
arrhythmia (RSA). Under sedation and anesthesia this RSA 
decreases. Measuring the RSA can be helpful to determine 
the depth of sedation [18], though it depends on an intact 
autonomic nervous system and is affected by autonomic neu-
ropathy, sepsis, cardiac conduction abnormalities, and sev-
eral medications that affect heart rate.

The Ramsay and MOAA/S scales are 2 clinical scales that 
are most widely used to determine depth of sedation and 
measures the patient’s comfort level with the provided seda-
tion. These scales have the advantage of simplicity and the 
disadvantage of relative inaccuracy. The Ramsay scale is 
widely used for ICU ventilated patients, whereas the MOAA/S 
scale is more used with good correlation to level of sedation 
during procedure sedations.
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The need for an objective way of measuring the depth of 
sedation led to the development of brain activity measuring 
tools, basing its main idea onto measuring the effects of 
sedation on the patient’s electroencephalogram (EEG) or 
auditory evoked potential (AEP). Examples of these moni-
tors are:

 5 BIS monitor (single channel EEG signal)
 5 Narcotrend monitor (computerized analysis of the raw 

EEG with less interference with electromyogram [EMG] 
interface than BIS)

 5 AEP monitor/2-derived, composite auditory evoked 
potential index (an AEP/EEG- derived hybrid index)

 5 PSA 4000 monitor (patient state analyzer, calculates the 
index from 4 EEG channels)

 5 Cerebral State Monitor (another EEG-based monitor)
 5 Entropy module (based on the idea that EEG irregu-

larities decrease as anesthesia and sedation depth 
increases)

The most widely used quantitative method of measuring the 
depth of sedation and general anesthesia is the Bispectral 
Index scale. BIS was introduced into clinical practice in 1992 
by Aspect Medical Systems, and it evaluates the phase rela-
tions from a single-channel EEG signal measure from the 
patient’s forehead. It gives a 0–100 scale where 0 denotes no 
cortical activity, 40–60 unconsciousness, 60–80 sedation, and 
80–100 light sedation or awake. A BIS reading in the range of 
60–80 is targeted in MAC cases.

The reliability of the BIS is affected by the sedative/
anesthetic used. The BIS index correlates well with the 
level of sedation when propofol, midazolam, and even 
sevoflurane are used. BIS correlates poorly when ket-
amine, opioids, and nitrous oxide were used [19]. The 
poor correlation between the level of sedation and the BIS 
values when these anesthetics were used is explained by 
the fact that the BIS monitor measures the cortical activi-
ties, whereas these agents’ consciousness inhibition is 
mediated through a subcortical action. The BIS monitor 
has another disadvantage in that it loses its accuracy in the 
presence of EMG activities.

26.6  Postanesthesia Care

The ASA developed practice guidelines addressing post anes-
thesia care [20] and they clearly stated that any patient receiv-
ing general anesthetic, regional anesthesia, as well as MAC 
should receive the same standards of post anesthesia care. As 
discussed before regarding the criteria of an ideal sedative, it 
is important that the sedative would have a rapid onset and 
short duration of action, with little residual effects. These 
characteristics afford MAC sedation cases a faster recovery. 
During the stay in the post-procedure recovery area, the 
patients receive analgesics, antinausea medications, vasoac-
tive medications to control circulation and heart rate, as well 
as supplemental oxygen as needed.

Different facilities follow different criteria and scoring sys-
tems for discharge readiness assessment. Most outpatient and 
postprocedure recovery areas have only 1 phase recovery room 
in contrast to surgical PACUs in hospitals where there are 2 phase 
recovery areas. Sometimes it is possible to bypass stage 1 recovery 
and patients go directly to phase 2 recovery after MAC cases.

The most used scoring system to assess patients’ readiness 
for discharge from recovery area is the modified Aldrete 
(. Table 26.2) [21].

It is beyond the scope of this chapter to discuss in details 
the different requirements for discharge, such as pain con-
trol, the management of nausea and vomiting, requirements 
of voiding, and tolerance of PO intake before discharge, 
which will be covered in other parts of the book.

26.7  Safety of Monitored Anesthesia Care

Contrary to the general belief, especially among radiologists, 
endoscopists, and surgeons, MAC sedation is not generally 
safer than general or regional anesthesia.

       . Table 26.2 Modified aldrete score

Motoric activity:

  Spontaneous movement when addressed 2

  Weak spontaneous movements when addressed 1

  No movement 0

Breathing:

  Coughs on comment or cries 2

  Keeps the airway open 1

  Obstructed airways 0

Blood pressure compared to reference measurement:a

  Δ < 20 mm HG 2

  Δ = 20–50 mm HG 1

  Δ > 50 mm HG 0

Consciousness:

  Awake 2

  Response to stimulus, reflexes intact 1

  No answer, reflexes absent 0

Oxygen saturation:

  100–98% 2

  97–95% 1

  <95% 0

Reprinted with permission from Boellaard et al. [21]
aReference measurement was performed 1 ½ min after administra-
tion of the spasmolytic agent
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In the ASA closed claims analysis published in 2006 
[22], the authors investigated about 7000 claims over a 
period of 20  years. Of these claims, there were approxi-
mately 2000 claims related to surgical anesthesia; 6% of 
these claims were associated with MAC, 78% were associ-
ated with general anesthesia, and 16% were associated with 
regional anesthesia.

Of these claims, death and permanent brain damage were 
more prevalent in MAC and general anesthesia cases than in 
the regional anesthesia group (. Fig. 26.1) [22].

Respiratory events were the most common causes of 
claims in the GA and MAC groups, where inadequate venti-
lation/oxygenation was the most common cause. The second 
most common events were cardiovascular adverse events.

In most of these events, patients were heavily sedated. 
Other contributing factors were:

 5 Procedure in the head and neck, with limited access to 
the airway by the anesthesia care provider

 5 Poorly functioning monitors and alarms
 5 Inattention from the anesthesia care provider

Of note, many of the MAC sedation cases are performed in 
very sick patients who are deemed too sick to be surgical can-
didates or to receive general or regional anesthesia and as a 
result they receive a minimally invasive procedure under 
MAC sedation instead.

26.8  American Society of Anesthesiologists 
Guidelines for Sedation by Non- 
anesthesiologists

Over the years, the ASA developed and maintained several 
statements, guidelines, and positions on granting privi-
leges for the administration of moderate [23] and deep 
sedation [24] by non-anesthesiologists, as well as qualifica-
tions for anesthesia care provider for office-based anesthe-
sia care [25].

The ASA differentiated between:
 5 Moderate sedation “conscious sedation,” which is a 

drug-induced depression of consciousness during which 
patients respond purposefully to verbal commands, 
either alone or accompanied by light tactile stimulation. 
No interventions are required to maintain a patent 
airway, and spontaneous ventilation is adequate. 
Cardiovascular function is usually maintained.

 5 Deep sedation, which is a drug-induced depression of 
consciousness during which patients cannot be easily 
aroused but respond purposefully following repeated or 
painful stimulation. The ability to independently 
maintain ventilatory function may be impaired. Patients 
may require assistance in maintaining a patent airway, 
and spontaneous ventilation may be inadequate. 
Cardiovascular function is usually maintained.
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       . Fig. 26.1 Severity of injury 
in MAC, general, and regional 
anesthesia claims (Reprinted 
with permission from Bhananker 
et al. [22])
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With regard to moderate sedation, the ASA stated that only 
physicians, dentists, or podiatrists who are qualified by educa-
tion and training to administer moderate sedation should 
supervise the administration of moderate sedation by other 
supervised sedation professionals. Alternatively, they may per-
sonally perform these functions, with the provision that the 
individual monitoring the patient should be distinct from the 
individual performing the diagnostic or therapeutic procedure.

The ASA also stated that the non-anesthesiologist seda-
tion practitioner who is to supervise or personally administer 
medications for moderate sedation should have satisfactorily 
completed a formal training program in: (1) the safe admin-
istration of sedative and analgesic drugs used to establish a 
level of moderate sedation, and (2) rescue of patients who 
exhibit adverse physiologic consequences of a deeper-than- 
intended level of sedation. This training may be a part of a 
recently completed residency or fellowship training, or may 
be a separate educational program.

They stressed several areas that should be covered in this 
training program such as:

 5 Ability to obtain informed consent
 5 Skills to obtain personal history and physical examina-

tion (including airway examination)
 5 Assess and manage patients and medical situations that 

carry higher risks of aspiration of gastric contents
 5 Pharmacology of sedatives and analgesics and their 

antagonists
 5 Risks and benefits of supplemental oxygen
 5 Airway management and ventilation
 5 Monitoring of physiological variables
 5 Use of audible alarms
 5 Appropriate documentations of medications used and 

patients’ physiological variances
 5 Advanced cardiovascular life support (ACLS) or 

equivalent age-appropriate training to match the patient 
population served

The ASA also identified guidelines to qualify non physicians, 
dentists, or podiatrists to be Supervised Sedation Professionals 
who can administer sedation under the supervision of a 
qualified moderate sedation provider [23].

As for the deep sedation, it is clearly stated that patients 
under deep sedation can easily and unintentionally slip into 
a state of general anesthesia, so privileges for deep sedation 
should only be granted to non-anesthesiologists (physicians, 
podiatrists, or dentists) who are qualified and trained to 
administer deep sedation, and can recognize and rescue from 
general anesthesia.

Rescue from general anesthesia means an intervention by 
a practitioner proficient in airway management and advanced 
life support. The qualified practitioner corrects adverse phys-
iologic consequences of the deeper-than-intended level of 
sedation (such as hypoventilation, hypoxia, and  hypotension) 
and returns the patient to the originally intended level of 
sedation.

These physicians should not supervise or delegate the 
administration of deep sedation or patient’s monitoring to 
individuals who are not themselves qualified to recognize 
and rescue from general anesthesia.

26.9  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which of the following methods are not considered 

a quantitative way of monitoring depth of sedation 
and anesthesia?
 A. BIS
 B. AEP Monitor/2-Derived, Composite Auditory 

Evoked Potential Index
 C. Narcotrend Monitor
 D. Evans Score

 2. When using which of the following anesthetics is 
the BIS monitor use accurate to monitor depth of 
anesthesia?
 A. Nitrous oxide
 B. Ketamine
 C. Remifentanyl
 D. Propofol

 3. An ideal sedative should have all the following 
criteria except:
 A. Rapid onset
 B. Easy titration
 C. Prolonged effect
 D. Amnestic action

 4. According to the ASA, which of the following scenarios 
are not appropriate in cases of providing deep sedation?
 A. An anesthesiologist supervising a nurse 

anesthetist or an anesthesiologist assistant.
 B. A non anesthesiologist physician qualified and 

trained to recognize and rescue from general 
anesthesia

 C. A non anesthesiologist physician qualified and 
trained to recognize and rescue from general 
anesthesia supervising an RN to monitor patient 
during a procedure deep sedation.

 D. A non anesthesiologist physician qualified and 
trained to recognize and rescue from general 
anesthesia supervising a nurse anesthetist.

 5. Safe use of propofol:
 A. Can be used by non-anesthesiologists who are 

qualified to provide deep sedation
 B. Can be administered by the endoscopist 

involved in the endoscopy procedure
 C. Can be administered by an RN under the 

supervision of the non-anesthesiologist who is 
qualified to provide deep sedation

 D. Can be used for patients in outpatient facility 
with no code cart but is linked to a hospital 
building.
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 6. All of the following are sedatives with a reliable 
amnestic action except:
 A. Propofol
 B. Midazolam
 C. Ketamine
 D. Remifentanil

 7. The following medications used in MAC cases have 
an analgesic action except:
 A. Dexmedetomidine
 B. Ketamine
 C. Propofol
 D. Sufentanil

 8. A sedation medication with the advantage of 
respiratory drive preservation:
 A. Dexmedetomidine
 B. Ketamine
 C. Fospropofol
 D. A & B

 9. After an MRI done under MAC sedation, the 
48-year-old ASA class 2 male should:
 A. Go directly to the regular nursing floor
 B. Wait outside the CT scan room under the 

supervision of the anesthesiologist till ready to 
be discharged home or to the RNF

 C. Follow the same guidelines of recovery and 
discharge criteria like general anesthesia cases in 
PACU

 D. Always be admitted to regular PACU phase 2 
recovery bypassing phase 1

 10. MAC sedation is not suitable in:
 A. A 3-year-old scheduled for BMT insertion
 B. MRI of C spine for a 37-year-old male after a MVA 

who was driving under alcohol influence and still 
combative.

 C. Pulmonary vein isolation scheduled for 8 h on a 
patient with mild orthopnea.

 D. Cerebral aneurysm coiling of the MCA scheduled 
for 2 h

 E. All of the above

 v Answers
 1. D. BIS, AEP and Narcotrend Monitor are considered 

quantitative methods evaluating depth of anesthe-
sia and sedation. BIS is a single lead EEG that mea-
sures the cortical activity over the forehead. It gives 
a number from 0–100, the lower the number the 
lower the cortical activity and the deeper the seda-
tion/anesthesia. Narcotrend is another monitor that 
gives a pattern recognition of raw EEG and classifies 
it into different stages from A(awake) to F(electric 
silence). AEP monitor/2-derived, composite auditory 
evoked potential index is an auditory evoked poten-
tial and EEG based index that is also a quantitative 
index. Evan’s score is a score based on assessing 
the autonomic responses of patients to procedure 

stimulation. It is a qualitative method that is simple 
and inexpensive to evaluate depth of anesthesia 
and sedation.

 2. D. The reliability of the BIS is affected by the 
sedative/anesthetic used. BIS monitor measures 
single lead cortical EEG from the forehead placed 
electrodes. Although the BIS number correlates 
well with the level of sedation when propofol, 
midazolam, and even sevoflorane are used, BIS cor-
relates poorly when ketamine, opiods, and nitrous 
oxide were used. The poor correlation between the 
level of sedation and the BIS values when these 
anesthetics were used is explained by the fact that 
the BIS monitor measures the cortical activities 
whereas these agents consciousness inhibition is 
contributed to by a subcortical action.

 3. C. An ideal sedative should meet the needs and 
expectations of both the patient and the physician 
performing the procedure. An ideal sedative should 
be easily titratable to meet the needs of the patients 
at different stages of the procedure performed, so if 
the patient’s cooperation is needed the sedation is 
lightened and when the patient’s cooperation is not 
needed the sedation is deepened. So an ideal seda-
tive should have a rapid onset, short duration, and 
have an amnestic action to guarantee the patient’s 
comfort. Discharge from recovery after procedures 
should be preferably fast, so the sedative should 
have a short duration of action and fewer hang-
overs.

 4. C. The ASA identified specific guidelines for the 
qualifications of non-anesthesiologists to provide or 
supervise moderate and deep sedation. It is clearly 
stated that patients under deep sedation can eas-
ily and unintentionally slip into a state of general 
anesthesia, so privileges for deep sedation should 
only be granted to non anesthesiologist (physi-
cians, podiatrists or dentists) who are qualified and 
trained to administer deep sedation, and recognize 
and rescue from general anesthesia and returns the 
patient to the originally intended level of sedation. 
These physicians should not supervise or delegate 
the administration of deep sedation or patient’s 
monitoring by individuals who are not themselves 
qualified to recognize and rescue from general anes-
thesia. So no physician should supervise an RN, who 
is not qualified to recognize and rescue from general 
anesthesia.

 5. A. The ASA stated that whenever propofol is used 
for sedation, the same guidelines as in deep seda-
tion should be followed. Please refer to the answer 
of question 4 for the guidelines for deep sedation 
supervision.

 6. D. Remifentanyl, as an opioid analgesic, has an unreli-
able amnestic action. Propofol, benzodiazepines such 
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as midazolam, as well as ketamine have more reliable 
amnestic action by providing sedation, anxiolysis as 
well as antegrade amnesia.

 7. C. Dexmedetomidine, an alpha2 selective agonist, 
has a moderate analgesic action, even when used in 
a small dose. Ketamine, an NMDA receptor blocker, 
has a significant analgesic action in the subanes-
thetic doses of 0.25 mgs/kg that even lasts in the 
post-procedure period. Sufentanyl, a synthetic 
analgesic that acts on the opioid receptors, produc-
ing strong analgesia in the intra-procedure as well 
as in the postprocedure period. Propofol is one of 
the most common IV anesthetics/sedatives with no 
analgesic action.

 8. D. Although hypoventilation as well as short periods 
of apnea have been reported with the use of both 
dexmedetomidine and with the use of ketamine 
too, especially in larger doses or rapid injection or 
infusion, both dexmedetomidine and ketamine 
have the advantage of preserving the respiratory 
drive thus maintaining spontaneous breathing and 
airway reflexes even in deep sedation in general. On 
the other hand propofol infusion inhibits hypoxic 
ventilatory drive and depresses the normal response 
to hypercarbia, causing respiratory depression even 
in subanesthetic infusion rates. Due to these rea-
sons the ASA stated that when propofol is used the 
patients should receive care consistent with that 
required for deep sedation with the presence of a 
provider trained in rescuing from general anesthesia 
and trained in airway management.

 9. C. The ASA developed practice guidelines address-
ing post anesthesia care and they clearly stated 
that patients receiving general anesthetic, regional 
anesthesia, as well as MAC should receive the same 
standards of post anesthesia care. In MAC sedation 
cases a patient needs to recover in a formal standard-
ized recovery area that follows the standards and 
guidelines set by the ASA as well as the medical facility 
where the patient had his procedure done. In some 
cases a patient might bypass phase one PACU and 
goes directly to phase 2, but different facilities have dif-
ferent criteria qualifying a patient to bypass phase one.

 10. B. There are certain conditions that make MAC chal-
lenging or inappropriate, A 3 years old would not be 
cooperative enough to have a bilateral myringotomy 
tubes inserted in his eardrums without moving. 
Combative patients under alcohol influence will 
unlikely lay still in an MRI machine to have C spine 
MRI done and in these imaging procedures even a 
minor movement will not allow an accurate diag-
nosis. Minor movements in cases like intracranial 
aneurysm coiling might be significantly detrimental 
for these patients thus it is generally recommended 
that these patients receive general anesthetic that 
would ensure that unintended patients movement 
be avoided. Pulmonary vein isolation procedures 

are generally long cases that require patients to stay 
for a long time in a relatively flat supine position. In 
cases of significant orthopnea a patient might not 
be able to tolerate flat supine position for extended 
period of time making MAC sedation unsuitable in 
this case, necessitating general anesthetic. Changing 
to general anesthesia in the middle pf these proce-
dures might not be an easy decision especially with 
poor access to the patient due to the continuous 
presence of the C arm over the patient for imaging.
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Key Points
1. Transfusion of blood products can be lifesaving, 

however, it is not risk free. Therefore it is the respon-
sibility of the physician to use appropriate triggers 
for blood component therapy.

2. ABO and the Rh systems are the most important in 
the majority of blood transfusions, although human 
red cell membranes contain as many as 300 different 
antigenic determinants.

3. Indication for red blood cell (RBC) transfusion is the 
need to increase the oxygen-carrying capacity.

4. The US Food and Drug Administration (FDA) 
recommends avoiding HES in critically ill adult 
patients and septic patients requiring ICU care.

5. Transfusion-related acute lung injury (TRALI) is 
currently the leading cause of transfusion-related 
death. Clinical presentation of TRALI may be indistin-
guishable from acute respiratory distress syndrome 
(ARDS) and is characterized by acute onset, bilateral 
pulmonary infiltrates and hypoxia without evidence 
of congestive heart failure (CHF).

27.1  Introduction

During the perioperative period, some patients may 
require transfusion of blood products. The most common 
cause and indication for administration of blood compo-
nents is acute surgical blood loss. In such a situation, trans-
fusion of blood products can be lifesaving, however, it is 
not risk free. Therefore it is the responsibility of the physi-
cian to use appropriate triggers for blood component ther-
apy. When there is clinical evidence of a deficiency in 
oxygen-carrying capacity, red cell transfusion should be 
considered; and if clinically significant coagulopathy is 
present, transfusion of hemostatic blood product should 
be considered. There are no mandatory thresholds for the 
transfusion; the clinician should take into consideration 
the patient’s medical condition, the surgical procedure, 
symptoms, and the rate of blood loss when deciding if and 
when to start blood therapy.

Although transfusion of whole blood is still used in cer-
tain clinical circumstances, blood components are transfused 
more often to correct specific deficiencies. The primary 
advantage of component therapy is that only the needed, spe-
cific fraction of the blood is administered, allowing several 
patients to benefit from 1 donation and administration of 
unnecessary or unneeded components is avoided. In addi-
tion, separation of the whole blood into components permits 
each to be stored under optimal conditions to enhance and 
preserve efficacy. The primary disadvantage of component 
therapy is encountered in treating patients with massive 
blood loss requiring massive transfusion, since these patients 
would benefit from whole blood to restore oxygen carrying 
capacity as well as hemostatic function. Multiple components 

are more expensive and more difficult to transfuse in such 
situations as compared to whole blood, and exposure to vari-
ous complications of transfusion can be increased as the 
number of donor exposures increases.

27.2  Donation of Blood

A blood donor may donate whole blood or donate a specific 
component of blood using apheresis technology. At the time 
of whole blood donation, blood is collected into a sterile plas-
tic blood reservoir containing an anticoagulant and preserva-
tive. Integral tubing connected with satellite bags allows for 
the separation of whole blood into various components using 
differential speed centrifugation techniques. One whole 
blood unit may be separated into 1 unit of plasma, 1 unit of 
red cells, and 1 unit of whole blood-derived (“random 
donor”) platelets. Each of these components is then stored 
under optimal conditions. Apheresis technology is used to 
collect needed components (red cells, platelets, or plasma) 
from a donor and then return the remaining constituents to 
the blood donor.

In order to provide adequate safety for the donors and 
recipients of blood, all blood donors are screened to deter-
mine suitability for donation. This process includes donor 
history and a physical examination, and then if the donor 
meets criteria, testing of the donor blood specimen. Donor 
blood is routinely tested for human immunodeficiency virus 
(HIV) l/2, human T-cell lymphotropic virus (HTLV) I/II, 
hepatitis C virus (HCV), hepatitis B virus (HBV), West Nile 
virus, and Treponema pallidum. Since the use of the newest 
nucleic acid testing technology, the seroconversion window 
has decreased to 11 days for HIV and 8–10 days for hepatitis 
C.  Hence donation by seronegative individuals during the 
period of seroconversion can pose the risk of transmitting 
infection.

Some patients may request “designated donors”: ABO 
compatible donors known to a patient and selected for dona-
tion with the stipulation that their blood be reserved for a 
specific patient’s use. However, the concept that “designated 
donors” provide safer blood than units collected from the 
volunteer donors is not valid. Because of the potential 
increased risk for alloimmunization of an Rh negative female 
who receives a blood transfusion from a Rh positive male 
sexual partner and subsequent hemolytic disease of the new-
born, blood transfusions from a male donor to a female sex-
ual partner are not recommended. Cellular blood components 
from blood relatives carry an increased risk of causing trans-
fusion associated graft-versus-host disease (TA-GVHD), 
even in an immunocompetent recipient, and should be irra-
diated to prevent TA-GVHD.

Limited donor exposure transfusion is based on the 
assumption that decreasing the number of donor exposures 
will result in a concurrent decrease in transfusion-related 
complications. This is most often used in the pediatric and 
neonatal patient populations. A donor, often a parent, may 
donate multiple units of blood over a period of time desig-
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nated for a particular patient. Transfusion services may 
assign a particular RBC unit to a pediatric patient and take 
aliquots from the RBC unit for the shelf-life of the unit.

27.2.1  Compatibility Testing

Compatibility testing is done to prevent transfusion of 
incompatible blood that may result in a hemolytic transfu-
sion reaction. ABO and the Rh systems are the most 
important in the majority of blood transfusions, although 
human red cell membranes contain many more different 
antigenic determinants. Individuals generate antibodies to 
the alleles they lack within each system or generate them in 
response to sensitization from a previous transfusion or 
pregnancy.

A type and screen (T&S) consists of typing the patient’s 
red cells for ABO and Rh blood groups and screening the 
patient’s plasma or serum for the presence of unexpected 
non-ABO antibodies. The ABO group is determined by typ-
ing the patient’s red cells using anti-A and anti-B reagents 
(forward type) and by testing the patient’s serum against A 
and B reagent cells (reverse type). The patient’s RBCs are also 
tested with anti-D for the presence (Rh positive) or absence 
(Rh negative) of the D antigen. Also, the patient’s plasma is 
screened for the presence of unexpected antibodies by incu-
bating it with 2 selected screening cells that contain all of the 
critical non-ABO antigens using an antihuman globulin 
(AHG) technique (indirect antiglobulin test or Coombs test). 
If an antibody is detected in the patient’s plasma, the screen is 
considered positive. ABO group, Rh type, and antibody 
detection screening take about 45 min to perform. If the anti-
body screen is negative and the patient has no history of 
detected antibodies, the patient may receive RBCs that are 
tested for ABO compatibility by performing an immediate 
spin crossmatch or an electronic/computer crossmatch. 
ABO- and Rh-compatible blood is selected from the inven-
tory and issued within 5–10  min. If the antibody screen is 
positive, the unexpected antibody or antibodies must first be 
identified before antigen negative-compatible RBC units can 
be found and then crossmatched—all of which usually takes 
several hours [1].

During a crossmatch, the patient’s serum is incubated 
with red cells from a specific donor unit to verify in  vitro 
compatibility. A crossmatch is performed with a short incu-
bation time at room temperature (immediate spin) intended 
solely to verify ABO compatibility or as a long incubation 
time at 37 °C (AHG crossmatch) intended to verify compat-
ibility for clinically significant non-ABO red cell antigens. 
The immediate spin crossmatch takes 5–10  min, while the 
AHG crossmatch takes at least 45 min. The electronic/com-
puter crossmatch may be performed instead of an immediate 
spin crossmatch and uses a computer system to select an 
RBC unit based on a series of validated computer algorithms. 
Serologic testing of the donor RBC unit with patient speci-
men is NOT performed in this scenario. An AHG crossmatch 
is only required for patients with a current or past history of 

clinically significant unexpected antibodies in their plasma 
or when a patient develops unexplained, acute anemia after 
recent transfusion [1].

In an emergency situation when there is a need for trans-
fusion, type-specific or type O Rh-negative red cells can be 
administered while awaiting a formal crossmatch to be per-
formed. Type O Rh-positive red blood cells for males or post-
menopausal females can be transfused in this setting as well. 
Administration of Group O uncrossmatched blood is safe as 
long as the patient has not been already alloimmunized to 
any non-ABO red cell antigens. Administration of a substan-
tial number of Group O Rh-negative blood may potentially 
lead to hemolysis if multiple units of Group O whole blood 
(containing anti-A and anti-B antibodies) have been trans-
fused to patients with Group A or B blood. The patient can be 
switched back to native type-specific blood after subsequent 
compatibility testing.

27.3  Whole Blood and Blood Components

27.3.1  Whole Blood

Indications restoration of oxygen carrying capacity and res-
toration of hemostatic function in setting of massive blood 
loss.

Whole blood units contain approximately 450–500 mL 
donated blood plus approximately 70  mL of a citrate-
based anticoagulant-preservative solution, which helps to 
maintain the viability of red blood cells. The whole blood 
collected and stored with citrate-phosphate-dextrose-ade-
nine (CPDA-1) solution has a 35-day shelf life and a 
hematocrit of approximately 35%. Whole blood is rarely 
transfused in a current clinical practice but it may be indi-
cated for acute, massive blood loss. In cardiac surgery, 
transfusion of fresh whole blood was tested as an alterna-
tive to using red blood cells, platelets, and fresh frozen 
plasma (FFP) and decreased need for component transfu-
sion. Although 1 study showed less postoperative blood 
loss in infants, the majority of the studies concluded that 
the logistic problems of obtaining fresh blood from a pre-
screened donor (to be transfused within 12  h of collec-
tion) outweighed any advantages. Nonetheless, its 
indication for massive transfusion—particularly in com-
bat and in disasters—is still under investigation. Because 
of the logistic, very few blood centers or hospitals main-
tain an inventory of CPDA-1 whole blood.

27.3.2  Red Blood Cells

Indications increasing the oxygen-carrying capacity.
One unit of whole blood is separated into red blood cells 

and platelet-rich plasma by centrifugation and collected in 
CPDA-1 anticoagulant-preservative solution with a hema-
tocrit of approximately 70% and a shelf life of 35  days. If 
100 mL of Adsol® (AS-1), Nutricel® (AS-3), or Optisol® (AS-

 J.B. Cywinski



469 27

5) is added to red blood cells with CP2D or CPDA-1, shelf 
life is prolonged to 42  days reducing the hematocrit to 
approximately 60%. Red blood cells are only indicated for 
raising the oxygen-carrying capacity, although they also 
provide volume when given to patients who are acutely 
hemorrhaging.

Glycerolized red blood cells are stored frozen at tem-
peratures of −65 °C or lower for up to 10 years. Glycerol is 
used to protect the red cells during freezing and thawing and 
is removed by washing before transfusion. An automated 
closed cell processing systems in conjunction with using 
nutrient-additive solutions, such as AS-3, have extended the 
post-wash storability of the blood to 14 days following thaw-
ing. This approach is indicated for prolonged storage of rare 
red cells for patients with antibodies to red cells with rare red 
cell antigen phenotypes, storage of Group O red blood cells 
to treat patients during times of shortage.

Leukocyte-reduced red blood cells were primarily indi-
cated in the past for patients with a history of multiple febrile 
nonhemolytic transfusion reactions, for select patients who 
were frequent transfusion candidates and thus at risk for allo-
immunization to leukocyte antigens, and for prevention of 
cytomegalovirus (CMV) infection in high-risk patients who 
were immunocompromised. For the same reasons, leukocyte- 
reduced red blood cells are increasingly being used in the 
USA general population of transfused patients, and universal 
leukocyte reduction is now mandated in Canada and many 
European countries as well. Certain patient populations at 
high risk (eg, trauma, cardiac surgery), with systemic endo-
thelial activation/dysfunction related to the systemic inflam-
matory response, may benefit from leukoreduced units to 
attenuate target organ injury. This is supported by random-
ized, controlled trials (RCTs) involving nearly 2500 patients, 
revealing a 50–70% reduction in mortality in patients who 
were randomly assigned to receive leukoreduced packed red 
blood cells (PRBC) units [2]. Third-generation adsorption 
filters enable the removal of 99.9% of donor leukocytes and 
are more effective than the cell washing and centrifugation 
techniques used previously.

Washed red blood cells are prepared by centrifugation 
with saline to remove almost all plasma. They are indi-
cated only for patients who have had severe allergic reac-
tions associated with transfusion or immunoglobulin A 
(IgA) deficiency. Washed red blood cells must be given 
through a standard blood filter, and can be stored no lon-
ger than 24 h because of the risk of bacterial contamina-
tion following washing in an open system. Washing of red 
cells may be used to remove excess potassium from older 
units as well.

Irradiated whole blood or red blood cells are blood 
components that have been exposed to a standard dose of 
ionizing (gamma) radiation to render viable lymphocytes 
incapable of engraftment in premature newborns, highly 
immunocompromised patients (e.g., bone marrow or solid 
organ transplant), and blood relatives of directed donations 
to reduce the possibility of transfusion-related graft-versus- 
host disease. Increased membrane permeability has been 

noted after irradiation, with viability of the irradiated red 
cells leaking potassium at an accelerated rate. Mild functional 
impairment manifested by significant leakage of potassium 
and accumulation of plasma hemoglobin has been demon-
strated subsequent to gamma irradiation. This issue can 
become especially problematic if blood is stored for extended 
periods of time following irradiation, resulting in rare but 
serious incidences of hyperkalemic cardiac arrhythmia or 
serious conduction abnormality. Washing the red cell com-
ponent can be used to remove excess potassium. Irradiated 
red blood cells have a reduced storage period (not to exceed 
28  days after irradiation) in order to limit the deleterious 
effects this treatment can have [3].

In general, red blood cells are indicated in symptomatic, 
anemic patients to restore oxygen-carrying capacity. Red 
cells may be used in the setting of severe bleeding (e.g., >1–2 
liters/hour) in an attempt to manage ongoing hypovolemia/
anemia. Transfusion volume required for individual patients 
can be estimated using the patient’s hematocrit, blood vol-
ume, and state of hydration. In many cases, transfusion rates 
and/or amounts can be effectively reduced by employing 
blood conservation techniques. One unit of red blood cells 
will increase the hematocrit by approximately 3% and the 
hemoglobin by about 1 g/dL in the average adult. Ten mL/kg 
of red blood cells will raise hematocrit by 10%. The increase 
in the recipient’s hematocrit will vary depending upon many 
factors, which include the donor’s hematocrit, the recipient’s 
fluid status and size, the anticoagulant-preservative solution 
utilized, the rate of active bleeding, and the duration of stor-
age of the unit transfused.

Calcium-containing solutions must not be added to 
blood, particularly at slow infusion rates, because small clots 
may form due to the presence of calcium in excess of the che-
lating ability of the citrate anticoagulant. Hypotonic solu-
tions such as 5% dextrose in water should not be used to 
dilute red cells since clumping of the cells or hemolysis may 
occur.

Even though an anticoagulant is added to blood at the 
time of the collection from the donor, small clots are occa-
sionally present, which requires filtration at the time of infu-
sion. Standard blood administration sets usually have a 
clot-screening filter with a pore size of 170–200  μ(mu)m. 
These filters permit rapid transfusion and should be used for 
administration of red cell components, platelet and granulo-
cyte concentrates, FFP, and cryoprecipitate.

During storage of red cells, microaggregates consisting 
of platelets, leukocytes, and fibrin form. These microag-
gregates are able to pass through 170 μ(mu)m filters and 
lodge in the pulmonary circulation. For that reason use of 
microaggregate (20–40  μ[mu]m) filters has become 
increasingly popular, although it has not been proven to 
reduce the incidence of respiratory distress syndrome in 
patients receiving multiple transfusions. The usefulness of 
microaggregate filters is still debated and there is no firm 
indication for their use during routine transfusions, even 
when large volumes of blood are administered (massive 
transfusion).

Blood Products Transfusion



470

27

27.3.3  Platelets

Indications correction of a deficiency in either platelet num-
ber or function in clinical situations of ongoing or anticipated 
bleeding.

Random-donor platelets can be prepared from whole 
blood stored at 22 °C within 8 h of collection. After the col-
lection of approximately 500 mL of whole blood into citrate-
based anticoagulant-preservative containing collection bags, 
the blood is centrifuged; the platelet-rich plasma (PRP) is 
separated into an attached empty satellite bag. This PRP is 
centrifuged again and separated into 1 unit of platelet con-
centrate and 1 unit of plasma. Each unit of platelets contains 
approximately 5 × 1010 platelets in 50–70 mL of plasma [4].

Platelets can be also isolated from the buffy coat layer, fol-
lowing centrifugation of whole blood in specific bags that 
remove RBC and plasma through tubing in the bottom and 
top of the bags. The platelet-enriched buffy coat is further 
processed (through centrifugation and/or leukoreduction 
filters) to eliminate white blood cells (WBCs) and remaining 
RBCs. This method is currently employed mostly in Europe 
and Canada and it permits storage of whole blood at 22 °C 
for up to 24 h prior to platelet removal [4].

Another method to obtain platelet concentrate is aphere-
sis. Platelets (single-donor) are obtained by performing 
apheresis on volunteer donors. During this procedure, large 
volumes of donor blood are processed into an extracorporeal 
circuit and centrifuged to separate the components. The red 
blood cells and a certain percentage of the plasma are 
returned to the donor. A single donor donates the equivalent 
of 3–5 × 1011, or 4 to 6 units, of platelets suspended in a vol-
ume of 200–400  mL of plasma. Pheresis-derived platelets 
minimize the number of donor exposures and increases the 
amount of collected platelets and it has become the primary 
source of platelets in the US [4].

Platelets should be stored at room temperature (20–
24 °C) for up to 5 days with continuous gentle agitation to 
prevent platelet aggregation. All platelet products should be 
tested for bacterial contamination prior to transfusion. The 
administration of ABO-specific platelets is not strictly (ie, 
usually limited to 300–500  mL of out-of-group plasma) 
required because platelet concentrates contain few red blood 
cells. However, administration of non-ABO specific platelets 
may be of concern with transfusion of pediatric patients with 
a small blood volume because of anti-A and/or anti-B in the 
plasma. The administration of out-of-group pooled platelet 
components leads to transfusion of plasma containing anti-A 
and/or anti-B, resulting in passive alloimmunization and 
may cause a weakly positive direct antiglobulin test due to 
anti-A and or anti-B from the plasma.

Platelets transfusion is indicated to correct a deficiency in 
either platelet number (thrombocytopenia) or platelet func-
tion (thrombocytopathy or qualitative platelet disorders). 
One unit of apheresis platelets or a pool of 4–6 whole blood- 
platelets (derived from 4–6 donors) increases the platelet 
count by approximately 3–5 × 1010/L in the average adult. For 
pediatric patients, a dose of 10 ml/kg or 1 unit of  platelets/10 kg 

will generally increase the platelet count to adequate levels. 
Factors to consider for the transfusion of platelets for counts 
between 5 and 10 × 1010/L are the type of surgery, extent of 
actual blood loss or microvascular bleeding, presence of 
potent antiplatelet medications (e.g., clopidogrel, IIb/IIIa 
antagonists, etc.) and disorders, such as uremia, known to 
affect platelet function and coagulation. Operations at closed 
sites (e.g., neuro or ophthalmic surgery) usually require 
increasing the platelet count 100 × 109/L in order to ensure 
adequate hemostasis. Surgical procedures associated with 
insignificant blood loss may be undertaken in patients with 
platelet counts less than 50 × 109/L. The platelet count alone 
does not guarantee adequate platelet function and platelet 
transfusion may be indicated, even above 100 × 109/L count, 
if platelet dysfunction is suspected and/or there is a recent 
history of taking aspirin or other more potent or longer half-
life platelet-inhibiting drugs (e.g., clopidogrel). Potent agents 
such as glycoprotein IIb/IIIb antagonists may require 2 or 
more apheresis platelet units to achieve normal hemostasis 
while effects of some other agents (e.g., clopidogrel) have not 
consistently been shown to be reversed with platelets. Whole 
blood coagulation tests such as thromboelastography or 
thromboelastometry testing can identify platelet dysfunction 
more precisely. The prophylactic administration of platelets 
is not recommended in patients with chronic thrombocyto-
penia caused by increased platelet destruction (e.g., idio-
pathic thrombocytopenic purpura) and, in fact, may be 
ineffective in a substantial percentage of these patients [3].

Platelets can be infused through a platelet or standard 
component administration set with a 170-micron filter; 
platelets should not be transfused through fluid warmers or 
rapid infusion systems. Microaggregate filters (20-micron to 
40-micron) should not be used because they will remove 
most of the platelets.

27.3.4  Frozen Plasma

Indications correction of coagulopathy related to the defi-
ciency of clotting factors.

After removal of red blood cells from the whole blood, 
the remaining platelet-rich plasma is further centrifuged to 
separate the platelets from the plasma. Separated plasma 
contains all the blood coagulation factors, fibrinogen, and 
other plasma proteins in a volume of 170–250  mL.  The 
plasma is then frozen within 8 h of phlebotomy to prevent 
complete inactivation of temperature-sensitive (“labile”) 
coagulation factors V and VIII and stored in temperatures 
colder than −18  °C for up to 1  year with minimal loss of 
coagulant activity. Prior to the administration of FFP, the 
plasma must be thawed in a waterbath at 37  °C on, which 
takes approximately 30 min. After thawing, the units of FFP 
are stored at 1–6 °C and are generally transfused within 24 h. 
FFP that has been thawed but not used within 24 h can be 
relabeled as “thawed plasma” (TP) and stored at 1–6 °C for an 
additional 4 days. Thawed plasma maintains normal levels of 
all factors except factor V, which falls to 80% of normal, and 
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factor VIII, which falls to 60% of normal. TP can be used as a 
substitute for FFP [5].

FFP is used for the treatment of microvascular bleeding 
due to congenital and acquired coagulopathies resulting in a 
prolongation of either the activated partial thromboplastin 
time (aPTT) or prothrombin time (PT) greater than 1.5 times 
normal, or a coagulation factor assay of less than 25%. 
Evidence- based data supporting administration of FFP in 
patients with international normalized ratio (INR) values 
<2.0 are lacking. In emergent situations, FFP may be used to 
reverse the effect of warfarin prior to surgery or during active 
bleeding episodes. However, if time permits, oral or paren-
teral vitamin K will produce the same effect in 6–12 h with-
out exposing patients to the risks associated with allogeneic 
blood components. In the patient who has been transfused 
with more than 1–2 blood volumes and PT and PTT cannot 
be obtained in a timely fashion, FFP may be administered 
after administration of platelets to correct microvascular 
bleeding believed to be due to coagulation deficiency. When 
FFP is indicated, it should be administered in a dose calcu-
lated to achieve a minimum of 30% of plasma factor concen-
tration. Ten to 15  mL/kg of FFP will usually result in an 
increase of most coagulation factors by 25–30%. FFP should 
be administered through a blood administration set with a 
170-micron filter [3].

27.3.5  Cryoprecipitate

Indications low fibrinogen levels or von Willebrand’s disease 
(deficient or abnormal von Willebrand molecule).

Cryoprecipitate is prepared from a unit of FFP; it is the 
cold- insoluble white precipitate that forms when a bag of 
FFP is thawed at 1–6  °C.  This cold-insoluble material is 
removed following centrifugation and immediately refrozen 
at −18 °C to be stored at this temperature for up to 1 year. 
Each unit of cryoprecipitate contains 80–150 units of factor 
VIII, 150–250 mg of fibrinogen, von Willebrand factor, fac-
tor XIII, and fibronectin in a volume of 
5–15 mL. Cryoprecipitate must be transfused within 4–6 h of 
thawing if given to increase factor VIII levels.

Cryoprecipitate is used primarily to augment fibrinogen 
levels depleted because of massive hemorrhage or dissemi-
nated intravascular coagulation (DIC). Rarely, it is used for 
the treatment of congenital or acquired factor XIII deficiency. 
For fibrinogen replacement therapy, 1 unit of cryoprecipitate 
per 10  kg body weight increases plasma fibrinogen by 
approximately 50–70  mg/dL in the absence of continued 
consumption or massive bleeding. The minimum hemostatic 
level of fibrinogen is less than or equal to 80–100 mg/dL, but 
many experts regard that minimal level as too low. The 
national guidelines in Germany and Austria recommend 
higher levels of 150–200 mg/dL [7]. Because cryoprecipitate 
does not contain factor V, it should not be the sole replace-
ment therapy for DIC, which is almost always associated with 
a variety of factor deficiencies and thrombocytopenia. Hence, 
fresh frozen plasma also needs to be administered along with 

platelet concentrates in those settings where a coagulopathy 
secondary to DIC is likely occurring.

Cryoprecipitate should be infused through a 170- to 
260-micron component filter.

27.4  Factor Concentrates

A number of plasma derivatives are available to treat coagu-
lation deficiencies. The main advantage of their use is admin-
istration of specific deficient factor(s) and avoidance of 
transfusion of unnecessary blood components.

27.4.1  Factor VIII

Factor VIII concentrates are indicated to correct factor VIII 
deficiency (hemophilia A). Historically administration of 
human concentrated factor VIII was associated with a rela-
tively high incidence of infectious disease transmission; how-
ever, advances in purification techniques and screening tests 
have dramatically reduced that risk. Also the development of 
recombinant factor VIIIC in many instances has replaced 
human-based blood derivatives for the treatment of factor 
VIII deficiency. Recombinant factor VIIIC has the major 
advantage of not carrying the risk of transmitting viral dis-
eases. Mild factor VIII deficiency and Type 1 (80% of von 
Willebrand’s disease) may be partially corrected with desmo-
pressin (DDAVP). Administration of DDAVP is typically 
associated with a significant increase in both circulating fac-
tor VIII and von Willebrand’s factor (vWf).

27.4.2  Factor IX

Factor IX concentrates were used to treat factor IX deficiency 
(hemophilia B, or Christmas disease). They contain negligi-
ble amounts of factors II, VII, and X and consequently are 
much less thrombogenic then factor IX complex (prothrom-
bin complex). Recombinant factor IX is currently available 
and has the advantage of no infectious risk with transfusion.

27.4.3  Antithrombin III Concentrate

Antithrombin III (ATIII) deficiency is mostly a congenital 
defect but also can be acquired (ie, in the setting of prolonged 
exposure to unfractionated heparin). Because ATIII is the 
major plasma inhibitor of thrombin, patients with ATIII defi-
ciency are highly prone to thromboembolism. ATIII also has 
an important role as an inhibitor of the activated serum pro-
tease factors II, IX, X, XI, and XII. The anticoagulant effect of 
heparin is due to its ability to greatly increase the inhibitory 
activity of ATIII; patients with moderate to marked ATIII 
deficiency can display resistance to heparin. This is critically 
important for major cardiovascular procedures and surgeries 
involving cardiopulmonary bypass. Normal ATIII levels can 

Blood Products Transfusion



472

27

be achieved by administering either human or recombinant 
preparation of ATIII concentrate. Prophylactic treatment 
with ATIII concentrate also is recommended for patients 
with a hereditary deficiency of ATIII (plasma level of 50% or 
less compared to normal) who have a history of thromboem-
bolism or are undergoing surgical or obstetrical procedures 
associated with a high incidence of thromboembolism. 
ATryn is a recombinant antithrombin indicated for the pre-
vention of perioperative and peripartum thromboembolic 
events in hereditary antithrombin deficient patients. It is not 
indicated for treatment of thromboembolic events in heredi-
tary antithrombin deficient patients.

Coagulation factor concentrates such as purified human 
fibrinogen concentrate and prothrombin complex concen-
trates (PCCs) are thought to be valuable alternatives to 
plasma and cryoprecipitate, respectively.

27.4.4  Fibrinogen Concentrate

The administration of fibrinogen concentrate (FC) is 
approved only for the therapy of congenital hypofibrinogen-
emia in the United States. There is still ongoing debate 
regarding benefits of the perioperative administration of 
fibrinogen concentrate and some studies suggest that substi-
tution therapy with fibrinogen concentrate may reverse a 
dilutional coagulopathy by replacing the missing factor and 
restoring fibrin production and clot formation. Also fibrino-
gen concentrate significantly improves whole blood clot 
firmness and reduces the postoperative transfusion require-
ments in severely bleeding patients. Since adequate level of 
fibrinogen is crucial for optimal clot generation, administra-
tion of fibrinogen concentrate or cryoprecipitate might 
reduce postoperative bleeding and transfusion. However, the 
liberal fibrinogen substitution in the perioperative setting 
cannot be recommended. Plasma threshold levels for fibrino-
gen substitution of 80–100 mg/dL are still widely considered 
and recommended in guidelines, but many experts regard 
that minimal level as too low of a threshold for initiating 
exogenous fibrinogen replacement. The national guidelines 
in Germany and Austria recommend higher levels of 150–
200 mg/dL in concordance with the Task Force of Advanced 
Bleeding Care in Trauma and the European recommenda-
tions in perioperative bleeding [7].

27.4.5  Prothrombin Complex Concentrate

Prothrombin complex concentrates (PCCs) are a human 
plasma-derived lyophilized product containing the 
vitamin- K- dependent coagulation factors: FII (pro-throm-
bin), FVII, FIX, and FX.  PCCs are available as so-called 
3-factor PCCs with low levels of FVII (commonly used in 
the US) or as 4-factor PCCs with higher levels of FVII 
(mainly used in Europe). PCCs may differ considerably in 
their contents of the anticoagulants protein C, protein S, 
and antithrombin as well as heparin. The most common 

indications for their use are the rapid reversal of oral anti-
coagulation (vitamin K antagonists) and the treatment of 
patients with a deficiency of vitamin-K-dependent coagu-
lation factors, such as in liver failure. Recently, US and 
European guideline papers recommended the off-label use 
of PCCs in patients with trauma and massive bleeding after 
surgery.

Administration of PCCs might increase the risk of throm-
boembolic complications in the early recovery period due to 
prolonged elevation of thrombin generation potential 
together with the usual increases of fibrinogen level and 
platelet count and decreased levels of ATIII. Finally, standard 
coagulation tests including PT and aPTT do not adequately 
reflect the patient’s thrombin generation potential and anti-
thrombin levels, therefore whole blood coagulation tests 
(such as ROTEM® or TEG®) may be more accurate to evalu-
ate coagulation status. PCCs carry a prothrombotic risk and 
should only be administered in situations where the benefit 
of therapy outweighs this risk.

27.4.6  Recombinant Activated Factor VII

The FDA-approved indication for recombinant activated 
factor VII (rFVIIa) is the treatment of hemophilia in 
patients with antibody inhibitors to coagulation factors 
VIII or IX, congenital factor VII deficiency, and some rare 
inherited platelet dysfunctions. In the United States, rFVIIa 
has been used for off-label indications, such as prophylaxis 
or therapeutic agent to prevent or treat bleeding in patients 
without hemophilia. Thereby, rFVIIa was used prophylac-
tically or as a treatment option in Jehovah’s Witness 
patients undergoing cardiac surgery to prevent and control 
bleeding, or as a rescue medication in refractory bleeding 
in the postoperative period. Large reviews and meta analy-
ses evaluating use of recombinant factor VIIa for the pre-
vention and treatment of bleeding in patients without 
hemophilia did not show clinically significant benefits. The 
same was confirmed by RCT in patients undergoing liver 
transplantation. A more recent report on the off-label use 
of rFVIIa suggested an association with relevant increased 
morbidity and mortality. Meta- analysis of off-label use of 
rFVIIa in cardiac surgery suggested a higher rate of throm-
boembolic adverse events, especially in the arterial system. 
The current guidelines from the Society for Thoracic 
Surgery and the Society of Cardiovascular Anesthesiologists 
recommend the use of rFVIIa in patients with refractory 
micro-vascular bleeding after cardiac surgery. Further, 
in vitro data suggests a favorable effect of rFVIIa on throm-
bin generation in patients with recent intake of platelet 
inhibitors. Patients undergoing urgent or emergent cardiac 
surgery while treated with antiplatelet agents (e.g., clopi-
dogrel, prasugrel, andticagrelor) might potentially benefit 
from rFVIIa. Despite suggested increased risk of adverse 
events in meta-analysis and Cochrane reviews, this safety 
risk might be counterbalanced by the risk of uncontrolled 
bleeding.
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27.4.7  Hemoglobin-Based Oxygen Carriers

Hemoglobin-based oxygen carriers (HBOCs) solutions have 
been developed from animal, recombinant, and human 
sources. The main advantage of these agents involves poten-
tial use in hemorrhaging trauma patients or battlefield sce-
narios, and in patients who either refuse blood or who cannot 
get compatible blood (rare phenotypes or multiple antibod-
ies). Some initial studies have demonstrated a substantial 
reduction in transfusion requirements when blood substi-
tutes have been used with normovolemic hemodilution dur-
ing cardiac surgery. While theoretically promising, there 
were many problems related to HBOCs use, mainly the toxic-
ity of hemoglobin solutions, a short half-life, increased vaso-
activity (ie, vasospasm) and a relatively high colloid oncotic 
pressure and affinity for oxygen. Many research setbacks and 
disappointing results of the clinical trials caused cancellation 
of further development of a majority of HBOCs products. 
Natanson et al. examined clinical trials involving the follow-
ing cell-free hemoglobin products: Hemassist, Hemopure 
(HBOC 201), Hemolink, Polyheme, and Hemospan. Since 
the results of this analysis were unfavorable, essentially all 
ongoing clinical trials involving HBOCs were stopped.

27.5  Albumin

Albumin, a protein solution of approximately 95% albumin 
and 5% other plasma proteins, is available as a 5% or 25% 
solution and has been widely used for its oncotic properties. 
The 25% solution has an oncotic equivalent to 5 times that of 
plasma. Serum albumin is prepared from pooled human 
plasma and is heat-treated to eliminate viral and bacterial 
contamination. Albumin (5%) can be used as a volume 
expander in patients with adequate oxygen-carrying capacity 
but should not be used to correct nutritional deficiencies. 
Recent meta-analysis of albumin vs. crystalloids in critically 
ill patients showed no difference in mortality or in other out-
comes. The same was concluded in the Saline versus Albumin 
Fluid Evaluation (SAFE) trial as well. Considering that albu-
min is a blood product and as such a limited resource and its 
cost is much higher than that of crystalloids, it may be rea-
sonable to suggest using crystalloids rather than albumin in 
general intensive care unit (ICU) patients. Pooling the data 
from the SAFE and the Albumin Italian Outcome Sepsis 
(ALBIOS) trials showed no benefit or harm from albumin 
compared with saline. Some Jehovah’s Witnesses will not 
accept albumin administration.

27.5.1  Hydroxyethyl Starch

Hydroxyethyl starch (HES), a synthetic polymer derived 
from the starch amylopectin, is available in a 6% solution in 
normal saline. While it is a commonly used perioperative 
fluid, it should be used with caution in certain clinical situa-
tions. Evidence suggests that the use of HES in critically ill 

patients (including septic patients), increases the chance of 
renal injury and the requirement of renal replacement ther-
apy (RRT) when compared to crystalloids. This effect has also 
been observed in patients with sepsis requiring critical care 
and has also been found to increase mortality irrespective of 
the need for RRT. Along the same lines, use of HES in cardiac 
surgery with cardiopulmonary bypass (CPB) was associated 
with acute kidney injury (AKI) and increased bleeding. 
Evidence suggests that HES, when used for large volume 
resuscitation, is associated with AKI, coagulation abnormali-
ties, and increased transfusion rates. In a systematic review of 
studies that compared the effect of HES 130/0.4 on TEG as 
compared to saline or albumin, it was concluded that HES 
infusion resulted in a smaller and weaker clot. The FDA rec-
ommends avoiding HES in critically ill adult patients and 
septic patients requiring ICU care. The FDA also recom-
mends avoiding these products in patients with preexisting 
renal dysfunction, bleeding disorders, and in those undergo-
ing open heart surgeries with CPB [8].

Although systematic review did not demonstrate any 
harm associated with the use of 6% HES solutions in general 
surgical population, these findings should be interpreted 
with caution because some of the surgical patients receiving 
HES may be at high risk of both AKI and death and may 
require critical care support after surgery.

27.5.2  Dextrans

Dextrans, large glucose polymers, are available as dextran 40 
(molecular weight 40KD) or dextran 70 (molecular weight 
70KD). Dextrans can interfere with platelet function, red cell 
function, or blood crossmatching, and are associated with 
the potential for anaphylaxis. Therefore, dextrans are rarely 
used as volume expanders. Promit®, dextran 1 (molecular 
weight 1KD), should be administered prior to dextran 40 or 
dextran 70 to reduce the risk of anaphylaxis. Dextrans can 
improve microvascular circulation by decreasing blood vis-
cosity and coating endothelial cells to minimize platelet and 
red blood cell aggregation.

27.6  Complications of Transfusion

27.6.1  Immune Reactions

Hemolytic transfusion reactions (HTRs) involve lysis of red 
blood cells, which can occur intravascularly (acute) or extra-
vascularly (delayed) and can be caused by immunologic 
incompatibility between the donor and recipient. HTR causes 
destruction of the transfused red cells by the recipient’s anti-
bodies or, less commonly, hemolysis of a recipient’s red cells 
as a result of transfusion of red cell antibodies.

Most serious HTRs are induced by transfusion of ABO- 
incompatible red blood cells. The incidence of fatal HTRs is 
1 in 300,000 to 1 in 700,000 RBC transfusions; risk of acute 
HTR is estimated at 1 in 11,000 to as low as 1 in 1000,000 units. 
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Signs and symptoms of HTRs present at the time of the 
transfusion and may occur after administration of as little as 
a few mL of incompatible blood. Clerical or system errors 
resulting in patients receiving the wrong red blood cells is 
the most common cause of acute HTRs. The severity of a 
reaction depends on the amount of incompatible blood 
transfused, the type of incompatibility, and the length of 
time before treatment is initiated. The patient usually devel-
ops with chills, fever, chest and flank pain, and nausea; how-
ever, in the anesthetized patient, the only signs may be 
hemoglobinuria, coagulopathy, and unexplained hypoten-
sion [6, 9].

In cases of suspected acute HTR, the transfusion must be 
stopped and the blood bank notified immediately to recheck 
all crossmatched. Treatment should be initiated without 
delay and is directed toward the most serious complications 
of HTR: acute renal failure and coagulopathy. Urine output 
should be maintained at a minimum of 1–2  mL/kg/h with 
intravenous (IV) fluids to prevent tubular system obstruc-
tion; alkalinization of the urine should be considered as well. 
Loop diuretics may be administered to promote urine flow 
only after adequate intravascular volume restoration and 
vasopressors may need to be initiated to maintain optimal 
perfusion pressure. Laboratory investigation should include 
the direct antigen test, urine and plasma hemoglobin levels, 
other tests verifying hemolysis (elevations in lactate dehydro-
genase [LDH], bilirubin, and/or undetectable haptoglobin) 
and baseline coagulation studies (platelet count, prothrom-
bin time, activated partial thromboplastin time, and fibrino-
gen level).

Immune extravascular (delayed) reactions occur follow-
ing transfusion of red blood cells containing an antigen other 
than ABO to a patient with an undetected alloantibody. 
Delayed hemolytic reaction is generally mild and is caused by 
antibodies to non-D antigens of the Rh system or to foreign 
alleles in other systems such as the Kell, Duffy, or Kidd anti-
gens. Estimated risk of delayed HTR is much higher than 
acute HTR at about 1 in 1000 to 9000 units; the transfused 
red blood cells usually hemolyze within days to weeks. These 
reactions are caused by an antibody undetected during pre-
transfusion compatibility testing and may only become 
apparent because of a decreasing hemoglobin level, an unex-
plained poor therapeutic response from a red blood cell 
transfusion, or with detection of a new antibody (when an 
antibody screen is repeated). A positive direct antiglobulin 
(Coombs) test and an unexplained rise in bilirubin may be 
detected. The treatment of delayed hemolytic reactions is pri-
marily supportive [10].

27.6.2  Febrile Reactions

Fever may be the first indication of either a hemolytic 
transfusion reaction (HTR) or administration of a bacteri-
ally contaminated blood component. Transfusion should 
be stopped and the cause investigated if a patient’s body 
temperature increases by 1  °C or greater in association 

with blood transfusion (and is not explained by the patient’s 
clinical condition). HTR always should be considered if 
red blood cells are being administered and the patient 
becomes suddenly febrile. If platelets are being transfused, 
bacterial contamination is more likely to be a cause of the 
fever.

27.6.3  Febrile Nonhemolytic Transfusion 
Reaction

The most common cause of fever in association with transfu-
sion is febrile nonhemolytic transfusion reaction (FNHTR). 
About 0.1–1% of RBC transfusions are associated with 
FNHTRs, but the incidence is higher in chronically trans-
fused patients. The reactions usually develop after most or 
the entire component has been transfused and are accompa-
nied by chills and rigors. Other symptoms may include head-
ache, nausea, and a feeling of discomfort. In some cases, 
symptoms might be limited to chills and rigors without any 
fever present.

FNHTRs are immunologically mediated, involving leu-
kocyte antibodies in the patient’s plasma (stimulated by pre-
vious transfusions or pregnancy) and antigens on donor 
leukocytes, causing release of endogenous pyrogens by the 
leukocytes. Cytokines released during component storage are 
also implicated in causing FNHTRs. Leukocyte reduction of 
RBC prevents most FNHTRs but has been less effective in 
preventing recurrent reactions associated with platelet trans-
fusions. Prophylaxis and therapy of FNHTRs consists of pre-
transfusion administration of an antipyretic agent and 
treatment of chills (meperidine).

27.6.4  Allergic and Anaphylactic Reactions

Allergic, anaphylactoid, and anaphylactic reactions involve 
interaction between an allergen (usually a protein in the 
plasma of the transfused blood component to which the 
recipient was previously sensitized) and immunoglobulin E 
(IgE) antibody present on the surface of mast cells and baso-
phils of the recipient. The antigen-antibody interaction takes 
place on the surface of the cells, activating them and causing 
release of various mediators of anaphylaxis (leukotrienes, 
histamine, bradykinin) that cause the signs and symptoms 
such as urticarial, bronchospasm, laryngeal edema, severe 
hypotension, and possibly death. The shorter the interval 
between initiation of transfusion and the onset of symp-
toms, the more severe the reaction. Minor allergic reactions 
occur in 1 per 20 to 2500 transfusions depending on the 
 components used, definition of reaction, and the studied 
population. Similarly, major reactions range from 1  in 
10,000 to 300,000 transfusions for components other than 
platelets, and much higher rates for plasma-containing com-
ponents. Current estimates for the risk of minor allergic 
reactions after red cell transfusions and pooled platelet 
transfusions are 0.4% and 4.1% respectively. As for major 
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allergic reactions (anaphylactoid and anaphylactic), risk 
estimates are 1 in 23,000 red cell transfusions and 1 in 1600 
platelet pools–platelet transfusion.

When an anaphylactic reaction is suspected, transfusion 
must be discontinued immediately. Treatment is the same as 
for other anaphylactic reactions: epinephrine, diphenhydr-
amine and corticosteroids, in addition to appropriate fluid 
therapy and airway management.

Most anaphylactic and anaphylactoid reactions have no 
detectable cause. Although only a small percentage of aller-
gic reactions are related to immunoglobulin A (IgA) defi-
ciency in the recipient, laboratory evaluation should focus 
on the possibility that a patient is IgA deficient because of 
important implications for future transfusion management. 
Any patient who experiences an anaphylactic reaction 
should have a pretransfusion serum sample screened to 
quantify the IgA levels or to detect the presence of anti-IgA 
(ie, observed in 30–50% of IgA deficient patients). If anti-
IgA is detected or IgA levels are undetectable, the diagnosis 
of IgA deficiency is confirmed. Until the diagnosis of IgA 
deficiency is confirmed, only washed or deglycerolized 
RBCs or washed platelets should be administered. Once the 
diagnosis is made, however, alloimmunized IgA deficient 
recipients should only be transfused with components from 
IgA-deficient donors.

27.6.5  Bacterial Contamination

Bacteria present in stored blood can grow and may produce 
toxins. Contamination during collection, processing, or stor-
age is possible but is most likely to occur at the time of phle-
botomy or if the donor has bacteremia associated with 
unrecognized infection. Administration of a bacterially con-
taminated blood component may result in fever, tachycardia, 
hypotension, chills, vomiting, and diarrhea. In some patients 
septic shock, oliguria, and DIC can develop. Since platelets 
are stored at room temperature, which facilitates bacterial 
growth, bacteremia is 40 times more frequent following 
platelet administration than transfusion of refrigerated com-
ponents.

27.6.6  Post-transfusion Purpura

Post-transfusion purpura (PTP) is a rare disorder charac-
terized by severe thrombocytopenia 5–10 days after trans-
fusion in a patient sensitized by prior transfusion or 
pregnancy. In most cases, PTP follows administration of 
RBCs. The estimated risk is around 1 in 150,000 to 300,000 
red cell units. Patients usually recover spontaneously, 
although plasmapheresis, corticosteroids, and intravenous 
immune globulin may need to be administered. The patho-
genesis is unclear, but PTP is presumably related to the 
development of a platelet- specific antibody in patients who 
are deficient of a common platelet antigen (e.g., PLA-1) fol-
lowing transfusion.

27.6.7  Infections

 Bacterial Infection
Current risk estimates of bacterial infection are 1 per 2000 to 
8000 platelet units and 1 per 28,000 to 143,000 red cells units. 
Transfusion-associated sepsis is the most frequent cause of 
death from transfusion-transmitted infections and the sec-
ond most common cause of transfusion related death (20–30 
deaths/million units transfused) as reported to the FDA, rep-
resenting 17–22% of all reported fatalities (1 per 50,000–
500,000 units platelets and 1 per 8000,000 red cell units.) The 
most common bacteria implicated in sepsis from red blood 
cells are Yersinia enterocolitica (46%), Pseudomonas spp. 
(25%) and Serratia spp. (11%). The common organisms iden-
tified in platelet units implicated in transfusion-associated 
sepsis include Staphylococcus spp. (42%), Streptococcus spp.

 Hepatitis
Post-transfusion hepatitis may be evident clinically, but the 
majority of cases are subclinical. Introduction of testing for 
HCV in 1990 and subsequent implementation of an improved 
test have decreased the incidence of HCV. Current estimates 
are around 1 in 1,600,000 to 3,100,000 component units. It is 
estimated that up to 90% of infections become chronic, but 
clinical liver disease develops in only 10–20%. The incidence 
of transfusion-associated HBV, for which testing has been 
employed for many years, is estimated to be 1  in 31,000 to 
220,000.

 Human Immunodeficiency Virus, Types I and II
Testing for antibody to HIV-I and HIV-2 was implemented 
in 1985 and 1992 respectively. The most recent estimates of 
HIV infection are 1 in 1,478,000 to 4,700,000 units.

 Human T-Lymphotropic Virus, Types I and II
The transmission of HTLV-I/II by transfusion is limited to 
cellular blood components and data suggest that presence of 
viable lymphocytes is necessary for HTLV transmission. The 
estimated transfusion risk is 1in 1,900,000  units. Two dis-
eases are associated with HTLV-I infection albeit infre-
quently: (1) a chronic degenerative neurologic disease, 
HLTV-I-associated myelopathy (HAM) or tropical spastic 
paraparesis (TSP) characterized by progressive lower extrem-
ity weakness, spasticity, sensory deficits and urinary inconti-
nence; and (2) adult T-cell leukemia/lymphoma. The lifetime 
risk of developing overt neurologic or neoplastic disease is 
thought to be less than 4%.

 Cytomegalovirus
CMV can be transmitted by transfusion, but clinical disease 
in immunocompetent patients is rare. Infection can lead to 
life-threatening multisystem disease in immunocompro-
mised patients such as low-birth-weight infants and bone 
marrow or solid organ transplant recipients. Use of leukocyte- 
reduced or CMV-seronegative cellular blood components is 
recommended to prevent infection in patients at risk for 
CMV disease.
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 West Nile Virus
Recently, cases of transfusion-transmitted West Nile virus 
have been confirmed in the US.  Following these reports, 
nucleic acid testing for West Nile virus was widely imple-
mented in the US in 2003, which resulted in identification 
and removal of around 1000 potentially infected donations in 
the same year. Transmission may still occur, however.

27.6.8  Massive Transfusion

There are some variations in definition of massive transfu-
sion, however, the acute replacement of more than 1 blood 
volume or more than 10 units of PRBC within several hours 
are most widely used. Definitions accounting for the dynam-
ics of clinical situations, such as the transfusion of 4 or more 
red cell concentrate within 1 h when ongoing need is foresee-
able or the replacement of 50% of the total blood volume 
within 3  h, may be more appropriate. The most common 
clinical situation leading to massive transfusion is extensive 
trauma; but it also may occur in non-trauma settings during 
surgical procedures causing large blood loss. In trauma 
patients, the ideal solution to manage hypovolemia, anemia, 
and coagulopathy involves administration of fresh whole 
blood since this approach restores not only oxygen-carrying 
capacity but also hemostasis via maintenance of normal lev-
els of coagulation factors and platelets. Fresh whole blood, 
however, is very difficult to maintain by the blood bank due 
to logistical and testing issues. Blood transfusion in resuscita-
tion protocols for trauma victims is supported in the 
Advanced Trauma Life Support (ATLS) guidelines of the 
American College of Surgeons.

 Coagulopathy During Massive Bleeding
Massive bleeding and fluid resuscitation are frequently com-
plicated by coagulopathy; more often than not the etiology is 
multifactorial. Coagulation defects develop not only from 
dilution of platelets and coagulation factors when crystal-
loid, colloid, and red blood cells are used to replace lost vol-
ume, but also from hypothermia, tissue hypoperfusion with 
resultant lactic acidosis, and other trauma-related events 
(e.g., DIC triggered by release of tissue factor from apoptotic 
cells). Coagulopathy associated with massive transfusion is 
clinically characterized by the presence of microvascular 
bleeding or oozing from the mucosa, wound, and puncture 
sites. The development of acidosis, DIC, and hypothermia 
may parallel massive transfusion and complicate the ability 
to effectively manage the coagulopathy. Treatment of the 
coagulopathy should include restoration of systemic perfu-
sion, maintenance of normal temperature, resolution of 
acid-base abnormalities, and blood component therapy 
when supported by abnormal laboratory tests in the setting 
of active bleeding. Viscoelastic analysis of whole blood clot-
ting (thromboelastography, rotation thromboelastometry, 
and Sonoclot analysis) may be very useful in correction 
coagulation disturbances in trauma, liver transplantation, 
and cardiac surgical settings.

While thrombocytopenia may develop during massive 
transfusion, administration of platelets should be reserved 
for the patient exhibiting microvascular bleeding and a plate-
let count less than 50  ×  109/L.  Platelet transfusion may be 
necessary for patients with intermediate platelet counts (50–
100 × 109/L) if it is determined the risk for more bleeding is 
significant. FFP also should not be administered prophylacti-
cally; in the massively transfused patient, clinical bleeding 
associated with coagulation factor deficiencies is unlikely 
until factor levels fall below 20% of normal. In the clinical 
setting, this usually does not occur until greater than 1 blood 
volume has been replaced and the PT and PTT are greater 
than 1.5–1.8 times control values. Conversely, in a trauma 
patient with massive bleeding a rise in the PT may be a late 
sign that the patient is developing a severe dilutional coagu-
lopathy. In the event the PT and PTT cannot be obtained in a 
timely fashion, FFP may be administered for correction of 
microvascular bleeding in patients transfused with more 
than 1 blood volume.

For trauma patients presenting with exsanguinating 
hemorrhage, coagulopathy correction beginning with 
aggressive FFP administration early in pre-ICU phase may 
improve ICU resuscitation response and outcome. It may be 
appropriate to include the administration of PRBC, FFP, and 
platelets at fixed ratio in early (pre-ICU) resuscitation proto-
cols for bleeding trauma patients. It has to be emphasized 
that once bleeding is controlled and the patient is hemody-
namically stable, the transfusion of the blood products 
should be guided by bedside and laboratory tests.

 Hypothermia
Hypothermia (temperatures below 35 °C) is likely to occur 
during massive transfusion, therefore all blood products and 
intravenous fluids should be warmed to normal body tem-
perature. The potential effects of hypothermia include ven-
tricular dysrhythmias, shivering, increased oxygen 
consumption, cardiac arrest, and citrate toxicity secondary to 
reduced metabolism of citrate and lactate; ventricular 
arrhythmias progressing to fibrillation often occur at tem-
peratures close to 30  °C.  Hypothermia also contributes to 
coagulopathy: it causes a reversible platelet dysfunction, 
activity of the coagulation factors and enhances fibrinolysis. 
Hypothermia also prevents the activation of platelets via 
traction on the glycoprotein Ib/IX/V complex by von 
Willebrand factor. In clinical practice the contribution of 
hypothermia to coagulopathy may be overlooked because 
coagulation testing is usually performed at 37 °C. Warming 
of blood, as well as all other fluids during massive transfusion 
is essential to help prevent systemic hypothermia.

 Citrate Toxicity
Transfusion of large volumes of blood or blood products 
results in hypocalcemia due to calcium binding by the citrate 
preservative. Clinically significant hypocalcemia, causing 
cardiac depression, usually occurs when the transfusion rate 
exceeds 1 unit every 5  min. In such situations intravenous 
calcium preparations should be administered to restore nor-
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mal calcium level. Also because citrate is metabolized in the 
liver, patients with hepatic disease or dysfunction may dem-
onstrate hypocalcemia and require calcium infusion during 
massive transfusion.

 Acid-Base Balance
Although stored blood is acidic due to the citric acid antico-
agulant and accumulation of red cell metabolites (carbon 
dioxide and lactic acid), metabolic acidosis due to transfu-
sion is uncommon. However, acidosis interferes with the 
assembly of coagulation factor complexes involving calcium 
and negatively charged phospholipids. As a result, the activ-
ity of the factor Xa/Va prothrombinase complex is reduced 
by 50%, 70%, and 80% at pHs of 7.2, 7.0, and 6.8, respectively. 
The resulting delayed production and reduced concentra-
tions of generated thrombin lead to delayed fibrin produc-
tion, altered fibrin structure, and increased susceptibility to 
fibrinolysis. Citric acid and lactic acid are rapidly metabo-
lized to bicarbonate by the liver in patients with liver dys-
function or undergoing liver transplantation accumulation 
of citric and lactic acid is possible due to decreased metabo-
lism. In the situation of massive blood transfusion, acid-base 
status is largely dependent upon tissue perfusion, rate of 
blood transfusion, and citrate metabolism. Once normal tis-
sue perfusion is restored, metabolic acidosis typically 
resolves, and metabolic alkalosis commonly occurs as citrate 
and lactate are converted to bicarbonate by the liver.

 Hyperkalemia
As blood ages, the extracellular concentration of potassium 
steadily increases. The amount of extracellular potassium 
transfused with each unit is usually less than 4 mEq per unit 
transfused. However, hyperkalemia can develop regardless 
of the age of the blood when transfusion rates exceed 
100 mL/min.

27.6.9  Transfusion-Related Acute Lung 
Injury

At a death rate of 30–40 deaths per million units transfused, 
transfusion-related acute lung injury (TRALI) is currently 
the leading cause of transfusion-related death. Clinical pre-
sentation of TRALI, in its severe form, is indistinguishable 
from adult respiratory distress syndrome (ARDS) and is 
characterized by acute onset (within minutes to 1–2 h after 
transfusion), bilateral pulmonary infiltrates, and hypoxia 
without evidence of congestive heart failure (CHF). 
However, some specific dissimilarities between the 2 entities 
exist: in comparison to ARDS, TRALI is characterized by a 
much shorter time interval between exposure to the precipi-
tating risk factor (transfusion) and onset of clinical manifes-
tations. TRALI resolves much faster and has a lower 
mortality rate when compared to ARDS.  TRALI usually 
develops within 6 h (most often less than 2 h) of a transfu-
sion, usually resolves within 24–48  h, and has a mortality 
rate of approximately 5–10%; whereas, ARDS does not usu-

ally develop until at least 24 h after exposure to 1 of the pre-
cipitating factors, has a duration often longer than 72 h, and 
a mortality approaching 30–60%. Because of increasing 
awareness and identification of TRALI and reductions in the 
incidence of infectious and hemolytic complications of 
transfusions, TRALI is now a primary cause of transfusion-
associated mortality reported to the FDA. It can occur after 
the transfusion of a variety of blood components such as red 
blood cells, platelets and FFP but is most often seen after 
transfusion of the plasma- containing blood components 
such as FFP and platelets [11].

Most cases of TRALI are due to passive transfer of donor- 
related anti-leukocyte antibodies directed at HLA or 
granulocyte- specific antigens on the patient’s leukocytes. 
This promotes priming and activation of a patient’s granulo-
cytes leading to their pulmonary sequestration and release of 
proteases, oxidants, and leukotrienes, which cause alveolar 
epithelial and microvascular endothelial damage resulting in 
increased permeability and ultimate development of non- 
cardiogenic pulmonary edema. The 2-hit model of the spe-
cific causative agent in the blood component is unknown, 
although there is growing evidence implicating bioactive fac-
tors or white cell priming lipids: CD40 ligand released by 
platelets or several reactive lipid-like substances accumulat-
ing in red blood cells or platelets during storage. These com-
pounds are referred to as biological response modifiers 
(BRM); the first insult or hit is generally systemic inflamma-
tory condition secondary to major surgery, sepsis, trauma, or 
pulmonary aspiration that causes activation of the pulmo-
nary endothelium and polymorphonuclear lymphocytes 
(PMN) priming leading to their sequestration in the pulmo-
nary vasculature. The second hit occurs when the primed 
PMNs are activated by the BRM in the transfused compo-
nent. Therapy for TRALI is generally supportive and includes 
administration of high FIO2, endotracheal intubation with 
mechanical ventilatory support in at least 70% of patients 
and either volume or vasopressor support of hemodynamics. 
The patient, however, is not at an increased risk of future 
TRALI reactions with future transfusion [11].

27.6.10  Transfusion-Related Circulatory 
Over load

Transfusion-related circulatory overload (TACO) has 
become a more frequently recognized clinical entity, and the 
most recent estimates suggest incidence rates as high as 11%. 
TACO has been implicated in 2–27% of the  transfusion- related 
fatalities reported to the FDA, making it the second leading 
cause of transfusion-related death after TRALI.  The actual 
incidence of perioperative TACO remains poorly defined 
and is likely much greater than that currently reported in 
other patient populations. Not only does this failure to appre-
ciate TACO events contribute to our incomplete understand-
ing of TACO epidemiology, but it may also result in 
suboptimal care delivery and unfavorable outcomes for 
patients.
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According to the Biovigilance Component of the Centers 
for Disease Control (CDC) National Healthcare Safety 
Network, the following diagnostic criteria should be met to 
diagnose TACO—new onset or exacerbation of ≥3 of the fol-
lowing within 6 h of transfusion [12, 13]:

 5 Acute respiratory distress (dyspnea, orthopnea, cough)
 5 Evidence of positive fluid balance
 5 Increased brain natriuretic peptide (BNP)
 5 Radiographic evidence of pulmonary edema
 5 Evidence of left heart failure
 5 Increased central venous pressure (CVP)

27.6.11  Transfusion-Associated Graft-
Versus- Host Disease

Transfusion-associated graft-versus-host disease (TA- 
GVHD) occurs when immunocompetent donor lympho-
cytes are transfused to an HLA-incompatible recipient or 
host (e.g., immunocompromised patients or patients receiv-
ing a blood donation from a relative) who is immunologi-
cally incapable of eliminating the donor cells. Among the 
immunocompromised patients at risk are individuals with 
congenital cell-mediated immunodeficiencies or Hodgkin’s 
disease, recipients of bone marrow transplants, and patients 
receiving immunosuppressive therapy. Immunocompetent 
recipients of directed donations from biologic relatives may 
also develop TA-GVHD. Clinical manifestations are usually 
evident within 8–10  days after transfusion and include 
fever, skin rash, diarrhea, liver dysfunction, and pancytope-
nia, and death usually occurs within 3–4 weeks as related to 
bone marrow failure. Irradiation of blood components vir-
tually eliminates the risk of TA-GVHD in susceptible 
patients.

27.6.12  Immunomodulation

The beneficial immunomodulatory effects of allogeneic 
transfusion in improving renal allograft survival have been 
known for many years, but considerable controversy exists 
regarding the question of adverse immunomodulatory 
effects related to transfusion. Numerous retrospective 
reports have suggested an increased incidence of postopera-
tive infection and earlier recurrence of resected malignan-
cies in transfused patients, but the same notion has not been 
confirmed by the available controlled trials. Critical evalua-
tion of the reports has led some investigators to question 
whether transfusion causes these deleterious effects or 
whether the adverse effects are related to factors such as the 
need for transfusion of blood products. The donor leuko-
cytes are the prime suspect in immunomodulation, and it 
has been indicated that leukoreduction may decrease post-
operative infections in certain patient groups especially 
those undergoing cardiac surgery [14].

 Transfusion-Related Immunomodulation
The concept of transfusion-related immunomodulation 
(TRIM) has been developed in an attempt to explain numer-
ous clinical observations suggesting that RBC transfusion is 
associated with increased proinflammatory and/or immuno-
suppressive effects. These changes in immune system poten-
tially may increase morbidity in some patient groups. It 
seems that the predominant mechanism of TRIM is likely 
related to an interplay of transfusion effects with the genetic 
predisposition and the current illnesses of the patient. TRIM 
has been associated with alterations in immune function in 
allogeneic transfusion recipients, including: decreased helper 
to suppressor T-lymphocyte ratio, decreased NK cell func-
tion, defective antigen presentation, and reduction in cell- 
mediated immunity [14].

Platelets and vascular endothelial cells also potentially 
contribute to the “response” as both cell types are highly 
responsive to inflammatory signals and when activated 
release significant quantities of potent bioactive mediators.

The “2-insult” model of post-transfusion injury proposes 
that the first insult (ie, the patient’s underlying inflammatory 
condition) primes the patient’s immune cells or endothe-
lium, and frank inflammation is triggered by a second 
inflammatory insult—transfusion—resulting in full-scale 
activation.

27.7  Questions and Answers

 ?Questions (Choose the most Appropriate Answer)
1. All are advantages of whole blood transfusion 

except:
 A. Provides of all blood components
 B. Increases exposure to multiple donors
 C. May be better for resuscitation of trauma victims
 D. It is less expensive compared to component 

therapy
2. A type and screen (T&S) consists of:

 A. Typing the patient’s red cells for ABO and Rh 
blood groups

 B. Takes approximately 10 min to perform
 C. Cross match
 D. Screening patient’s serum for ABO antibody only

3. Transfusion of red blood cells is indicated:
 A. In symptomatic patients to restore intravascular 

volume
 B. In symptomatic patients to restore oxygen 

carrying capacity
 C. In patients with active bleeding
 D. When the hematocrit is below 26

4. Massive transfusion of Red Blood Cells can result in:
 A. Hyperkalemia
 B. Hypocalcemia
 C. Hypothermia
 D. All above
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5. Platelets concentrate…
 A. Should be stored at room temperature
 B. Should be refrigerated
 C. Is indicated only when platelet count is below 

50 k/dL
 D. Should be transfused through fluid warmer

6. Cryoprecipitate is indicated…
 A. For fibrinogen replacement therapy
 B. To restore adequate level of factor VIII
 C. To correct R time on TEG
 D. All above

7. The FDA recommends avoiding HES in…
 A. Patients undergoing organ transplant
 B. Patients undergoing elective surgery
 C. Non -critically ill adult patients
 D. Septic patients requiring ICU care

8. Complications of transfusion include:
 A. Febrile reactions
 B. Allergic and anaphylactic reactions
 C. Bacterial contamination
 D. All of the above

9.  Transfusion-related acute lung injury (TRALI)…
 A. Is currently the leading cause of transfusion-

related death
 B. Is a form of congestive heart failure
 C. Usually develops within days after transfusion
 D. It can only develop after transfusion of platelets

 10. Diagnostic criteria for Transfusion-Related 
Circulatory Overload (TACO) include all except:
 A. Acute respiratory distress (dyspnea, orthopnea, 

cough)
 B. Evidence of positive fluid balance
 C. Evidence of left heart failure
 D. Anuria

 v Answers
 1. B. Increased exposure to multiple donors is not an 

advantage of whole blood transfusion. Exposure 
to various complications of transfusion can be 
increased as the number of donor exposures 
increases.

 2. A. A type and screen (T&S) consists of a group of 
tests performed on a patient’s blood specimen, It 
includes typing the patient’s red cells for ABO and Rh 
blood groups and screening the patient’s plasma or 
serum for the presence of unexpected non-ABO anti-
bodies. ABO group, Rh type and antibody detection 
screening take approximately 45 min to perform. If 
the antibody screen is negative and the patient has 
no past history of unexpected antibodies, the patient 
may receive red blood cells (RBCs) that are tested for 
ABO compatibility by performing an immediate spin 
crossmatch or an electronic/computer crossmatch. 
ABO- and Rh-compatible blood is selected from 
the inventory and issued within 5–10 min following 

immediate spin crossmatch or computer/electronic 
crossmatch. If the antibody screen is positive, the 
unexpected antibody or antibodies must first be 
identified before antigen negative-compatible RBC 
units can be found and then crossmatched—all of 
which usually takes several hours.

 3. B. Transfusion of red blood cells is only indicated for 
raising the oxygen-carrying capacity, although RBCs 
also provide volume when given to patients acutely 
hemorrhaging.

 4. D. Massive transfusion of red blood cells can result 
in hyperkalemia, hypocalcemia, and hypothermia:

 5 Hyperkalemia - As blood ages, the extracellular 
concentration of potassium steadily increases. 
The amount of extracellular potassium trans-
fused with each unit is usually less than 4 mEq 
per unit transfused. However, hyperkalemia 
can develop regardless of the age of the blood 
when transfusion rates exceed 100 mL/min.

 5 Hypocalcemia - Transfusion of large volumes 
of blood or blood products results in hypocal-
cemia due to calcium binding by the citrate 
pre servative. Clinically significant hypocalce-
mia, causing cardiac depression, usually occurs 
when the transfusion rate exceeds 1 unit every 
5 min. In such situations intravenous calcium 
preparations should be administered to restore 
normal calcium level. Also because citrate is 
metabolized in the liver, patients with hepatic 
disease or dysfunction may demonstrate hypo-
calcemia and require calcium infusion during 
massive transfusion.

 5 Hypothermia - Hypothermia (temperatures 
below 35 °C) is likely to occur during massive 
transfusion therefore all blood products and 
intravenous fluids should be warmed to nor-
mal body temperature. The potential effects of 
hypothermia include ventricular dysrhythmias, 
shivering, increased oxygen consumption, 
cardiac arrest and citrate toxicity secondary 
to reduced metabolism of citrate and lactate; 
ventricular arrhythmias progressing to fibril-
lation often occur at temperatures close to 
30 °C. Hypothermia also contributes to coagu-
lopathy: it causes a reversible platelet dysfunc-
tion, activity of the coagulation factors and 
enhances fibrinolysis. Hypothermia also prevents 
the activation of platelets via traction on the 
glycoprotein Ib/IX/V complex by von Willebrand 
factor. In clinical practice the contribution of 
hypothermia to coagulopathy may be over-
looked because coagulation testing is usually 
performed at 37 °C. Warming of blood, as well 
as all other fluids during massive transfusion is 
essential to help prevent systemic hypothermia.
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 5. A. Platelets should be stored at room temperature 
(20–24 °C) for up to 5 days with continuous gentle 
agitation to prevent platelet aggregation. All platelet 
products should be tested for bacterial contamina-
tion prior to transfusion.

 6. A. Cryoprecipitate is used primarily to augment 
fibrinogen levels depleted because of massive 
hemorrhage or disseminated intravascular coagu-
lopathy (DIC). Rarely, it is used for the treatment 
of congenital or acquired Factor XIII deficiency. 
For fibrinogen replacement therapy, one unit of 
cryoprecipitate per 10 kg body weight increases 
plasma fibrinogen by approximately 50–70 mg/
dL in the absence of continued consumption or 
massive bleeding. The minimum hemostatic level 
of fibrinogen is less than or equal to 80–100 mg/
dL, but many experts regard that minimal level as 
too low. The national guidelines in Germany and 
Austria recommend higher levels of 150–200 mg/
dL in concordance with the Task Force of Advanced 
Bleeding Care in trauma and the European recom-
mendations in perioperative bleeding. Because 
cryoprecipitate does not contain Factor V, it should 
not be the sole replacement therapy for dissemi-
nated intravascular coagulopathy (DIC), which is 
almost always associated with a variety of factor 
deficiencies and thrombocytopenia. Hence, fresh 
frozen plasma also needs to be administered along 
with platelet concentrates in those settings where 
a coagulopathy secondary to DIC is likely occur-
ring.

 7. D. The US Food and Drug Administration recom-
mends avoiding hydroxyethyl starch (HES) in septic 
patients requiring the intensive care unit. Evidence 
suggests that the use of HES in critically ill patients 
(including septic patients) increases the chance of 
renal injury and the requirement of renal replace-
ment therapy (RRT) when compared to crystalloids. 
This effect has also been observed in patients with 
sepsis requiring critical care and has also been 
found to increase mortality irrespective of the need 
for RRT.

 8. D. Complications of transfusion include febrile 
reactions, allergic and anaphylactic reactions, and 
bacterial contamination:

 5 Fever is associated with several types of transfu-
sion reactions and may be the first indication 
of either a hemolytic transfusion reaction (HTR) 
or administration of a bacterially contaminated 
blood component. In general transfusion 
should be stopped and the cause investigated 
when a rise in temperature of 1 °C or greater 
develops in association with blood transfusion 
and is not explained by the patient’s clinical 
condition.

 5 Allergic, anaphylactoid, and anaphylactic reac-
tions involve interaction between an allergen 
(usually a protein in the plasma of the transfused 
blood component to which the recipient was pre-
viously sensitized) and immunoglobulin E (IgE) 
antibody present on the surface of mast cells and 
basophils in the tissues and circulation of the 
recipient. The antigen-antibody interaction takes 
place on the surface of the cells, activating them 
and causing release of various mediators of ana-
phylaxis (leukotriennes, histamine, bradykinin) 
that cause the signs and symptoms characteristic 
of the reactions. The severity ranges from mild 
urticaria to bronchospasm, laryngeal edema, 
severe hypotension, and possibly death.

 5 Bacteria present in stored blood can grow and may 
produce toxins. Contamination during collection, 
processing or storage is possible but is most likely 
to occur at the time of phlebotomy or if the donor 
has bacteremia associated with unrecognized infec-
tion. Administration of a bacterially contaminated 
blood component may result in fever, tachycardia, 
hypotension, chills, vomiting, and diarrhea. In some 
patients septic shock, oliguria and DIC can develop. 
Since platelets are stored at room temperature 
which facilitates bacterial growth, bacteremia is forty 
times more frequent following platelet administra-
tion than transfusion of refrigerated components.

 9. A. At a death rate of 30–40 deaths per million units 
transfused, transfusion-related acute lung injury (TRALI) 
is currently the leading cause of transfusion- related 
death. It can occur after the transfusion of a variety of 
blood components such as red blood cells, plateletsm 
and fresh frozen plasma (FFP) but is most often seen 
after transfusion of the plasma-containing blood com-
ponents such as FFP and platelets. Clinical presentation 
of TRALI, in its severe form is indistinguishable from 
adult respiratory distress syndrome (ARDS) and is char-
acterized by acute onset (within minutes to 1–2 h after 
transfusion), bilateral pulmonary infiltrates, and hypoxia 
without evidence of congestive heart failure.

 10. D. Anuria is not among the diagnostic criteria for trans-
fusion-related circulatory overload (TACO). According to 
the Biovigilance Component of the Centers for Disease 
Control (CDC) National Healthcare Safety Network, the 
following diagnostic criteria should be met to diagnose 
TACO: new onset or exacerbation of ≥3 of the following 
within 6 h of transfusion:

 5 Acute respiratory distress (dyspnea, orthopnea, 
cough)

 5 Evidence of positive fluid balance
 5 Increased brain natriuretic peptide (BNP)
 5 Radiographic evidence of pulmonary edema
 5 Evidence of left heart failure
 5 Increased central venous pressure (CVP)
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Key Points
 1. Anterior nosebleeds are the most common com-

plication; 90% of them occur within the vascular 
watershed area of the nasal septum, known as Kies-
selbach’s plexus.

 2. The incidence of dental trauma in association with 
anesthesia is greater than 1:2073. Maxillary upper 
incisors are most likely to be injured, with a majority 
of injuries occurring during the laryngoscopy.

 3. Damage to pharynx, larynx, trachea, and esophagus 
is usually associated with the use of a laryngoscope, 
endotracheal tube, oropharyngeal/nasopharyngeal 
airway, laryngeal mask airway (LMA) or other supra-
glottic airway device, insertion of a nasogastric tube, 
and overzealous use of a suction catheter.

 4. The most common etiology of corneal abrasion is 
simple drying of the corneal surface. It has been 
reported that dehydration of the cornea is demon-
strable after 10 min of exposure without blinking. 
General anesthesia is associated with a significant 
reduction in tear production, which exacerbates the 
problem.

 5. The main cause of postoperative visual loss (POVL) 
is ischemic optic neuropathy (ION) that happens in 
83% of cases during spinal surgeries. Posterior ION 
(PION) occurs more often than anterior ION (AION).

 6. The most common complication related to a central 
venous catheter during a closed claim study is a wire 
or catheter embolus followed by cardiac tamponade, 
carotid artery puncture/cannulation, hemothorax, 
and pneumothorax.

 7. According to the American Society of Anesthesiolo-
gists (ASA) closed claims database, the most frequent 
sites of nerve injury are the ulnar nerve (28%), bra-
chial plexus (20%), lumbosacral nerve roots (16%), 
and spinal cord (13%).

 8. The National Institute for Occupational Safety and 
Health (NIOSH) recommended that waste anesthetic 
exposure should not exceed 2 PPM of halogenated 
agents when used alone, or 0.5 PPM of halogenated 
agents and 25 PPM of nitrous oxide.

 9. Hypothermia is the most common perioperative 
temperature disturbance that results from a combi-
nation of exposure to a cold operating room environ-
ment and anesthetic-impaired thermoregulation.

10. Most perioperative bronchospasms occur during 
induction and maintenance of anesthesia, and it is 
less commonly encountered during emergence and 
recovery time.

11. The mechanisms of anaphylaxis involve either an 
immunologic or non-immunologic reaction.

12. Most perioperative aspirations happen immediately 
after induction of anesthesia; however, pulmonary 
aspiration can occur prior to induction due to 
trauma, active vomiting, or preoperative sedation; 

it also can occur after extubation in the post-
anesthesia care unit (PACU), secondary to depressed 
consciousness from residual anesthetic effect. Silent 
aspiration can occur even while the patient is intu-
bated with cuffed endotracheal tube.

28.1  Introduction

Modern anesthesia has become safer for patients. However, 
anesthesia-related complications still exist and can expose 
patients to life-threatening situations. This chapter covers 
common complications encountered during anesthesia prac-
tice. Those complications include: anesthesia-related trauma, 
health concern due to anesthesia exposure, perioperative 
temperature disorder, respiratory-related adverse events 
(bronchospasm, laryngospasm, obstructive pulmonary 
edema), anaphylaxis, and aspiration of gastric contents. 
Emphasis is put on etiology, prevention, and treatment of 
each complication associated.

28.2  Anesthesia-Related Trauma

Trauma to patients from anesthesia practice is not uncom-
mon; airway and dental trauma as a result from a laryngos-
copy and endotracheal tube or laryngeal mask airway (LMA) 
placement, peripheral neuropathy due to peripheral nerve 
blocks and inappropriate positioning during surgery, vascu-
lar access injuries, and burn injuries are described as follows.

28.2.1  Epistaxis

Epistaxis during anesthesia is a consequence of damage to 
the nasal mucosa, polyps, turbinates, or other tissues, due to 
instrumentation in the nasopharynx. Depending on the 
bleeding site, epistaxis can be classified as an anterior or pos-
terior bleed.

Anterior nosebleeds are the most common. Ninety per-
cent of them occur within the vascular watershed area of the 
nasal septum, known as Kiesselbach’s plexus [1]. Anastomosis 
of 3 primary vessels occur in this area: (1) the septal branch 
of the anterior ethmoidal artery, (2) the lateral nasal branch 
of the sphenopalatine artery, and (3) the septal branch of the 
superior labial branch of the facial artery.

Posterior epistaxis arises from the posterolateral branches 
of the sphenopalatine artery, but may also arise from branches 
of the carotid artery.

 Prevention
Vasoconstrictors, such as phenylephrine, should be used to 
shrink the mucosa of both nasal cavities before passage of the 
nasopharyngeal temperature probe/airway/endotracheal 
tube. A small sized endotracheal tube with a diameter no 
larger than 7.5 mm for men and 7.0 mm for women should 
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be chosen and be warmed before insertion. The tube should 
be passed directly back along the floor of the nose, as opposed 
to cephalad. Resistance may be overcome in the nasal passage 
by gentle rotation and use of a narrower tube. If not, insertion 
in the other nasal cavity should be tried. The risk of damage 
to nasal mucosa may be reduced if a flexible fiberoptic scope 
is used to view the nasal cavity.

 Treatment
Nasal bleeding usually responds to first-aid measures, such as 
compression. This can be achieved by grasping the alae dis-
tally and pinching them tightly against the septum, such that 
the mucosal surfaces are tightly apposed. Pressure should be 
maintained in this position continuously for 10–15  min 
without checking to see if the bleeding has stopped.

When epistaxis does not respond to simple measures, the 
source of the bleeding should be located and treated appro-
priately. Treatments to be considered include: topical vaso-
constriction (oxymetazoline, phenylephrine), nasal packing 
(nasal tampon or gauze impregnated with petroleum jelly), 
posterior gauze packing, use of a balloon system (including 
a modified Foley catheter), electric cautery, and arterial liga-
tion or embolization. Consultation from an otolaryngologist 
is appropriate when bleeding is refractory, and complica-
tions (such as persistent bleeding) lead to hemodynamic 
instability, or specialized treatment (balloon placement, 
arterial ligation, angiographic arterial embolization) is 
required.

28.2.2  Dental Trauma

The incidence of dental trauma in association with anesthe-
sia is greater than 1:2073 [2]. Maxillary upper incisors are 
most likely to be injured, with a majority of injuries occur-
ring during the laryngoscopy. Dental injuries can also be 
caused by insertion, removal, and biting of the airway devices. 
These are common in patients who had difficult intubations 
in the past, have periodontal disease, have fixed dental work, 
and in small children with loose teeth.

 Prevention
Preexisting dental conditions should be accurately docu-
mented, and the risk of dental injury should be discussed 
with the patient and family members during the periopera-
tive period. Dental protection devices should be considered 
during the laryngoscopy, but keeping in mind that they may 
also hinder visualization. Use of alternative intubating equip-
ment (trachlight/video laryngoscope) can help to minimize 
dental trauma.

 Management
An immediate dental consultation should be sought when 
dental trauma is suspected. Serious injuries include sublux-
ation, fracture, and avulsion of the teeth. If a fragment of 
tooth or restoration is displaced, it should be retrieved. 
Fluoroscopic pictures should be obtained to ensure no frag-

ments are retained in the airway or in the lungs (antero-pos-
terior [AP], lateral view). If replantation is planned within an 
hour, completely avulsed teeth should be saved in moist 
gauze or in normal saline.

28.2.3  Pharynx, Larynx, Trachea, and 
Esophagus Injuries

The most frequent sites of airway injury are the larynx (33%), 
pharynx (19%), esophagus (18%), trachea (15%), and tem-
poromandibular joint (10%) according to an American 
Society of Anesthesiologists (ASA) closed claim study [3]. 
Damage is usually associated with the use of a laryngoscope, 
endotracheal tube, oropharyngeal/nasopharyngeal airway, 
LMA, or other supraglottic airway device, insertion of a 
nasogastric tube, and overzealous use of a suction catheter.

Laryngeal Injuries vocal cord paralysis, granuloma, aryte-
noid dislocation and hematoma.

Pharyngeal Injuries pharyngeal perforation, contusions, 
localized infection, sore throat and miscellaneous injuries (for-
eign body, burn, hematoma, diminished taste sensation). All 
claimed deaths due to a pharyngeal injury were related to the 
development of mediastinitis, which occurred from perfora-
tion.

Esophageal Injuries Esophageal perforation usually occurs 
from esophageal intubation or placement of a nasogastric tube, 
use of an esophageal dilator or esophageal stethoscope, or a 
laryngoscope placed by the surgeon for conduct of surgery. 
Perforation of the esophagus is associated with poor outcomes, 
including delayed onset of subcutaneous emphysema, pneu-
mothorax, fever, or sepsis may be present.

Tracheobronchial Injuries Perforation or rupture (as evi-
denced by a cough, sore throat, fever, dysphagia dyspnea when 
mediastinitis or pneumonia develop), granuloma, stenosis, 
and tracheomalacia.

Temporomandibular Joint Injuries Pain and/or dislocation.

 Prevention
Prevention results from gentleness and avoiding repeated use 
of techniques, particularly blind ones, when they prove to be 
ineffective. Unfamiliar techniques should not be used for the 
first time in an emergency situation.

 Treatment
A high index of suspicion by the anesthesiologist and early 
signs of injury should be sought with vigilance. In esopha-
geal/tracheal perforations, signs and symptoms may be 
delayed. Supportive management and appropriate consults 
with an ear-nose-throat (ENT), thoracic surgery, and other 
surgical specialties during the perioperative period must be 
done.
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28.2.4  Eyes

Eye injuries range from simple corneal abrasion to blindness. 
They account for approximately 3% of cases reported in the 
closed claims database of the American Society of 
Anesthesiologists.

 Corneal Abrasion
Corneal abrasion is the most common ocular complication 
following general anesthesia, accounting for approximately 
35% of claims related to ocular injuries. In approximately 16% 
of the claims, corneal abrasions resulted in permanent injury.

Potential causes of injury are chemical injury (skin anti-
septic solutions); direct trauma during the anesthesia; pres-
sure from the surgeon, anesthetist, or instruments; injury 
from insertion of lubricant; and self-infliction (most associ-
ated with eye rubbing).

Pathophysiology
The most common etiology is simple drying of the corneal 
surface. It has been reported that dehydration of the cornea is 
demonstrable after 10  min of exposure without blinking. 
General anesthesia is associated with a significant reduction 
in tear production, which exacerbates the problem.

Clinical Presentation
It typically presents with acute ocular pain accompanied by 
the sensation of a foreign body in the eye. Other manifesta-
tions include photophobia, tearing, blurred vision, and 
blepharospasm.

Prevention
Unanimously accepted methods to prevent corneal abrasions 
during anesthesia are lacking:
 1. The efficacy of eye ointment probably depends on the 

specifics of the ointment used. Petroleum- based oint-
ments are associated with patient complaints regarding 
blurred vision and decreased visual acuity, which may 
stimulate rubbing of the eyes, subsequently causing a 
self-inflicted corneal abrasion. Methylcellulose drops 
are less likely to be associated with these complaints but 
have been reported to virtually “glue” the patient’s eye-
lids together.

 2. Hypoallergenic paper tape can be used to secure the 
patient’s eyelids together, but even this approach has the 
potential to induce a corneal injury during removal.

 3. Eyepads and goggles have been advocated, but there is 
no guarantee that the eyelids remain closed, and it has 
been suggested that the presence of the eyepad increases 
the risk of a corneal abrasion if the eyelids should open 
during the anesthetic period.

Treatment
This involves immediate consultation and confirmation of 
the diagnosis by ophthalmologic examination, which typi-
cally involves a slit lamp examination after instillation of 
fluorescein. Topical application of non-steroidal anti-inflam-

matory drugs (NSAIDs) reduces patient pain. Topical use of 
antibiotics and steroids are not recommended [4].

 Postoperative Visual Loss
Postoperative visual loss (POVL) is a rare but devastating 
complication. Patients undergoing spine and cardiac surgery 
are at a higher risk of POVL.  The incidence is about 
3.09/10,000 to 9.4/10,000 in spinal surgical patients [5], while 
the cardiac surgical patient has an incidence of 6/10,000 to 
8.64/10,000 [5]. POVL has recently been reported to have 
occurred in a patient who underwent robotic-assisted pros-
tatectomy in the steep Trendelenburg position. Since the 
majority of reported POVL cases (67%) occurred in spine 
surgeries [6], our focus will be on POVL in spinal surgery in 
the prone position.

Types of POVL and Clinical Presentation
The main cause of POVL is ischemic optic neuropathy (ION), 
which happens in 83% of cases during spinal surgeries [6]. 
Posterior ION (PION) occurs more often than anterior ION 
(AION). Other causes include central retinal artery occlu-
sion (CRAO) and cortical blindness.

 5 PION: The most common form of POVL is PION that 
results from infarction of the optic nerve posterior to 
the lamina cribrosa. It manifests as a sudden onset of 
painless vision loss and can affect both eyes in two-third 
of cases. In patients with PION, physical exams shows 
poor pupil reaction to light, no light perception, central 
scotomas, and altitudinal vision defect. However, a fun-
doscopic exam is initially normal but optic nerve pallor 
and atrophy appear 4–6 weeks later.

 5 AION: It occurs at the optic nerve head anterior to the 
lamina cribrosa and happens primarily after cardiac 
and spine surgery. Patients with AION more often 
present with vision loss after a period of normal vision. 
Examination shows poor pupillary reaction to light, 
complete blindness, altitudinal field defect, and central 
scotomas. A funduscopic exam reveals a swollen optic 
disc with or without peripapillary hemorrhage at the 
optic disc margin.

 5 CRAO: It unilaterally occurs in the affected eye and is 
associated with periorbital trauma in surgeries done 
in the prone position. Patients complain of vision loss 
after waking from anesthesia, and a funduscopy reveals 
retinal whitening and pathognomonic cherry red spots 
in the macula.

 5 Cortical Blindness: It can occur in patients with a high 
risk of emboli to posterior cerebral arteries.

Risk Factors
The mechanisms that cause ION remain unclear. However, 
decreased optic nerve perfusion due to increased interstitial 
fluid accumulation and venous outflow reduction in the 
globe has been hypothesized to be the mechanism of ION 
[7]. A POVL study group in 2012 has identified risk factors 
that are contributory in spinal surgery patients [7]. The male 
sex, obesity, use of a Wilson frame, a long anesthesia time, 
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greater estimated blood loss, and decreased percent colloid 
administration are risk factors. Anemia and hypotension 
were not confirmed to be risk factors of POVL in this study.

Prevention and Perioperative Management
To enhance the awareness, and to reduce frequency of POVL 
associated to spine surgery, the ASA published a practice advi-
sory on POVL in 2006 and an updated version in 2012 [8]. 
Patients who undergo spine surgery in position prone and 
those who have long procedures and experience substantial 
blood losses are at high risk. High-risk patients should be 
identified preoperatively and POVL risk should be discussed 
with these patients. Intraoperatively, a patient’s head should 
be positioned at or above the level of the heart whenever pos-
sible, and be maintained in neutral position. Direct compres-
sion of globes, hypotension, and severe anemia (hematocrit 
[HCT] < 28) should be avoided. Staging procedures may be 
considered in patients who have experienced significant blood 
loss. Colloid along with crystalloid is recommended for fluid 
resuscitation. Postoperatively, the anesthesiologists should 
check a high-risk patient’s vision and be vigilant to its occur-
rence. An urgent ophthalmology consult should be obtained if 
any visual loss presents postoperatively. Patient hemodynam-
ics and head position should be optimized until the patient is 
seen by an ophthalmologist. Consideration for magnetic reso-
nance imaging (MRI) and computed tomography (CT) scan 
of the head to rule out intracranial causes should be taken.

28.2.5  Vascular Complications

 Central Venous Access
Patient injuries from mechanical, infectious, and thrombotic 
complications are estimated to occur in more than 15% of patients 
in whom central venous catheters are used. Complications of 
central venous access and pulmonary artery catheter (PAC) are 
shown in . Boxes 28.1 and 28.2 respectively.

The most common complication related to a central cath-
eter during a closed claim study is a wire or catheter embolus 
followed by cardiac tamponade, carotid artery puncture/can-
nulation, hemothorax, and pneumothorax. The other com-
plications involve hydrothorax/pleural effusion, fluid 
extravasation in the neck, air embolism, pulmonary artery 
rupture, a miscellaneous vessel injury (arteriovenous fistula, 
aorta injury, and subclavian artery injury resulting in arterial 
thrombosis, arterial aneurysm, and neck hematoma) or a 
non-vessel injury (phrenic nerve palsy and atrial fibrillation).

Prevention of complications related to central venous 
access [9]:

 5 Choice of Insertion Site – Internal jugular (IJ) and 
subclavian venous catheterization carry similar risks of 
mechanical complications. Subclavian catheterization is 
more likely than IJ catheterization to be complicated by 
pneumothorax and hemothorax, whereas IJ catheteriza-
tion is more likely to be associated with an arterial punc-

ture. Hematomas and arterial punctures are common 
during femoral venous catheterizations. Selection of the 
subclavian site appears to reduce the risk of infectious 
complications. Subclavian venous catheterization carries 
the lowest risk of catheter-related thrombosis.

 5 Insertion Technique
1. Preparation: One should use maximal sterile-barrier 

precautions, including a mask, a cap, a sterile gown, ster-
ile gloves, and a large sterile drape to reduce infection.

2. Minimize the number of insertion attempts, since the 
incidence of mechanical complications after 3 or more 
insertion attempts is six times the rate after 1 attempt.

3. Use of ultrasound guidance: The use of ultrasound 
guidance has been promoted as a method for reduc-
ing the risk of complications during central venous 
catheterization.

Box 28.1 Complications of Central Venous Access
 5 Mechanical:

1. Vascular injuries: Arterial puncture, hemotho-
rax, cardiac tamponade

2. Respiratory compromise: Airway compression 
from a hematoma, tracheal and laryngeal 
injury, pneumothorax

3. Nerve injury
4. Arrhythmias
5. Subcutaneous/mediastinal emphysema

5 Thromboembolic:
5 Venous thrombosis, pulmonary embolism, 

arterial thrombosis and embolism (air, clot), 
catheter or guidewire embolism

 5 Infectious:
5 Insertion site infection, catheter infection, 

bloodstream infection, endocarditis
 5 Misinterpretation of data
 5 Misuse of equipment

Box 28.2 Complications of Pulmonary Artery 
Catheter Use
5 During catheterization:

5 Arrhythmias, ventricular fibrillation, right 
bundle branch block, and complete heart block

5 Catheter residence:
5 Catheter knots, thromboembolis, pulmonary 

infarction, infection, endocarditis, endocardial 
damage, cardiac valve injury, pulmonary artery 
rupture (0.02–0.2%), and pulmonary artery 
pseudoaneurysm

5 Misinterpretation of data
5 Misuse of equipment
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4. Pressure transduction of introducer needle prior to 
the use of introducer to avoid arterial injury.

5. Maintenance of the insertion site and catheter: 
Changing the end cap with each use is beneficial to 
reduce infection. Every catheter should be removed 
as soon as it is no longer needed, since the probabil-
ity of catheter-related infections increases over time.

6. Catheter hubs should be occluded at all times, and 
the patient should be placed in Trendelenburg’s posi-
tion during insertion to prevent air embolism.

7. A chest X-ray is mandatory to confirm the catheter 
position and to rule out peumothorax.

Management of acute complications:
 1. Artery cannulation: vascular surgery should be con-

sulted for management.
 2. Air embolism: If an air embolism occurs, the patient 

should be placed in Trendelenburg’s position with a left 
lateral decubitus tilt to prevent the movement of air into 
the right ventricular outflow tract; 100% oxygen should 
be administered to speed the resorption of the air. If 
a catheter is located in the heart, aspiration of the air 
should be attempted.

 3. Tension pneumothorax: an immediate needle thoracot-
omy, followed by chest tube placement, should be done 
to relieve pressure. Thoracic Surgery should be consulted 
immediately.

 4. Pulmonary artery rupture: Management should focus 
on resuscitation and immediate control of the hemor-
rhage. The first priority is ensuring adequate oxygen-
ation and ventilation, which may require endobronchial 
intubation with either a single- or double-lumen 
endotracheal tube to selectively ventilate and protect 
the unaffected lung. In addition, positive end-expiratory 
pressure (PEEP) applied to the affected lung may help 
control hemorrhage. Any anticoagulation should be 
reversed, unless the patient must remain on cardiopul-
monary bypass. A bronchoscopy is performed to local-
ize and control the site of bleeding. A bronchial blocker 
may be guided into the involved bronchus to tamponade 
the bleeding and prevent contamination of the unin-
volved lung.

 Arterial Cannulation
Complications after arterial cannulations include distal isch-
emia, pseudoaneurysm, arteriovenous fistula, hemorrhage, 
hematoma, arterial embolization, local infection, sepsis, 
peripheral neuropathy, misinterpretation of data, and misuse 
of equipment [10].

Prevention and Treatment
Vigilance should be maintained during and post cannula-
tion for complications and early management. Vascular 
Surgery consultation should be obtained to manage compli-
cations.

28.2.6  Neurologic Injuries

 Injuries of Mask Use
A mask is an essential tool to ventilate and oxygenate the 
patient, but it is not devoid of any complications related to 
use. Excessive pressure and inappropriate application of the 
mask to a patient’s face can result in soft tissue damage, inju-
ries to the eyes and innervation of the face, and temporo-
mandibular joints (TMJ) dislocation:
 1. Eye: Corneal abrasion, retinal artery occlusion or blind-

ness
 2. Nerves: Mandibular branch of facial nerve leading to 

transient facial nerve paralysis. Mental nerves causing 
lower lip numbness.

 3. Temporomandibular joint: Lifting pressure on angle of 
mandible can sometimes subluxate the TMJ.

Prevention and Treatment
Appropriate use of masks during mask ventilation is the key 
to avoiding complications. It is important to ensure that the 
mask does not compress the eyes, and measures should be 
taken to avoid any unnecessary pressure against the face.

 Nerve Injuries from Tourniquet Use During 
the Surgery
Tourniquets, including pneumatic Esmarch bandage tourni-
quets, are used by orthopedic surgeons to decrease blood loss 
and to provide favorable operating conditions during extrem-
ity surgery. However, its use can result in nerve injuries, rang-
ing from paresthesia to total paralysis, if it is not used 
appropriately. Mechanic trauma due to tourniquet use and 
ischemia have attributed to nerve injuries. The upper limbs 
are more prone to nerve injury than the lower extremities. 
The radial nerve is the most vulnerable, followed by the ulnar 
and medial nerves in the upper limb, while nerve injury in the 
lower extremities most often involves the sciatic nerve [11].

Pathophysiology
Mechanical pressure under the cuff plays a more important role 
than ischemia in a nerve injury [11]. Nerve compression causes 
intraneural microvascular abnormalities and edema formation, 
and these subsequently compromise local tissue nutrition, 
resulting in axonal degeneration. Axial compression of the 
nerve causes damage at the nodes of Ranvier. Tissue trauma is 
most marked at the proximal and distal edges of a compression 
tourniquet, where shear stress forces are maximal [11].

Prevention
For prevention of nerve injury from tourniquet use:

 5 The lowest inflation pressure that causes arterial occlusion 
should be used. Pressure 50–100 mm of Hg above systolic 
is used for the arm; double systolic blood pressure is for 
the thigh; alternatively, standard pressures for the arm 
200–250 mm Hg, leg 250–350 mm Hg (large cuffs are rec-
ommended for larger limbs instead of increasing pressure).
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 5 Minimal duration of tourniquet should be used. The 
absolute maximum duration is 3 h (recovers in 5–7 days) 
but duration generally should not exceed 2 h.

 5 All tourniquets should undergo regular maintenance 
checks to ensure dependability and no faulty equip-
ment. Calibration should be checked biweekly against 
a mercury thermometer and 3-month maintenance is 
recommended.

 5 A tourniquet should be applied only to a healthy limb or 
with caution to an unhealthy limb.

 5 The size of tourniquet to be used on an arm is 10 cm, 
15 cm for a leg, or wider in large arms and legs. Cuffs 
should exceed the circumference of the extremity by 
7–15 cm, and should be positioned at the point of maxi-
mum circumference of the limb.

 5 Padding should be at least two layers of orthopedic wool. 
Prevent soaking of the wool after skin preparation.

 5 Keep the temperature cool, if feasible; keep tissues moist; 
and avoid heating (e.g., hot lights) on avascular limb.

 5 The duration, inflation pressure, and deflation duration 
need to be documented.

Management
Unresolved nerve injuries should be managed by consulting 
a neurologist within 48 h.

 Perioperative Peripheral Neuropathies 
from Surgical Positioning
Nerve injury related to positioning while under anesthesia is a 
significant source of morbidity for patients. According to the 
ASA closed claims database, the most frequent sites of nerve 
injury are the ulnar nerve (28%), brachial plexus (20%), lum-
bosacral nerve roots (16%), and spinal cord (13%). Surgical 
positioning can result in peripheral neuropathies. The ulnar 
neuropathy is most common and is associated with gen-
eral anesthesia. The most common nerve injury in a lower 
extremity associated with the lithotomy positioning is the 
superficial peroneal nerve that is vulnerable to compression 
from stirrups along the lateral aspects of the knee.

Mechanism of Nerve Injury
Nerve injury related to positioning during general anes-
thesia results from excessive pressure/compression, isch-
emia, stretching of nerves, toxins, metabolic/microvascular 
derangements due to coexisting diseases (preexisting neu-
ropathy, diabetes, hypertension, smoking, alcohol depen-
dence), and direct trauma of the nerve and unknown factors. 
Other risk factors also included the male gender, a very 
thin or obese body habitus, and a hospital stay greater than 
14 days.

During cardiac surgery, brachial plexus injury (C8-T1) 
can occur. It is postulated that excessive sternal retraction is a 
commonly accepted risk factor.

Prevention of perioperative peripheral neuropathy: The 
ASA published a practice advisory on how to prevent neu-
ropathy in 2011 [12]. The recommendations are summarized 
in . Box 28.3.

Box 28.3 ASA Recommendation for Prevention 
of Peripheral Neuropathy
 1. A complete preoperative history and physical 

assessment will establish that patients can 
comfortably tolerate the anticipated operative 
position and identify preexisting illness

 2. Positioning approaches for the upper extremities:
1. Arm abduction in supine patients should be 

limited to 90°.
2. Patients positioned prone may comfortably 

tolerate arm abductions greater than 90°.
3. In supine position with arm on the arm board: 

The arm should be placed on a padded arm 
board. the upper extremity should be posi-
tioned to decrease pressure on the medial 
posterior condylar groove of the humerus.

4. Either supination or the neutral forearm 
positions facilitates this action.

5. For a supine patient with arms tucked at their 
side, the forearm should be in a neutral position 
and prolonged pressure on the radial nerve in the 
spiral groove of the humerus should be avoided. 
Hyperextension of the elbow beyond the range 
that is comfortable during the preoperative 
assessment may stretch the median nerve.

6. Periodic perioperative assessments may ensure 
maintenance of the desired position.

 3. Positioning strategies for the lower extremities:
1. Positions that stretch the hamstring muscle 

group beyond the range that is comfortable 
during the preoperative assessment may 
stretch the sciatic nerve.

2. As the sciatic nerve or its branches cross both 
the hip and the knee joints, limited extension 
and flexion of these joints should be consid-
ered. Neither extension nor flexion of the hip 
increases the risk of femoral neuropathy.

3. Prolonged pressure on the peroneal nerve at 
the fibular head should be avoided.

 4. Protective padding should be applied on arm 
boards. Chest rolls should be used in the laterally 
positioned patients, which might decrease the risk 
of upper extremity neuropathy. Padding at the 
fibular head (peroneal nerve) may decrease the risk 
of peroneal neuropathy. Complications from 
inappropriate use of padding (e.g., too tightly 
padded) may increase the risk of perioperative 
neuropathy.

 5. Equipment: The use of an adequately fit and 
properly functioning automated blood pressure 
cuff on the arm placed above the antecubital fossa 
does not change the risk of upper extremity 
neuropathy. Shoulder braces used during a steep, 
head-down position may increase the risk of 
perioperative neuropathies.
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Management
Within 48 h, unresolved nerve injuries should be managed 
effectively by a consulting neurologist and followed up with 
nerve conduction studies to rule out pre-existing neuropathy.

 Nerve Injury Related to Peripheral  
Nerve Block
The incidence of a nerve injury from a peripheral nerve block 
is low, ranging from 2:1000 to 4:1000. As per the ASA closed 
claim analysis of 2008, nerve damage is the most common 
complication associated with peripheral nerve block.

The common nerves damaged in descending order are 
the brachial plexus, median, ulnar, and radial.

Mechanisms of nerve injury include mechanical and 
injection injury (traumatic), vascular (ischemic), chemical 
(neurotoxic), and inflammatory injuries.

Risk factors for peripheral nerve injury includes anes-
thetic risk factors, surgical factors and patient factors:

 5 Anesthetic factors – Needle injury, intraneural injection, 
catheter trauma, hematoma, epinephrine use, and local 
anesthetic toxicity.

 5 Surgical factors – Mechanical stretch, direct trauma, mal-
positioning, hematoma, infection, and tourniquet use.

 5 Patient factors – Diabetes, multiple sclerosis, che-
motherapy, polyneuropathies, obesity, and the male 
gender.

Prevention
Avoidance of deliberate trauma to nerves, including intraneu-
ral injection, is a key safety principle of regional anesthesia. 
Intraneural injections can cause direct needle and injection 
trauma, rupture of the perineurium, and loss of the protective 
environment within fascicle, with consequent myelin and 
axonal degeneration. Ultrasound guidance has not proven to 
reduce the incidence of peripheral nerve injuries associated 
with regional anesthesia. However, there is evidence of ultra-
sound guidance reducing the incidence and intensity of 
hemidiaphragmatic paresis, but not eliminating it [13].

28.2.7  Burns

Burns during anesthesia can be secondary to surgical fire, 
explosions, and electrocautery use. Surgical fires can occur with 
or without warning; they generate tremendous heat, oftentimes 
leading to burns. The fire triangle includes that of an oxidizer, 
fuel, and an ignition source [14]. A common characteristic of a 
surgical fire is the use of supplemental oxygen via an open deliv-
ery system into an enclosed space (drapes), thus creating an 
oxygen-rich atmosphere close to an ignition source:

 5 Oxidizer: oxygen and nitrous oxide supports combustion.
 5 Fuel: cotton pledgets, endotracheal tube (ETT), gauze, 

OR drapes, and patient’s hair act as fuel.
 5 Heat/ignition source: laser, electrosurgical unit (ESU), 

fiberoptic cables with light source, and defibrillators can 
provide the source of ignition.

 Prevention
Education, training, and simulation drills are important in 
preventing OR surgical fires. The anesthesiologist should 
identify an oxygen-rich environment and assess the need by 
considering the risk benefit ratio to minimize the fraction of 
inspired oxygen (FiO2). During laser surgeries, the surgeon 
needs to minimize misdirection of the laser both inside and 
outside of the operative field. The patient’s eyes should be 
covered with wet gauze pads only (no tape), plus laser-safe 
goggles, laser-safe ETT, and use of jet ventilation. The pool-
ing of flammable solutions should be avoided; sufficient dry-
ing time should be allowed and fire resistant OR drapes must 
be used. With use of a bipolar ESU, move the cautery device 
away from patient/surgical drapes when not in use. Fire sec-
ondary to the use of carbon dioxide absorbents can be 
avoided by replacing desiccated absorbent.

 Management of Operating Room Fire
 5 Airway fire management [14]: Eliminate all airway 

gases, extract ETT, extinguish the fire by flooding the 
area with normal saline, evaluate/remove debris, resume 
bag mask ventilation with room air if possible, exami-
nation with non flexible laryngoscopy/bronchoscopy 
to look for tracheal tube/fragments, assess injury, and 
remove residual debris.

 5 OR drape fire: A fire extinguisher is to be used on OR 
drapes, as they are water resistant.

 5 Carbon dioxide absorbent fire: Disconnect anesthesia 
circuit from patient, cease all fresh gas flow, maintain 
ventilation with ambu bag and replace CO2 absorbent 
canister.

28.3  Chronic Inhalational Anesthetic 
Exposure

Although the modern operating room is equipped with a 
scavenging system, OR personnel, including the anesthesiolo-
gist and nurses, may be at risk of exposure to trace anesthetic 
gases. Operating room contamination by waste inhalational 

 6. Postoperative assessment: A simple postoperative 
follow-up and assessment of extremity nerve 
function may lead to early recognition of periph-
eral neuropathies.

 7. Documentation of specific perioperative position-
ing actions may be useful for continuous improve-
ment processes and may result in improvements to 
patient care.

 8. During open cardiac surgeries proper vigilance 
should be taken to minimize sternal retraction 
during internal mammary artery harvesting to 
reduce brachial plexus injury. If possible asym-
metric retraction needs to be avoided. The head 
and neck should be maintained in a neutral 
position.
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anesthetics can be the result of a faulty flow- control valve, 
anesthesia circuit, hospital vacuum, scavenging system, unfit-
ting masks, flushing breathing circuits, filling vaporizers, 
tracheal tubes without cuffs, and LMAs. However, no studies 
have proven that exposure to a trace concentration of currently 
used inhalational anesthetics including isoflurane, sevoflurane, 
desflurane, and nitrous oxide result in adverse health effects.

In 1977, the National Institute for Occupational Safety 
and Health (NIOSH) recommended [15] that waste anes-
thetic exposure should not exceed 2 parts per million (ppm) 
of halogenated agents when used alone, or 0.5 ppm of halo-
genated agents and 25 ppm of nitrous oxide. Rowland et al. 
[16, 17] reported there was reduced fertility and increased 
spontaneous abortions among female dental assistants 
exposed to nitrous oxide delivered to patients without the 
scavenge system. If nitrous oxide is used as a sole anesthetic 
agent, the U.S. Occupational Safety and Health Administration 
(OSHA) [18] recommends that no worker should be exposed 
to more than 8 h of concentrations greater than 25 ppm dur-
ing anesthetic administration. For halogenated agents, no 
worker should be exposed to concentrations of those gases 
greater than 2 ppm for a period of more than 1 h. Since there 
are no adverse health effects including carcinogenicity and 
teratogenicity, OSHA recommended pre-placement medical 
exams instead of medical surveillance of personnel.

28.3.1  Prevention

NIOSH recommends scavenging of waste anesthetic gases as 
work practices to reduce contamination and monitoring of 
trace anesthetic gases. However, OSHA recommends in its 
manual “Waste Anesthetic Gases: Work Place Exposure” that 
institutions should have a waste anesthetic gas management 
program including scavenging of waste gases, work practices 
to minimize exposure, and monitoring of trace gases. By 
maintaining the anesthesia machines and the OR ventilating 
system, the OR anesthesia gas exposure can be kept way 
below the recommended concentration.

28.4  Perioperative Temperature Disorders

28.4.1  Hypothermia

Normal body temperature is maintained between 
36–38  °C.  Core temperature monitoring sites include the 
pulmonary artery, tympanic membrane, distal end of esoph-
agus, and the nasopharynx. Hypothermia is defined as the 
body core temperature (Tc) less than 36 °C. Hypothermia is 
classified into mild (32–35 °C or 32–36 °C), moderate (28–
32 °C), and severe hypothermia (< 28 °C). In general, periop-
erative mild hypothermia is the Tc between 34  °C and 
36 °C. It is the most common perioperative temperature dis-
turbance that results from a combination of exposure to a 
cold operating room environment and anesthetic-impaired 
thermoregulation.

Mechanisms of hypothermia under general anesthesia:
 5 Phase 1 (Internal Redistribution): Redistribution of 

heat from warm central core to cold periphery leading to 
0.5–1 degree Celsius drop. The colder the skin tempera-
ture, the greater the central core temperature drops.

 5 Phase 2 (Environmental Heat Loss): As normal physi-
ologic response is depressed during anesthesia, phase 2 
commences approximately after 1 h. As the core temper-
ature decreases at a slower rate and proceeds in a linear 
manner as heat lost from the body through radiation, 
evaporation, conduction, and convection exceeds heat 
production. Compared to other mechanisms, radiation 
contributes the most heat loss at 60%.

 5 Phase 3 (Core Temperature Plateau Phase): After 3–5 h, 
phase 3 commences as an equilibrium is reached where 
heat loss is matched by heat production and thermo- 
regulated vasoconstriction commences to function.

Adverse effects of perioperative hypothermia [19] are as follows:
 5 Cardiovascular morbidity. Mild hypothermia can result in 

tachycardia, hypertension, increased peripheral vascular 
resistance, and myocardia ischemia. Moderate and severe 
hypothermia causes bradycardia and cardiac arrhythmias.

 5 Left shift of the hemoglobin-oxygen saturation curve 
that leads to the impairment of oxygen release to tissue.

 5 Hypothermia causes coagulation dysfunction and 
increases blood transfusion requirements.

 5 Delayed drug metabolism and prolonged recovery.
 5 Shivering.
 5 Surgical site infection and delayed wound healing.
 5 Thermal discomfort.

 Prevention of Perioperative Hypothermia
Methods to warm patients include:
 1. Increase ambient OR temperature
 2. Preoperative skin warming to minimize the heat redis-

tribution
 3. Intraoperative temperature monitoring under general 

anesthesia >30 min
 4. Use of patient warming systems, such as forced-air and 

resistive heating, fluid warmers, to warm fluids being 
given to patients

28.4.2  Post-Anesthetic Shivering 
and Its Management

Postoperative shivering is a common complication following 
general anesthesia. Its etiology is still not clear. Tremor from 
thermogenic shivering is usually tonic (continuous). The mech-
anism for thermogenic shivering is related to increased neuro-
nal efferent outflow to skeletal muscle and subsequent feedback 
oscillations due to muscle spindle stretch reflexes. Non-
thermogenic shivering is clonic and has been attributed to unin-
hibited spinal reflexes, decreased sympathetic activity, pyrogen 
release, adrenal suppression, and pain [20]. Clonic tremors are 
associated with recovery from volatile anesthetics. Shivering 
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causes unpleasant discomfort that can be worse than pain for 
some patients. It increases oxygen consumption roughly 100% 
in proportion to intraoperative heat loss. However, myocardial 
ischemia is poorly correlated with shivering, suggesting that an 
increased metabolic rate is not the primary cause of this compli-
cation. Postoperative shivering possibly aggravates wound pain 
by stretching incisions. Treatment of postoperative shivering 
consists of warming patient with forced-air systems and medi-
cations including meperidine, clonidine, physostigmine, ketan-
serin, tramadol, and magnesium sulfate.

28.4.3  Non-Malignant Hyperthermia

Perioperative hyperthermia is defined as core body tempera-
ture that is more than 38 °C. It occurs when the body pro-
duces or absorbs more heat than it can dissipate. It is more 
dangerous than a comparable degree of hypothermia. It 
results from a variety of causes outlined as follows:

 5 Environmental: very high ambient temperature, exces-
sive warming by air warming blankets/ mattresses and 
warm IV fluids.

 5 Drug-related: neuroleptic malignant syndrome, sero-
tonin syndrome, antibiotics, methylene dioxymetham-
phetamine agonists (ecstasy), cocaine, phencyclidine, 
LSD, and anticholinergic medications.

 5 Patient-related: sepsis, transfusion reactions, hyperthy-
roidism, pheochromocytoma, pulmonary embolus, and 
brainstem/hypothalamic injury

 Consequences of Hyperthermia
Hyperthermia results in increased oxygen consumption/car-
bon dioxide production and metabolic acidosis secondary to 
increased metabolic rate. It also causes tachycardia, hyper-
tension, and arrhythmias secondary to increased sympa-
thetic tone. Hyperthermia can produces generalized rigidity 
leading to rhabdomyolysis and hyperkalemia. Enzymatic 
deactivation due to hyperthermia leads to disseminated 
intravascular coagulation.

 Management of Non-Malignant Hyperthermia
Patient history should be reviewed and examined for possible 
causes. Measures for hemodynamic support need to be imple-
mented and the underlying cause must be treated. Active 
cooling efforts such as lowering room temperature; cool air 
blower; cool IV fluids; ice in axilla, neck, or groin, should be 
initiated. Patient can be treated with antipyretic medication 
such as acetaminophen. Cardiac pulmonary bypass can be 
considered for rapid cooling for persistent hyperthermia.

28.5  Intraoperative Bronchospasm

A bronchospasm is a bronchoconstriction resulting from the 
contraction of the bronchi and bronchioles smooth muscle. 
Bronchospasm results in the narrowing and shortening of 
the airway, and can cause hypoxia or even death. It can pres-

ent alone, or as a component of a severe underlying pathol-
ogy, such as anaphylaxis. A bronchospasm is the main feature 
of reactive airway disease including asthma and chronic 
obstructive pulmonary disease (COPD). Most perioperative 
bronchospasms occur during induction and maintenance of 
anesthesia, and it is less commonly encountered during 
emergence and recovery time. A bronchospasm during 
induction is most commonly caused by airway irritation, 
often related to intubation. Other triggers include recent 
upper airway infection, anesthetics and drugs that cause his-
tamine release, smoking, aspiration, and anaphylaxis.

28.5.1  Incidence

The overall incidence of bronchospasm during anesthesia is 
1.7 per 1000 cases. Mamie et  al. reported the incidence of 
perioperative bronchospasm of 1.6% [21] in pediatric 
patients. But a higher incidence was reported in both pediat-
ric and adult patients with history of respiratory disease.

28.5.2  Pathophysiology

The parasympathetic nervous system is the dominant neural 
pathway that controls the airway smooth muscle tone. The 
predominant contractile innervation is parasympathetic and 
cholinergic in nature, while primary relaxant innervation of 
the airway is comprised of non-cholinergic (nitric oxide syn-
thase- and vasoactive intestinal peptide-containing) para-
sympathetic nerves. Post-ganglionic parasympathetic fibers 
innervate the bronchi and bronchiole smooth muscles down 
to the level of terminal bronchioles. The normal human air-
way has a baseline mild contraction due to vagal activity. 
Airway smooth muscle is mediated by M3 muscarinic recep-
tors on the airway smooth muscle. Stimulation of cholinergic 
nerves induces bronchoconstriction, mucus secretion, and 
bronchial vasodilation. Although there is no sympathetic 
innervation on airway smooth muscle, β(beta)-adrenergic 
receptors are abundant in airway smooth muscle; activation 
of these receptors causes bronchodilation.

Bronchospasm leads to increases in work of breathing 
(WOB), decreased airflow, increased air trapping, ventilation- 
perfusion mismatch, increased pulmonary vascular resis-
tance (PVR), and right ventricular overload. If left untreated, 
bronchospasm causes severe hypoxia and heart failure.

28.5.3  Clinical Presentation 
Under General Anesthesia

Signs of acute bronchospasm include sudden increase in 
peak inspiratory pressure, wheezing on chest auscultation, 
decreased breath sound (or absent if severe), changes in end- 
tidal carbon dioxide (EtCO2) (upsloping or shark-fin EtCO2 
waveform, decreased, or absent EtCO2 waveform if severe), 
reduced tidal volume, and decreasing oxygen saturation.
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 Differential Diagnosis
Besides exacerbation of reactive airway disease (bronchial 
asthma and COPD), there are other non-bronchospastic 
causes that can mimic manifestations of bronchospasm. 
These clinical conditions are described as follows:

 5 Endobronchial intubation: decreased breath sounds on 
one side of the chest and deep placement of the endotra-
cheal tube.

 5 Mechanical obstruction: A kinked, blocked or mis-
placed endotracheal tube, or occlusion of breathing 
circuit can mimic a severe bronchospasm. It can be 
indicated by difficulty in passing the suction catheter, or 
removal of secretion upon suction.

 5 Pneumothorax: decreased breath sounds in one side, 
asymmetric chest rise, trauma

 5 Pulmonary Edema: frothy secretion in the endotracheal 
tube and cracks on auscultation.

28.5.4  Intraoperative Management

Once a bronchospasm is suspected, the initial management 
includes administering 100% oxygen, hand ventilation to test 
lung compliance, stopping any stimulation, and then consid-
ering anaphylaxis. An algorithm has been developed to man-
age a bronchospastic crisis [22].

Mild bronchospasms can be treated with deepening anes-
thesia, either by intravenous anesthetics (propofol or ket-
amine) or increasing the inhalation anesthetic concentration.

If the bronchospasm persists with difficulty of ventilation 
and desaturation, rapid, short-acting beta-agonists (such as 
albuterol) should be administered via a nebulizer connected 
to the breathing circuit, or by the metered dose inhaler (MDI) 
via endotracheal tube with an adapter. Help should be called.

If bronchospasm persist or worsens, other drug therapy is 
indicated. Those drugs are described here:

 5 Anticholinergics: Glycopyrrolate, atropine and ipratro-
pium have bronchodilatory properties. Since the onset 
of effects of anticholinergics takes 20–30 min, its use 
should be combined with more rapid acting medica-
tions, such as albuterol.

 5 Epinephrine: For refractory bronchospasms, epineph-
rine should be administered by an IV bolus of 10–50 
mcg, or by continuous infusion 2–10 mcg/min.

 5 Magnesium Sulfate: Magnesium (up to 2 g IV over 
20 min) may be helpful in a difficult bronchospasm; it 
can cause hypotension and muscle weakness.

 5 Glucocorticoids: High doses of glucocorticoids (hydro-
cortisone 100 mg or methyl prednisolone 60–80 mg IV) 
will not be effective for 4–6 h and should be combined 
with rapid acting drugs.

Extracorporeal Membrane Oxygenation (ECMO) is 
reserved for the most severe bronchospasm that is refractory to 
maximal medical and mechanical ventilatory therapy.

28.5.5  Prevention

Patients with asthma and COPD should be optimized pre-
operatively by pulmonologists prior to elective surgery. 
Smoking cessation for 6–8  weeks before surgery reduces 
perioperative respiratory complications, including broncho-
spasms. Upper respiratory tract infections increase the risk 
of bronchospasm; elective surgery should be postponed until 
symptoms are completely resolved (approximately 2 weeks). 
Pretreatment with beta-agonist prior to surgery and adequate 
depth of anesthesia before airway manipulation reduce the 
risk of bronchospasm. In high-risk patients with active air-
way disease, use of laryngeal mask airway or regional anes-
thesia may be optional.

28.6  Anaphylaxis

Anaphylaxis is defined as a serious, generalized or systemic, 
allergic or hypersensitivity reaction that can be life threaten-
ing or fatal. Anaphylaxis presents with acute onset of symp-
toms and signs in more than 1 body system within minutes to 
hours after trigger exposure. The most common affected sys-
tems are the skin, respiratory, gastrointestinal (GI), and car-
diovascular (CV) systems. The symptoms and signs of 
affected system are shown in . Table 28.1.

28.6.1  Epidemiology

The incidence of anaphylaxis during anesthesia is estimated 
to be from 1/4000 to 1/25,000 [23]. Perioperative anaphylaxis 
occurs more often in women than in men, but occurs equally 
in both boys and girls [24]. More than half of perioperative 
anaphylaxis cases were identified as immunoglobulin E 
(IgE)-mediated [25]. Perioperative anaphylaxis is more likely 

       . Table 28.1 Symptoms and signs of anaphylaxis in affected 
systems

Affected systems Symptoms and signs

Skin Generalized hives, itching or flushing, 
swollen lips, tongue, and uvula, perior-
bital edema, and conjunctival swelling

Respiratory Nasal discharge and congestion, change 
in voice quality, throat swelling, stridor, 
shortness of breath, wheeze and cough. 
GI symptoms and throat swelling, stridor, 
shortness of breath, wheezing and cough.

Gastrointestinal (GI) Nausea, vomiting, diarrhea and crampy 
abdominal pain.

Cardiovascular Syncope, dizziness, tachycardia, and 
hypotension.
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to occur following anesthesia induction, but it can occur dur-
ing the anesthesia maintenance and recovery period as well. 
The mortality from perioperative anaphylaxis is about 
0–1.4% according to the most recent study [24]. The detec-
tion of anaphylaxis under anesthesia can be challenging due 
to masked symptoms under anesthesia and anesthesia- 
induced cardiovascular disturbances. Most anesthetics, such 
as propofol, can cause hypotension.

28.6.2  Pathophysiology of Anaphylaxis

The mechanisms of anaphylaxis involve either an immunologic 
or non-immunologic reaction. The immunologic reaction 
can be divided into IgE-dependent and non-IgE-dependent 
reactions. The previous exposure to a trigger is required for 
IgE-mediated immunologic reactions. When antigens bind to 
IgE, IgE-mediated reaction activates mast cells and basophils 
to release inflammatory mediators such as histamine, leu-
kotrienes, tryptase, and prostaglandin. In non-IgE-mediated 
mechanisms, the reaction is mediated through IgG or IgM 
antibody or antigen:antibody complex and complements. 
Non-immunologic mechanisms cause direct release of hista-
mine or other mediators from mast cells and basophils. The 
release of these mediators lead to generalized urticaria, angio-
edema, bronchospasm, and hypotension. Excessive activation 
of vasodilator mechanisms results in vasodilation that leads to 
severe hypotension and cardiovascular collapse.

28.6.3  Triggers

Many drugs can cause anaphylaxis during the anesthesia 
period, but the most common triggers of perioperative ana-
phylaxis are neuromuscular-blocking agents (NMBAs), anti-
biotics, latex, hypnotic agents, opioids, and colloids. Among 
them, NMBAs are the most identifiable causes of periopera-
tive anaphylaxis. According to recent European studies, 
50–70% of anaphylaxis cases related to anesthesia were due to 
NMBAs. Antibiotics appear to be the most common trigger 
of anaphylaxis during anesthesia in the United States [24].

 Neuromuscular-Blocking Agents
NMBAs can cause anaphylaxis via both IgE-mediated and 
non-immunologic direct mast cell activation. The most 
implicated agents include atracurium, pancuronium, 
rocuronium, succinylcholine, and vecuronium. The ammo-
nium ion of NMBAs is the main allergenic determinant. 
Anaphylaxis is more common with rocuronium and succi-
nylcholine than with others. Suggamadex, a reversal agent for 
steroidal NMBAs (such as rocuronium) also causes anaphy-
laxis; cross activity exists among NMBAs.

 Antibiotics
Antibiotics are often used to prevent wound infections dur-
ing surgery, and were responsible for 12–15% of identifiable 
triggers in European studies. But, it accounts for 50% of IgE- 

mediated reactions and is the most common cause of periop-
erative anaphylaxis in the United States. β(beta)-lactam 
antibiotics (including penicillins and cepholosporins and 
vancomycin) are the most common triggers. Βeta-lactam 
antibiotics cause IgE-mediated anaphylaxis while vancomy-
cin causes a reaction secondary to direct histamine release 
from mast cells.

 Latex Allergy
Latex anaphylaxis in the United States is less common since 
the introduction of latex-free products in surgical suites. 
However, occult exposure to natural rubber latex still 
accounts for a significant number of perioperative anaphy-
laxis. The latex allergy is an IgE-mediated process resulting 
from formation of a specific IgE against the protein in the 
natural rubber latex. The common latex resources are gloves, 
drains, and catheters. Latex allergy is likely to occur more 
often in patients with repeated exposure to latex gloves, or 
catheters from prior surgery or from occupational use, in 
patients with spina bifida, and in healthcare workers. 
Reactions to latex usually occur later in the surgical proce-
dure, generally 30 min or more after the start of intervention.

 Risk Factors
Risk factors for perioperative anaphylaxis include the female 
sex, past history of anaphylaxis, allergic drug reactions, aller-
gic conditions such as eczema or hay fever, multiple past sur-
geries and procedures, and mast cell disorders. Patients with 
asthma are at a greater risk for perioperative anaphylaxis.

28.6.4  Diagnosis of Anaphylaxis

Anaphylaxis is a clinical diagnosis, and can likely be diag-
nosed if one of following criteria is met:
 1. Acute onset of illness (minutes to hours) involved on the 

skin, mucosal or both; either respiratory compromise or 
reduced blood pressure; or associated symptoms of end 
organ dysfunction.

 2. Two or more of following that will occur rapidly after 
likely antigen exposure (minute to hours): (a) involve-
ment of skin-mucosal tissue, (b) respiratory compro-
mise, (c) reduced blood pressure (BP) or associated 
symptoms, (d) persistent gastrointestinal (GI) symptoms.

 3. Reduced BP after exposure to a known antigen for that 
patient.

 4. Airway edema manifested by onset of stridor.

Laboratory tests supporting a diagnosis of anaphylaxis con-
sist of serum or plasma total tryptase and plasma histamine 
levels. Blood samples for tryptase measurement need to be 
obtained within 15 min and up to 3 h at the onset of symp-
toms. An elevated tryptase level highly predicts anaphylaxis, 
but non-elevated serum tryptase does not exclude anaphy-
laxis. Plasma histamine level typically peaks within 5–15 min 
after onset of symptoms and then declines to baseline after 
60 min.
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28.6.5  Severity Classification of Anaphylaxis

The severity of anaphylaxis is classified into 3 types based on 
the clinical manifestations:
 1. Mild – involved in skin and subcutaneous tissue only
 2. Moderate – involved in respiratory, cardiovascular, or 

gastrointestinal system
 3. Severe – involved hypoxia, hypotension, or neurologic 

compromise

The Ring and Messmer 4-step grading scale classifies severity 
of anaphylaxis into four grades based on clinical presenta-
tions. Grade 1 involves cutaneous-mucosal signs, whereas 
grade 2 corresponds to mild cutaneous-mucous features that 
may be associated with cardiovascular and/or respiratory 
signs. Grade 3 involves cardiovascular collapse that may be 
associated with cutaneous-mucous signs and/or broncho-
spasms. Grade 4 is cardiac arrest. Grade 3 and 4 anaphylaxis 
are usually IgE mediated.

28.6.6  Perioperative Management 
of Anaphylaxis

Perioperative care depends upon the severity of anaphy-
laxis. Treatment during severe anaphylaxis should include 
cessation of anesthetic or drug, rapid volume resuscitation, 
and prompt epinephrine administration. Epinephrine is the 
first- line drug for anaphylaxis-induced cardiovascular col-
lapse. The effects of epinephrine are mediated by both 
α(alpha)-adrenergic receptors and β(beta)-adrenergic 
receptors to produce vasoconstriction and an inotropic 
effect, and bronchodilation. Intravenous administration of 
50–200 mcg epinephrine is recommended as an initial dose, 
followed by infusion as needed. Vasopressin is an alterna-
tive if epinephrine fails. Antihistamine receptor agents 
(such as diphenhydramine and cimetidine) and steroids 
(hydrocortisone) are second-line agents in the treatment of 
anaphylaxis.

28.6.7  Post-Anaphylaxis Evaluation

Patients who had perioperative anaphylaxis should be 
referred to an immunologist for evaluation to determine the 
offender, and to prevent recurrent reactions in future surgery 
[26]. The safest perioperative care approach for patients with 
a past history of anaphylaxis is the definitive identification, 
and complete avoidance of the trigger. If the evaluation did 
not reveal a specific agent causing anaphylaxis, then general 
precaution includes avoiding beta-blockers, angiotensin- 
converting enzyme (ACE) inhibitors, and drugs that release 
histamine, slowing the administration rate of antibiotics, and 
optimizing patients with asthma. Alternate anesthesia with 
local or regional anesthesia may be chosen if it is appropriate 
for the procedure.

28.7  Laryngospasm

Laryngospasm is a sustained glottis closure of the vocal cords 
resulting in a partial or complete airway obstruction during 
light anesthesia. It is the most frequent cause of postextuba-
tion airway obstruction. If not treated quickly, it rapidly leads 
to hypoxia, hypercarbia, bradycardia, cardiac collapse, or 
even patient death.

28.7.1  Incidence

The overall incidence is under 1% in both adults and pediat-
ric patients, but laryngospasm occurs twice as often in pedi-
atric patients between birth and 9 years old, while 3 times as 
often during the newborn to 3-month-old age. However, 
much higher incidence of laryngospasm (9%) is reported in 
pediatric patients with history of respiratory problems.

28.7.2  Pathophysiology

Glottic closure is a protective airway reflex that exists to pre-
vent aspiration. A laryngospasm is an abnormal reflex that per-
sists for a longer period. It is normally triggered by peri- glottic 
stimuli, mediated via the vagus nerve. Sensory fibers from the 
laryngeal mechanical, chemical, and thermal receptors ascend 
via the vagus nerve and via the internal branch of the superior 
laryngeal nerve (SLN). The motor response is mediated by the 
recurrent laryngeal nerve via the 3 intrinsic laryngeal muscles 
consisting of the lateral cricoarytenoids, thyroarytenoids, and 
cricoarytenoids. Glottis closure occurs by ether true vocal cord 
adduction alone or in combination of the false vocal cords. The 
supraglottic soft tissues are thought to impact the glottis as 
they are pulled down by an increasing translaryngeal pressure 
gradient during obstructed inspiratory effort.

28.7.3  Risk Factors for Laryngospasm

 5 Anesthetic factors: Light anesthesia at the time of 
stimulus, the use of potent irritant volatile agents such 
as desflurane during induction, the presence of blood or 
secretion in the airway, instrumentation of airway in the 
light plane of anesthesia, LMA malpositioning, and extu-
bation during light anesthesia.

 5 Patient factors: Young age, upper respiratory infection 
(URI), hypersensitive airway due to conditions such as 
asthma and smoking, pre-existing airway abnormality, 
ex-premature infants under 1 year of age, whooping 
cough, obstructive sleep apnea, and gastroesophageal 
acid reflux are risk factors for increased laryngospasm.

 5 Surgical risk factors: Upper airway surgeries, such as a 
tonsillectomy or an adenoidectomy, carry the greatest 
risk. Thyroid surgery and esophageal surgery also have 
higher risks.
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28.7.4  Diagnosis of Laryngospasm

A laryngospasm must be considered if there is airway 
obstruction during anesthesia that was not relieved by basic 
airway maneuvers. Common signs of laryngospasm include 
inspiratory stridor, increased respiratory efforts, tracheal tug, 
desaturation with or without bradycardia, and airway 
obstruction that was not relieved by an upper airway device. 
Differential diagnoses are breath holding, bronchospasm, 
and pulmonary aspiration.

28.7.5  Management of Laryngospasm

Prevention of laryngospasm:
 1. Patients with a higher risk for laryngospasm need to be 

identified preoperatively and it must be ensured that 
adequate depth of anesthesia is achieved before trigger-
ing any stimulus.

 2. Inhalational induction should be carried out by using 
non-irritating agents, such as sevoflurane; IV induction 
with propofol is less associated with laryngospasm.

 3. Patients can undergo deep extubation while placed in 
lateral position, with the head down to keep the vocal 
cords clear of secretions during emergence.

 4. Pharmacological agents including magnesium, lidocaine, 
and atropine have been indicated to reduce the incidence 
of laryngospasm. Both topical and intravenous use of lido-
caine is effective for preventing laryngospasm in children.

Once a laryngospasm is recognized, prompt therapy should 
be initiated and help may be called.

Treatment of laryngospasm:
 1. Removing any triggering stimuli, relieving supra-glottic 

obstruction, removing obvious secretion and blood that 
is in the larynx, applying continuous positive airway 
pressure (CPAP) ventilation with 100% oxygen.

 2. Jaw thrust and placement of a properly sized oral airway 
device will help to ensure the patency of the supra-
glottic airway.

 3. Larson’s maneuver, a forcible jaw thrust with bilateral 
digital pressure on the body of the mandible just anterior 
to the mastoid process, may resolve laryngospasm by 
clearing the airway and stimuli.

 4. If CPAP and the holding maneuver fail to stop the laryn-
gospasm, deepening anesthesia with propofol or other 
drugs is required to diminish the exaggerated glottis 
closure reflex.

 5. Despite all efforts mentioned above, if the patient contin-
ues to desaturate and the laryngospasm is ongoing, a small 
dose of succinylcholine (0.1–0.5 mg/kg) should be given 
to break the laryngospasm. If no IV is available, intramus-
cular succinylcholine 4 mg/kg can be administered.

 6. In the case of refractory laryngospasm, a superior 
laryngeal nerve block and trans-tracheal block through 
cricothyroid membrane with lidocaine may break the 
laryngospasm [27].

28.8  Aspiration of Gastric Contents

Perioperative pulmonary aspiration is defined as aspiration of 
gastric contents that occur after induction of anesthesia, during 
a procedure, or in the immediate period after surgery [28]. 
Though it occurs infrequently, aspiration can lead to signifi-
cantly increased morbidity and mortality rates. The incidence 
of aspiration during elective surgery is 1 per 2000–3000 anes-
thesia cases in adults and 1 per 1200–2600 anesthesia cases in 
children. However, a recent study demonstrated a much lower 
incidence of pulmonary aspiration with 1 per 4932 cases in 
pediatric populations. Most perioperative aspirations happen 
immediately after induction of anesthesia. However, pulmo-
nary aspiration can occur prior to induction due to trauma, 
active vomiting, or preoperative sedation; it also can occur after 
extubation in the PACU, secondary to depressed consciousness 
from residual anesthetic effect. Silent aspiration can occur even 
while the patient is intubated with a cuffed endotracheal tube.

28.8.1  Pathophysiology

General anesthesia and anesthetics inhibit protective airway 
reflexes, including apnea with laryngospasm, coughing, expi-
ration, and spasmodic panting that protects lungs from aspi-
ration. Lower esophageal sphincter (LES) tone and barrier 
pressure are likely reduced under inhalational and propofol 
anesthesia. The upper esophageal sphincter (UES) of the cri-
copharyngeal muscle is reduced by most anesthetics, except 
ketamine. The depression of protective airway reflexes, in 
combination with reduction in LES and UES tone, make 
anesthetized patients prone to aspiration. Aspiration occurs 
once gastric contents (liquid or particulate matter, et  al.) 
enter into the tracheobronchial tree as a consequence of pas-
sive regurgitation or active vomiting. Depending on the com-
posite of aspirates, patients can experience different clinical 
consequences: (1) acid-associated aspiration pneumonitis, 
(2) bacterial infection, and (3) particle-associated aspiration.

28.8.2  Acid-Associated Aspiration  
Pneumonitis

Aspiration results in parenchymal damage in two phases. The 
first phase is marked by direct toxic damage to respiratory epi-
thelium by acid. The second phase is marked by an acute inflam-
matory response. Aspiration of gastric acid induces a chemical 
burn, triggering the release of various inflammatory mediators 
such as cytokines, chemokines, and adhesion molecules. These 
mediators cause inflammatory response and attract neutrophils 
and alveolar macrophages to activate leukocytes.

 Aspiration Pneumonia
Aspiration pneumonia is an infection process secondary to 
aspiration of oropharyngeal and gastric contents contami-
nated with pathogenic bacteria. It has a slow onset and occurs 
more in elderly patients and in patients on ventilator support 
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in the ICU. Aspiration pneumonia accounts for at least 10% 
of community-acquired pneumonia.

 Particle-Associated Aspiration
Inhalation of gastric content particle matters can result in an 
acute obstruction of smaller (and possibly larger) airways 
with consequences of sudden arterial hypoxia and the devel-
opment of atelectasis distal to the blockage site.

28.8.3  Risk Factors for Aspiration

Factors that increase the risk of perioperative pulmonary 
aspiration are as follows:
 1. Conditions that increase gastric contents: full stomach 

(eating, non-fasting), emergency surgery, acute abdomi-
nal pathology, delayed gastric empting (due to neuropa-
thy or opioid use), diabetes, ileus, and pregnancy.

 2. Conditions that decrease the tone of the esophageal 
sphincter: known uncontrolled gastroesophageal reflux 
disease (GERD), esophageal disorder (achalasia, stric-
ture, Zenker’s diverticulum), previous gastric banding, 
and gastric bypass surgery.

 3. Conditions that depress laryngeal reflexes: brain 
injury, neuromuscular disorders (Parkinson’s disease, 
multiple sclerosis, cerebral palsy, etc).

 4. A difficult airway and failed intubation strongly correw-
late with aspiration [29].

28.8.4  Diagnosis of Aspiration Pneumonitis

Visible gastric contents in the oropharynx always warrant 
suspicions of aspiration. Clinical manifestation of aspiration 
pneumonitis could be both asymptomatic and symptomatic. 
Aspiration of at least 0.4 ml/kg in volume and pH of contents 
of <2.5 is required to produce symptoms. Classic symptoms 
associated with pulmonary aspiration include sudden onset 
of wheezing, shortness of breath (in awake patients), bron-
chospasm, desaturation, cyanosis, and tachycardia. The sever-
ity of bronchitis may relate to the pH and volume of the 
aspirated content, however, the presence of particles is most 
important. A chest X-ray (CXR) may be useful in diagnosing 
aspiration pneumonitis. However, CXR can be normal in 
patients with uncomplicated clinical cases. In one-third of 
aspiration cases, the initial CXR does not represent the full 
extent of lung involvement. Both the right and left lung can be 
affected; however, occurrence in the lower lobes is more com-
mon. CXR can show infiltrates as small, irregular opacities, 
confluent opacities, acinar opacities, or mixed patterns [29].

28.8.5  Prevention of Perioperative Pulmo-
nary Aspiration

Prevention is the key to reduce morbidity and mortality of 
aspiration pneumonitis.

 Preoperative Fasting
Patients undergoing elective surgery should be instructed to 
fast according to the ASA fasting guideline [28]. A minimum 
fasting period for clear liquids, breast milk, infant formula/
nonhuman milk, and a light meal are 2 h, 4 h, and 6 h respec-
tively. Eight hours or more fasting time is required if a patient 
ingests meat, fried, or fatty foods. Both the amount and type 
of food must be considered when determining an appropri-
ate fasting period.

 Pharmacologic Prevention
Preoperative use of medications to prevent aspiration is not 
recommended for routine use. Common medications used 
for reducing gastric volume and acidity include gastrointesti-
nal stimulants (metoclopramide), gastric acid secretion 
blockers (cimetidine, famotidine, ranitidine, et al.), antacids 
(sodium citrate, sodium bicarbonate, magnesium trisilicate), 
antiemetics (droperidol, ondansetron), and anticholinergics 
(atropine, scopolamine, glycopyrrolate). These drugs have 
unwanted clinical side effects. However, treatment with ant-
acids, H2-receptor antagonist, proton pump inhibitors, or 
pro-kinetics prior to elective cesarean delivery can rapidly 
reduce the acidity of stomach contents. A combination of 
antacids and H2-receptor antagonist is the most efficient 
technique.

 Anesthesia Technique
A patient with a high risk of aspiration should be induced 
with a rapid sequence induction (RSI). Preparation of an 
RSI is important. The patient is usually positioned head up 
and IV access is established. Suction should be readily avail-
able. Preoxygenation is crucial to RSI to avoid hypoxia dur-
ing later apnea. Application of cricoid pressure is still 
recommended to prevent regurgitation and aspiration. 
Cricoid pressure of 10 N (~1 Kg) should be applied to awake 
patients and 30 N (~4 Kg) after administration of induction 
agent, such as propofol. Succinylcholine is the main muscle 
relaxant to facilitate intubation because of its fast onset. If 
succinylcholine is contraindicated, a higher dose of a non-
depolarizing muscle relaxant, such as rocuronium, can be 
substituted.

28.8.6  Management of Perioperative  
Pulmonary Aspiration Pneumonitis

Successful management of aspiration begins with immediate 
recognition of the occurrence of gastric contents in the oro-
pharynx or the airway. Symptoms that indicate an aspiration 
of gastric contents are as follows:
 1. Visible gastric contents in the oropharynx
 2. Hypoxia despite correct endotracheal intubation and 

ventilation
 3. Increased inspiratory pressure during mechanical venti-

lation

 F. Li and P. Sumathi



499 28

 4. Dyspnea, apnea, or hyperventilation during spontaneous 
breathing

 5. Bronchospasm, wheezing, crackles and laryngospasm
 6. Reduced compliance
 7. Desaturation /bradycardia/cardiac arrest

Once the pulmonary aspiration is recognized during induc-
tion of anesthesia or laryngoscopy, the patient is positioned 
head down and the oropharynx is suctioned, followed by 
immediate endotracheal intubation. Once the patient is intu-
bated, the endotracheal and bronchial tubes are suctioned. 
Controlled ventilation with 100% oxygen and positive end-
expiratory pressure (PEEP) should follow suctioning. If the 
aspiration occurred after completion of intubation, the patient 
should be immediately positioned head-down and the trachea 
is suctioned. Lavage via the endotracheal tube is usually not 
recommended after aspiration of liquids, since lavaging may 
cause the aspirate to go deeper, perhaps into the peripheral 
lung sections. In the case of aspiration of particulate matter, a 
bronchoscopy should be performed to remove all particles to 
prevent airway obstruction. A sample of aspirate needs to be 
taken for pH determination and microbiological diagnosis.

Further treatment depends on the patient’s symptoms. 
For bronchospasms, use of bronchodilators, such as alb-
uterol, is recommended. If the patient is asymptomatic and 
oxygenation is adequate, the patient can be extubated and 
taken to the PACU. The patient can be discharged to the floor 
if they are stable after 2 h in the recovery room. If the patient 
is unstable, or saturation is not adequate, then intubation 
should be maintained and PEEP with protective ventilator 
strategy and the patient admitted to the ICU.  Chest-X-ray 
and a blood gas test should be performed. Continue PEEP 
and bronchodilators.

Steroids and antibiotics are not routinely recommended 
to treat pulmonary aspiration. Antibiotics may be indicated if 
aspiration pneumonia and culture are positive for a bacterial 
infection.

28.9  Post-Obstructive Pulmonary  
Edema (Pope)

Post-obstructive pulmonary edema (POPE) is non- 
cardiogenic pulmonary edema that results from sudden relief 
of an upper airway obstruction. It was also referred to as 
negative pressure pulmonary edema (NPPE) [30]. The inci-
dence of POPE is believed to be 0.05–0.1% during anesthesia, 
but higher incidences were reported in other clinical settings. 
Risk factors for POPE development during anesthesia include 
the male sex, young age, history of head and/or neck surgery, 
obesity with obstructive sleep apnea (OSA), and difficultly 
with intubation.

28.9.1  Type of POPE

POPE can be categorized to two types based on the respi-
ratory phase against airway obstruction. Type 1 POPE is 
associated with forceful inspiratory effort against upper 
airway obstruction. The common causes for type 1 POPE 
during anesthesia include laryngospasm, endotracheal tube 
obstruction, LMA obstruction, and postoperative vocal cord 
paralysis. Type 2 POPE is associated with exhalation against 
chronic airway obstruction, and develops after relief of air-
way obstruction, such as post- adenoidectomy/tonsillectomy, 
post-laryngeal mass resection and post-reduction of hyper-
trophic redundant uvula.

28.9.2  Pathophysiology

The pathology of Type 1 POPE involves negative pressure 
pulmonary edema (NPPE), hypoxia, and hyperadrenergic 
states resulting from acute airway obstruction and hypoxia. 
NPPE is triggered by inspiration against occluded airway. 
Inspiratory efforts to overcome obstructive airway can gener-
ates intra-thoracic negative pressure of up to −140  cm 
H2O. This large intra-thoracic negative pressure leads to sud-
den increase of venous return, resulting in increased preload 
and elevated pulmonary venous pressure, which in turn 
increases the capillary hydrostatic pressure. The negative 
intrapleural pressure is also transmitted to the interstitium 
and alveoli. The combination of elevated hydrostatic pulmo-
nary capillary pressure and drop in interstitial and alveoli 
pressure causes an increase in the hydrostatic gradient, and 
finally, transduction of fluid from the pulmonary capillary to 
the interstitial space results in pulmonary edema. Hypoxia, 
as a result of airway obstruction, causes both hypoxic pulmo-
nary vasoconstriction leading to an increase in pulmonary 
vascular resistance and disruption of capillary wall integrity 
that further facilitates the fluid transduction to interstitial 
space. A hyperadrenergic state is thought to redistribute 
blood flow to the pulmonary system, and thus increases pul-
monary vascular resistance that contributes to increased 
hydrostatic capillary pressure.

Type 2 POPE’s pathophysiology is related to exhalation 
against an obstructed airway. Expiration against an upper 
airway obstruction causes positive pleural and alveoli pres-
sures, resulting in a decrease in venous return, cardiac pre-
load, and pulmonary blood flow. Once the obstruction is 
relieved, such as post-adenotonsillectomy, the mechanism is 
similar to type 1. The sudden relief of chronic airway obstruc-
tion results in an abrupt fall in airway pressure, leading to an 
increase in venous return, cardiac preload, and pulmonary 
blood flow. This leads to an increase in hydrostatic capillary 
pressure and edema.

Complications in Anesthesia



500

28

28.9.3  Clinical Manifestations

Common clinical presentation of POPE includes an immedi-
ate onset of respiratory distress occurring within minutes 
after relief of airway obstruction. But delayed presentation 
has been reported; clinical signs consist of tachypnea, dys-
pnea, paradoxical breathing, tachycardia, desaturation, 
wheezing, stridor, rales, ronchi, cyanosis, and pink frothy 
sputum in severe cases. Chest X-ray shows rapid bilateral 
changes, such as Kerley lines, peribronchial cuffing, and 
opacity that are consistent with pulmonary edema. A differ-
ential diagnosis in the setting of acute postoperative respira-
tory distress needs to include aspiration pneumonitis, 
pulmonary embolism, anaphylaxis, iatrogenic fluid overload, 
cardiogenic or neurogenic pulmonary edema.

28.9.4  Treatment of POPE

POPE treatment consists of supportive measures, respiratory 
therapy, and diuretic use depending on the severity of symp-
toms:
 1. Supportive measures include ensuring adequate oxygen-

ation with supplemental oxygen and maintaining patent 
airway.

 2. Non-invasive respiratory therapy with PEEP or CPAP 
can be used to maintain the patient’s oxygenation and 
leads to rapid resolution of pulmonary edema.

 3. Mechanical ventilation with PEEP and 100% oxygen is 
required in severe cases.

 4. Diuretics, such as furosemide, can be administered to 
decrease the intravascular volume and alter Starling 
equation intra-capillary filtration and resolution of 
edema. Caution should be paid, as diuretics may exacer-
bate hypovolemia and tissue hypoperfusion.

28.9.5  Prevention of POPE

POPE is a significant perioperative pulmonary complication 
associated with anesthesia. Prevention of POPE starts with 
avoidance of airway obstruction during anesthesia. Deep 
induction and awake extubation reduce the incidence of a 
laryngospasm. ETT biting by patients can be prevented by 
appropriate use of oral airways. In patients with difficult air-
ways, awake intubation is the best way to ensure a secured 
airway without risk of an acute airway obstruction.

28.10  Questions and Answers

 ? Questions (Choose the most Appropriate Answer):
 1. After a long surgical procedure for carpal tunnel 

release with tourniquet use under general anesthe-
sia, a patient developed radial nerve palsy. This per-
sists >5 weeks after the initial procedure. The most 
likely cause is:

 A. Direct surgical trauma
 B. Inappropriately high tourniquet pressure
 C. Prolonged application of tourniquet
 D. Post tourniquet syndrome secondary to edema

 2. A 47-year-old male scheduled for laparoscopic cho-
lecystectomy was intubated after induction with 
fentanyl and propofol. The patient was paralyzed 
with rocuroniun. At the beginning of the surgical 
incision, the surgeon noticed the nasopharyn-
geal temperature was 35 °C and asked to raise 
the patient’s temperature. Which of the following 
mechanisms mainly contributes to the drop in the 
patient’s temperature?
 A. Conduction
 B. Evaporation
 C. Radiation and Convection
 D. Redistribution

 3. The most common complication of direct laryngos-
copy and endotracheal intubation is:
 A. Dental trauma
 B. Esophageal intubation
 C. Pulmonary aspiration
 D. Laryngospasm

 4. A 55-year-old female is admitted to the ICU for 
hypoxemic respiratory failure secondary to methicil-
lin-resistant Staphylococcus aureus (MRSA) pneumo-
nia. Past medical history is significant for coronary 
artery disease (CAD), hyptertension (HTN), fibromy-
algia, and depression. Current medications include 
lisinopril, metoprolol, duloxetine, and oxycodone. 
After an infusion of the antibiotic she developed 
tachycardia, labile blood pressure, diarrhea, hyperre-
flexia, and hyperthermia. The causative agent for this 
syndrome is:
 A. Vancomycin
 B. Linezolid
 C. Tigecycline
 D. Linezolid

 5. A 52-year-old male underwent an elective lumbar 
spine fusion. Tracheal intubation was successful 
with direct laryngoscopy on the first attempt. On 
emergence, the patient accidently pulled the tube 
out before the ETT cuff was completely deflated. The 
patient was breathing spontaneously and with VSS 
upon transport to the PACU. In the recovery room 
with SpO2 of 97%, the patient was noted to have 
hoarseness, breathy voice, and decreased voice vol-
ume. His symptoms are mostly likely caused by:
 A. Airway edema
 B. Vocal cord paralysis
 C. Laryngospasm
 D. Arytenoid dislocation

 6. Among the non-depolarizing neuromuscular block-
ing drugs (NMBDs) listed below, which one has high-
est incidence of anaphylaxis?
 A. Atracurium
 B. Vecuronium
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 C. Rocuronium
 D. Pancuronium

 7. A 35-year-old female, otherwise healthy, with L4/5 
disc herniation was scheduled for a lumbar discec-
tomy. After an uneventful intravenous induction 
and intubation, the patient was positioned prone for 
surgery. Two grams of cefazolin were intravenously 
administered per the surgeon’s request. The patient’s 
blood pressure was 70/40 mm Hg prior to incision, 
and was not responsive to an intermittent IV bolus of 
phenylephrine treatment. In the meantime, the peak 
airway pressure increased from 15 cm H2O to 25 cm 
H2O. The patient was turned supine, and facial edema 
and a rash were noticed. What medication should be 
administered first?
 A. Diphenhydramine
 B. Epinephrine
 C. Vasopressin
 D. Dexmethasone

 8. A 3-year-old, 12.5 Kg boy with a history of asthma 
underwent an uneventful tonsillectomy and ade-
noidectomy under general anesthesia with endo-
tracheal tube intubation. The patient was found to 
have severe stridor immediately after extubation 
in the operating room. While he was being treated 
with positive pressure mask ventilation, the patient 
became cyanotic and his pulse oximeter saturation 
dropped to 75%. What is your next step for the man-
agement of this patient?
 A. Suction oropharyngeal area
 B. Administer 30 mg of propofol intravenously
 C. Larson’s maneuver
 D. Administer succinylcholine 6 mg IV

 9. A 45-year-old, 80 Kg male with a history of hyper-
tension is scheduled for an elective laparoscopic 
cholecystectomy. Which following method is best to 
prevent aspiration pneumonitis?
 A. Fasting for at least 8 h after the consumption of 

french fries.
 B. Preoperative oral ingestion of 40 ml of sodium 

citrate
 C. Cimetidine 150 mg IV 1 h prior to surgery
 D. Ondansetron 4 mg IV 30 min before the anesthe-

sia induction
 10. A 28-year-old, 75 Kg, male healthy patient underwent 

endoscopic sinus surgery for his chronic sinusitis 
under general anesthesia. The patient developed a 
laryngospasm immediately after his extubation in 
the OR. His oropharynx was suctioned and a dose 
of propofol 50 mg was administered intravenously. 
Mask ventilation with positive airway pressure was 
able to break the laryngospasm. After the patent air-
way was assured, the patient was transferred to PACU 
with supplemental oxygen through a facemask. 
While you were giving the report to the PACU nurse, 
the patient became tachypneic, had shortness of 
breath, and SpO2 dropped to 88%. Rales were heard 

on auscultation of both lungs. What is the most pos-
sible diagnosis?
 A. Aspiration pneumonitis
 B. Postobstructive pulmonary edema
 C. Congestive heart failure
 D. Pulmonary embolism

 v Answers:
 1. B. High tourniquet pressure leads to tissue compres-

sion, which in turn effects nervous tissue. A pressure 
above systolic blood pressure leads to a physiologic 
conduction block 15–45 min after cuff inflation, 
which is reversible at the end of the procedure. 
Higher cuff pressures will lead to morphological 
changes, which include displacement of the nodes 
of Ranvier, stretching, and partial/complete rupture 
leading to demyelination of paranodal myelin in 
large myelinated nerves. This impaired nerve con-
duction can last up to 6 months. Surgical trauma 
at the distal forearm leads to no motor deficit. Poor 
patient positioning most commonly leads to ulnar 
nerve palsy at the elbow secondary to susceptibil-
ity to compression between the bone and a hard 
surface. During tourniquet use, muscle ischemia 
develops secondary to low PaO2 and an increase 
of PaCO2/lactate in muscles. After an hour, marked 
changes in mitochondrial morphology occurs. Once 
the tourniquet is released, interstitial and intracel-
lular edema occurs as result of increased vascular 
permeability. This leads to post tourniquet syndrome, 
in which pale, swollen, stiff limbs with weakness (but 
no paralysis). This may persist for 1–6 weeks.

 2. D. The administration of anesthesia is almost invari-
ably associated with a drop in core temperature 
of 1 °C–3 °C, depending on the type and dose of 
anesthetics, the area of surgical exposure, and OR 
temperature. Intraoperative hypothermia has a 
characteristic pattern that consists of three dis-
tinct phases: redistribution, linear decrease, and Tc 
plateau. General anesthesia inhibits tonic thermo-
regulatory vasoconstriction by both a central and a 
peripheral vasodilating effect. Vasodilation promotes 
the redistribution of heat from the core compart-
ment to peripheral tissue of the body, resulting in a 
relatively hypothermic core. Up to 80% of patients 
typically have a decrease of 1.5 °C in Tc during the 
first hour of anesthesia, which is attributed to heat 
redistribution.

 3. A. Dental trauma is the most frequent complication 
of direct laryngoscopy and endotracheal intubation. 
Immediate dental consult should be sought for fur-
ther advice. Though claims related to dental damage 
are statistically high, they contribute to a proportion-
ally low total claim financially [2].

 4. D. The development of life-threatening serotonin 
syndrome has been reported with serotonin and nor-
epinephrine reuptake inhibitors (SNRIs) and  selective 
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serotonin reuptake inhibitors (SSRIs), such as dulox-
etine. Serotonin syndrome constitutes mental status 
changes (agitation, hallucinations, and coma), auto-
nomic instability (tachycardia, labile blood pressure, 
and hyperthermia), neuromuscular aberrations 
(hyperreflexia, incoordination), and/or gastrointesti-
nal symptoms (e.g., nausea, vomiting, and diarrhea). 
In its most severe form, serotonin syndrome can 
resemble neuroleptic malignant syndrome, with 
hyperthermia, muscle rigidity, autonomic instabil-
ity and possible rapid fluctuation of vital signs, and 
mental status changes. Patients receiving SNRIs or 
SSRIs should be monitored for the emergence of 
serotonin syndrome or NMS-like signs and symp-
toms. Based on the mechanism of action, caution 
is advised when duloxetine is co-administered with 
other drugs that may affect the serotonergic neu-
rotransmitter systems. Such drugs include triptans, 
linezolid (a reversible nonselective MAOI), lithium, 
tramadol, or St. John’s Wort. Vancomycin, chloram-
phenicol and tigecycline are not MAO inhibitors.

 5. D. Arytenoid dislocation is an uncommon, but 
underdiagnosed, condition. Arytenoid dislocation 
easily can be misdiagnosed as vocal cord paralysis. 
Unlike vocal cord paralysis, arytenoid dislocation can 
be corrected with voice therapy and surgery. Early 
diagnosis and prompt treatment are more likely to 
reestablish normal joint mobility and restore voice 
quality. The cricoarytenoid joint is a diarthrodial 
joint with a synovium lined capsule composed of 
the pyramidal-shaped arytenoid positioned on top 
of the ellipsoid cricoid cartilage. The term arytenoid 
subluxation is used when the relationship of the 
cricoarytenoid articulation is abnormal but contact 
is maintained, whereas arytenoid dislocation refers 
to complete disruption of the joint. The arytenoid 
may be dislocated either anteriorly or posteriorly 
with respect to the cricoid. Anterior dislocation 
usually results in anteromedial displacement of the 
arytenoid cartilage, with an inferiorly located fore-
shortened and dysfunctional vocal cord. In contrast, 
with posterior dislocation, the vocal cord is often 
superiorly positioned, with posterolateral displace-
ment of the arytenoid cartilage. The most common 
symptoms of arytenoid dislocation are hoarseness, 
“wheezy” voice quality, decreased voice volume, and 
voice fatigue. Nearly 80% of reported cases are attrib-
uted to intubation trauma. Several authors suggest 
that the arytenoid cartilage is directly traumatized 
by the endotracheal tube or stylet during intubation 
or by an incompletely deflated cuff during extuba-
tion. Furthermore, it may be deduced that anterior 
arytenoid dislocation occurs from direct intubation 
trauma, while posterior dislocation can occur during 
extubation. Although the true incidence is unknown, 
arytenoid dislocation has been reported in less than 
0.1% of endotracheal intubations. Airway edema 

may present with the aforementioned symptoms 
with decreased SpO2, responding to nebulized epi-
nephrine. Vocal cord palsy is usually associated with 
trauma during difficult intubation.

 6. C. Explanation: Neuromuscular blocking drugs 
(NMBDs) are functional divalent, capable of crosslink-
ing cell-surface IgE, and cause mediator release from 
mast cells and basophils without binding or hap-
tenizing to larger molecules. NMBDs are responsible 
for most of the anaphylaxis related to anesthesia. The 
anaphylaxis rate for rocuronium is greater than other 
NMBDs. The most recent study confirmed that the 
anaphylaxis rate for rocuronium is 10 times higher 
than other non-depolarizing NMBDs, while the rate 
for succinylcholine is similar to rocuronium.

 7. B. Explanation: Epinephrine is the initial drug to treat 
anaphylactic shock. Its α(alpha)-adrenergic effects 
constrict venous capacitance bed and arterial resis-
tance vessels to reverse hypotension. Its β(beta)2-
receptor stimulation produces bronchodilation and 
inhibits mediators release by increasing c-AMP in 
mast cells and basophils. Antihistamine, such as 
diphenhydramine, and corticosteroids, such as dexa-
methasone, are secondary treatment. If hypotension 
is refractory to epinephrine, vasopressin should be 
considered.

 8. D. Explanation: Laryngospasm occurs more com-
monly in pediatric patients undergoing surgery 
under general anesthesia than in adults. It causes 
airway obstruction that could lead to hypoxia. 
Once a laryngospasm is suspected, initial treatment 
should include the removal of stimuli, positive mask 
ventilation, Larson’s maneuver, and the deepening 
of anesthesia. In severe cases, neuromuscular block-
ing drugs, such as succinylcholine, must be given to 
break the laryngospasm [27].

 9. A. Following the ASA preanesthesia fasting guideline 
is the best prevention of perioperative aspiration. 
The minimum recommended hours of fasting after 
consumption of clear liquids, breast milk, formula 
and milk, nonfat light meal are 2 h, 4 h, and 6 h, 
respectively. Heavy meal and fatty food requires lon-
ger fasting times. Antacid, histamine blockers, proton 
pump inhibitors, serotonin antagonists are not indi-
cated in healthy patients undergoing elective surger-
ies [28].

 10. B. Post-obstructive pulmonary edema (POPE) results 
from sudden relief of airway obstruction that leads to 
a decrease in intra-thoracic pressure and an increase 
in venous return and pulmonary artery flow resulting 
in interstitial and alveolar edema. Common clinical 
presentations of POPE include an immediate onset 
of respiratory distress occurring within minutes after 
relief of airway obstruction; but, delayed presenta-
tion has been reported. Clinical signs consist of 
tachypnea, dyspnea, paradoxical breathing, tachy-
cardia, desaturation, wheezing, stridor, rales, ronchi, 
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cyanosis, and pink frothy sputum in severe cases. A 
chest X-ray shows rapid bilateral changes such as 
Kerley lines, peribronchial cuffing, and opacity that 
are consistent with pulmonary edema. Differential 
diagnosis in the setting of acute postoperative respi-
ratory distress needs to include aspiration pneumo-
nitis, pulmonary embolism, anaphylaxis, iatrogenic 
fluid overload, cardiogenic or neurogenic pulmonary 
edema [29, 30].
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Key Points
 5 Airway complications at emergence and extubation 

have significantly increased over the years, with 
premature extubation, airway obstruction, and aspi-
ration of gastric contents as the main causes.

 5 Laryngospasm occurs only under “light” anesthe-
sia, when the patient is not deep enough to not 
respond to the stimulus, yet not awake enough to 
modify the response.

 5 A train-of-four ratio of <0.9 can be associated with 
upper airway obstruction, reduced airway tone, and 
an increased risk for aspiration.

 5 The incidence of postoperative nausea and vomiting 
can be up to 30% even with routine use of ondanse-
tron.

 5 Postoperative delirium is associated with a nearly 
doubling of hazard ratio for mortality.

 5 The most common cause for postoperative visual 
loss is ischemic optic neuropathy.

29.1  Introduction

Emergence from anesthesia is a stage of re-establishing spon-
taneous respiration, airway reflexes, and consciousness. It is a 
transition from a controlled to an uncontrolled state, and is 
rife with potential for complications (. Box 29.1). Although, 

hypoxia, pain, and nausea make up the majority of adverse 
events at emergence and extubation, the surge in sympathetic 
outflow could have significant cardiovascular effects, while 
the effect of residual anesthetics could lead to muscular 
weakness and confusion.

29.2  Postoperative Adverse Respiratory 
Events (PARE)

According to the National Audit Project (NAP4), a UK-based 
self-reporting audit, 30% of the major complications in air-
way management occur at emergence. The American Society 
of Anesthesiologists (ASA) Closed Claims Project has shown 
that, compared to before the 1990s, the incidence of difficult 
intubations, undetected esophageal intubations, and inade-
quate ventilation/ oxygenation has decreased—possibly as a 
result of wide use of pulse oximeters and end-tidal CO2 mon-
itoring and adherence to the ASA difficult airway algorithm. 
However, airway complications at emergence and extubation 
have significantly increased over the years, with premature 
extubation, airway obstruction, and aspiration of gastric con-
tents as the main causes.

The basic pathophysiology of postoperative adverse 
respiratory events (PARE) are airway obstruction, hypoven-
tilation, and ventilation-perfusion mismatch.

29.2.1  Airway Obstruction

 z Laryngospasm
Laryngospasm is a “protective” reflex, mediated through the 
superior laryngeal nerve, causing closure of the glottis in 
response to a stimulus (blood, secretions, suctioning) to the 
larynx or the oro-pharyngeal mucosa. This results in dra-
matic desaturation. It occurs only under “light” anesthesia, 
when the patient is not deep enough to not respond to the 
stimulus, yet not awake enough to modify the response to the 
reflex. Depending on the definition, ranging from complete 
airway obstruction to mild inspiratory stridor, the reported 
incidence varies from 0.1% to 5%.

The exaggerated inspiratory effort against the closed glot-
tis can generate significant negative intrathoracic pressure 
that can result in extravasation of fluid into the alveoli (nega-
tive pressure pulmonary edema). This is associated with 
2–40% mortality.

The management of laryngospasm:
 1. Providing continuous positive airway pressure (CPAP) 

using a tight-fitting face mask and continuous oxygen flow
 2. Larson’s maneuver is the application of firm, bilateral, 

medially directed pressure, in the space between the mas-
toid process and the mandible. The possible mechanisms 
by which this maneuver helps could be: (1) anterior 
displacement of the mandible and opening of the airway, 
and (2) the intense stimulus of the pressure on the styloid 
process could awaken the lightly anesthetized patient.

Box 29.1 Adverse Postoperative Events
Postoperative adverse respiratory events (PARE)

 5 Airway obstruction
5 Laryngospasm, laryngeal stridor, airway injury
5 Hypoventilation

 5 Postoperative residual curarization (PORC),
 5 Residual anesthetics, sedatives
 5 Ventilation-perfusion (V/Q) mismatch
 5 Atelectasis and shunt
 5 Gastric aspiration
 5 Pulmonary embolism, pulmonary edema
 5 Bronchospasm

Postoperative adverse cardiovascular events (PACE)
 5 Hypotension, hypertension,
 5 Arrhythmia, Myocardial ischemia

Postoperative nausea and vomiting (PONV)
Postoperative inadequate analgesia
Postoperative adverse neurological events (PANE)

 5 Delayed awakening, neuro-behavioral distur-
bances,

 5 Serotonin syndrome
 5 Postoperative visual loss (POVL)

Postoperative renal complications
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 3. Succinylcholine in a dose range of 0.1–1 mg/kg is suf-
ficient to relax the laryngeal muscles and “break” the 
laryngospasm. It may be better to administer succinyl-
choline earlier than later, as it can lead to severe brady-
cardia and cardiac arrest in a severely hypoxic patient. 
 Succinylcholine has been given intramuscularly (4 mg/
kg) when intravenous (IV) is not available.

 4. Small doses of propofol (20–30 mg) can be used to 
deepen the anesthetic and relieve the obstruction.

 Prophylaxis
In adults, use of an laryngeal mask airway (LMA) is associated 
with a lower incidence of post-extubation coughing, desatu-
ration, and laryngospasm. However, in children, LMA is asso-
ciated with increased risk of laryngospasm. Administration 
of lidocaine (1.5 mg/kg) or magnesium (15 mg/kg) prior to 
extubation may reduce the incidence of laryngospasm.

 z Laryngeal Stridor
Laryngeal stridor is the vibration of the vocal cord appara-
tus caused by the passage of air through a narrowed glottis. 
Airway narrowing can be due to: (1) laryngeal edema due to 
airway injury following intubation or endoscopy or due to an 
anaphylactic reaction to a drug, (2) vocal cord palsy follow-
ing injury to the recurrent laryngeal nerve (thyroid surgery, 
excessive endotracheal tube cuff pressure), or (3) collapse of 
the oro-pharyngeal soft tissue in the obese and patients with 
obstructive sleep apnea or due to lingering effects of anes-
thetics or residual neuromuscular blocking agents. Airway 
narrowing could also happen due to paradoxical adduction 
of the vocal cords during inspiration, commonly seen in 
infants or in an anxious patient breathing rapidly.

 z Airway Injury
Airway injury could result from surgery (thyroid, endoscopy, 
anterior cervical spine), anesthesia (laryngoscopy, suction-
ing, prolonged intubation, high cuff pressure) or positioning 
(prone, Trendelenburg). Patients with C1 esterase inhibitor 
deficiency can develop severe angio-neurotic edema even 
after trivial airway injury or manipulation.

Management of oropharyngeal and laryngeal edema con-
sists of nebulized racemic epinephrine and IV dexametha-
sone. However, if it progresses, emergent endotracheal 
intubation may be required and, in severe cases, cricothy-
roidotomy would be indicated.

29.2.2  Hypoventilation

Postoperative Residual Curarization (PORC)
PORC is a significant contributor to PARE in the post- 
anesthesia care unit (PACU). Residual paralysis of the 
pharyngeal muscles leads to collapse of the airway dur-
ing inspiration, which manifests as retraction at the sternal 
notch and paradoxical movement of the abdominal muscles. 
At emergence, regular, spontaneous breathing through the 
endotracheal tube does not guarantee complete reversal of 

neuromuscular block, since the diaphragm recovers from 
effects of muscle relaxants earlier than the pharyngeal mus-
cles. A train-of-four (ToF) ratio of <0.9 can be associated 
with upper airway obstruction, reduced airway tone, and an 
increased risk for aspiration. The variability of duration of 
action of neuromuscular blocking agents and the time for 
reversibility with acetylcholine esterase inhibitors are sig-
nificant factors for PORC. Since, it is not possible to exclude 
clinically significant residual paralysis by subjective monitor-
ing, the use of an accelero-myograph to monitor the neuro-
muscular blockade is recommended.

It is also recommended that neostigmine be given to all 
patients to reverse neuromuscular blockade, unless the 
accelero- myograph shows a T4/T1 ratio > 0.9:

 5 No monitoring – routine reversal
 5 TOF count 1 – delay reversal
 5 TOF count 2-3 – routine reversal
 5 TOF count 4/fade – routine reversal
 5 TOF count 4/ No fade – neostigmine 20–30 μ(mu)g/kg

Sugammadex, a cyclodextrin molecule with a lipophilic core 
and a hydrophilic exterior, can effectively encapsulate 
rocuronium and vecuronium molecules, rendering them 
unavailable for neuromuscular blockade. It is effective even 
when a high dose of rocuronium is given, as for rapid 
sequence intubation. Since it does not have anti- cholinesterase 
activity, it does not have to be co-administered with anticho-
linergic agents. Sugammadex has been used to neutralize 
rocuronium in myasthenic patients.

Residual Opioid, Benzodiazepine, Volatile, 
and IV Anesthetics
Residual sedatives (benzodiazepine), anesthetics (volatile and 
intravenous), and opioids decrease the sensitivity of the respi-
ratory center to hypercapnia and depress the respiratory drive. 
Therefore, an intubated patient breathing spontaneously with 
raised end-tidal CO2 indicates residual anesthetics. The 
diminished respiratory drive could be a decreased respiratory 
rate (opioids) or tidal volume (volatile anesthetics). Presence 
of renal or hepatic dysfunction increases the risk of persistent 
effects of sedatives, opioids, and neuromuscular blocking 
agents. Ketamine and dexmedetomidine have less suppressive 
effects. There are no pharmacological reversal agents for vola-
tile anesthetics and propofol, but residual effects of benzodi-
azepine can be reversed with flumazenil (0.2 mg IV over 30 s 
and repeated to achieve the desired effect, up to a maximum 
of 1 mg) and of opioids with naloxone (40 mcg every 5 min 
IV). It is important to remember that the duration of effects of 
the antidotes may be shorter than that of the residual sedative 
and so may need to be repeated. Ventilator support and mon-
itoring would be needed until effects of the anesthetic agents 
wear off. Adverse effects of naloxone include reversal of anal-
gesic effects of opioids, sympathetic surge leading to myocar-
dial ischemia in patients with cardiac disease, and pulmonary 
edema after large doses in young, muscular patients.

There is currently a rising trend in monitored anesthesia 
care (MAC), wherein a “conscious sedation” is provided for 
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procedures such as gastrointestinal endoscopy, cardiac cath-
eterization, radiation oncology, and diagnostic and therapeu-
tic radiological studies. This has led to a rise in incidence of 
problems such as inadequate ventilation and oxygenation, in 
such non-operating room anesthesia (NORA) possibly due 
to over-sedation, inadequate monitoring of ventilation and 
oxygenation, and remote access to the airway.

29.2.3  Ventilation-Perfusion (V/Q) Mismatch

Atelectasis and Intrapulmonary Shunt
The functional residual capacity (FRC) reduces with induction 
of anesthesia and worsens with muscle relaxation and also in 
lithotomy and Trendelenburg positions. This raises the closing 
volume (lung volume at which the smaller alveoli start to 
close) above the FRC, leading to basal atelectasis and intrapul-
monary shunt. The other causes for intraoperative atelectasis 
could be thoracic and upper abdominal surgery, morbid obe-
sity, and unrecognized, inadvertent endobronchial intubation. 
This could persist into the postoperative period, especially 
with inadequate analgesia, limiting breathing excursion or in 
the morbidly obese who would have to be propped up to facil-
itate diaphragmatic excursion. Obesity is also associated with a 
higher incidence of postoperative myocardial infarction and 
infection. Anesthesia-induced pulmonary atelectasis is more 
pronounced in morbidly obese patients and it remains atelec-
tatic for a longer period of time. The STOP-BANG question-
naire (7 www.stopbang.ca) predicts the risk of obstructive 
sleep apnea.

Gastric Aspiration
Analysis of the anesthesia Closed Claims Project shows an 
increasing trend in the incidence of aspiration of gastric con-
tents, contributing to 18% of adverse respiratory events. The 
analysis of these cases showed that aspiration occurred 
mainly with induction, but also intraoperatively (18%) and 
during emergence and extubation (17%). These patients were 
elderly, sicker, and having abdominal and emergency sur-
gery. According to the 4th National Audit Project (NAP4) of 
the Royal College of Anaesthetists and the Difficult Airway 
Society, aspiration was the single most common cause of 
death due to airway complication and about 30% of aspira-
tions occurred at extubation. In patients at risk for aspiration, 
a gastric tube should be sited and kept on continuous suction 
drainage prior to induction and through the intraoperative 
period. At emergence, it is crucial to ensure that the patient is 
conscious and has return of airway reflexes prior to extuba-
tion. In the author’s personal opinion, upper airway obstruc-
tion at emergence could generate sufficient negative pressure 
to suck the gastric fluid into the oropharynx.

Pulmonary Embolism
During surgery, a dislodged venous clot, fat globules from a 
fractured long bone, or amniotic fluid in the parturient could 
embolize into the pulmonary circulation and present as pleu-
ritic chest pain, tachycardia, tachypnea, and hypoxemia resis-

tant to oxygen therapy in the immediate postoperative period. 
Diagnosis is based on clinical symptoms and a high index of 
suspicion, and confirmed with a computed tomography angi-
ography (CTA). Management of pulmonary embolism, 
depending on the severity of symptoms, could range from 
therapeutic anticoagulation to pulmonary angiogram with 
thrombolytic therapy to surgical pulmonary embolectomy.

Pulmonary Edema
Presence of pulmonary edema in the postoperative period 
could be due to exacerbation of congestive cardiac failure or 
iatrogenic fluid overloading. Patients who develop post- 
extubation airway obstruction or laryngospasm could 
develop a transudative edema due to the generation of exces-
sive negative intrathoracic pressure. This is commonly seen 
in young, muscular patients who can generate sufficient 
negative pressure against a closed airway. The patient pres-
ents with tachypnea, hypoxemia, and respiratory rales on 
auscultation. The management consists of diuretics, oxygen, 
and a propped up positioning. Trans-thoracic echocardiog-
raphy could be a handy tool to assess myocardial functioning 
and decide the need for inotropic medication.

Bronchospasm
Tachypnea and “wheezing” could be an exacerbation in a 
patient with reactive airway disease (asthma or chronic 
obstructive pulmonary disease [COPD]), a symptom of 
pneumothorax, or part of an anaphylactic reaction. It requires 
appropriate therapy.

Remember! Although, oxygen should be provided to all 
patients recovering from anesthesia or sedation, it does not 
treat hypoxemia due to significant shunt and can mask 
hypoventilation. All patients recovering from a general anes-
thetic should be administered oxygen, traditionally through a 
nasal cannula. As a general rule, each liter per minute of oxy-
gen raises the inspired oxygen by 4%, making a FiO2 of 0.44 
with 6 L/m oxygen flow. If this oxygen supplementation fails to 
maintain reasonable oxygen saturation, escalation of ventilator 
care to continuous positive airway pressure (CPAP), non-inva-
sive positive pressure ventilation (NIPPV), or intubation and 
mechanical ventilation should be considered. The important 
monitors to detect PARE are clinical vigilance, pulse oximetry, 
and end-tidal CO2 monitoring.

29.3  Postoperative Adverse Cardiovascular 
Events (PACE)

Cardiovascular complications in the PACU are usually 
related to a pre-existing cardiovascular comorbidity such as 
coronary artery disease (CAD), hypertension, arrhythmia, 
and also a consequence of perioperative fluid balance and 
blood loss. The common cardiovascular complications seen 
in the PACU are hypotension, hypertension, and arrhythmia, 
any of which could progress to myocardial ischemia in a 
 susceptible patient.
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29.3.1 Hypotension

The most likely etiology of hypotension in the PACU is hypo-
volemia, but it could well be residual anesthetic effect, (over)
effective epidural block, sepsis, myocardial ischemia, arrhyth-
mia, ongoing bleeding, pulmonary embolism, or anaphylaxis. 
Therefore, a bolus of IV fluid is usually administered, while 
the other causes are being excluded. Although the treatment 
depends on the etiology, vasoconstrictor agents such as phen-
ylephrine, ephedrine, or norepinephrine in small aliquots 
may help bring the blood pressure up in the meantime. Ongo-
ing hemorrhage would need surgical control and transfusion.

29.3.2 Hypertension

A common cause of high blood pressure in the postoperative 
period is pre-existent hypertension, especially in patients who 
skipped their anti-hypertensive medications on the day of sur-
gery. The other causes could be inadequate pain control, a dis-
tended urinary bladder, or anxiety. Hypoventilation is associated 
with increased sympathetic tone and hypertension. Narcotic 
abusers and alcohol-dependent patients could present with 
hypertension and tachycardia in the PACU as manifestations of 
withdrawal symptoms. If the treatment of any precipitating 
causes, such as pain or distended urinary bladder, does not help 
or the blood pressure is significantly high, antihypertensive 
medications (labetalol, hydralazine) should be administered.

29.3.3 Arrhythmia

Cardiac arrhythmia in the postoperative period could be a 
manifestation of sympathetic surge, hypertension, hypoxia, 
electrolyte imbalance,s or acute coronary insufficiency. The 
common postoperative arrhythmias are sinus tachycardia and 
premature ventricular contractions, which usually do not 
require specific treatment. Hypomagnesemia or certain medi-
cations that prolong QT interval (anti-arrhythmics, droperidol, 
ondansetron) could result in torsade de pointes, a polymorphic 
ventricular tachycardia, which could rapidly progress to ven-
tricular fibrillation. New onset atrial fibrillation is common 
after cardiac or thoracic surgery. Management consists of treat-
ment of the inciting factor and use of anti-arrhythmic agents to 
counteract cardiovascular instability. Severe cardiovascular 
instability would require electrical cardioversion.

29.3.4 Myocardial Ischemia

Although, perioperative myocardial infarction (MI) is rare, it 
can be associated with significant morbidity and mortality, 
and even higher 30-day mortality. These patients may not 
present with classical chest pain, but may have tachypnea, 
hypotension, arrhythmias, or lethargy. A high index of suspi-
cion is warranted in the elderly, and those with history of 
ischemic heart disease and recent MI. Analysis of leads II and 

V5 in a 12-lead electrocardiogram (ECG) can reflect 80% of 
the ischemic events and is recommended in patients with 
known or suspected coronary artery disease who have under-
gone a high-risk surgery. Measuring the serum troponin is 
indicated when myocardial ischemia or infarction is sus-
pected. Routine monitoring of troponin levels in high-risk 
patients may become a norm in the future.

29.4  Postoperative Nausea  
and Vomiting (PONV)

The incidence of postoperative nausea and vomiting (PONV) 
can be up to 30% and is dreaded, even more than postopera-
tive pain, by the patient.

29.4.1  Pathophysiology of Nausea 
and Vomiting

The vomiting center (VC) lies in the medulla and receives 
impulses via cranial nerves from carotid baroreceptors (IX), 
middle ear (VIII), gastrointestinal receptors (X), aortic baro-
receptors (X), and direct afferents from higher cortical areas 
involved in pain, olfaction, memory, and fear, as well as from 
the chemoreceptor trigger zone (CTZ), which is located in 
the floor of the fourth ventricle. The CTZ is stimulated by 
drugs and toxins present in the blood. The efferent fibers 
from the VC pass through the cranial nerves (V, VII, IX, X, 
and XI) to coordinate the actions of the smooth and striated 
muscles involved in vomiting and also through the spinal 
nerves to the diaphragm and abdominal muscles.

Numerous neurotransmitters are involved, both periph-
erally and centrally, in the modulation of nausea and vomit-
ing. These include histamine (H1 receptors at gastrointestinal 
tract), dopamine (D2 receptors), serotonin (5-HT3 at CTZ), 
acetylcholine (muscarinic receptors in vestibulocochlear 
apparatus), and the more recently discovered neurokinin-1 
or Substance P (NK1 receptor at the vomiting center).

The multifactorial etiology of nausea and vomiting and 
the involvement of numerous neurotransmitters are reflected 
in the range of medications that are available to prevent and 
treat nausea and vomiting. Anti-emetics can be classified 
according to their site of action:

 5 5HT3 receptor antagonist; eg, ondansetron
 5 Dopamine antagonist; eg, droperidol, metoclopramide, 

domperidone
 5 NK1 receptor antagonist; eg, aprepitant
 5 Antihistamine; eg, cyclizine, diphenhydramine, dimen-

hydrinate,
 5 Anticholinergic; eg, hyoscine (scopolamine), phenothi-

azines (prochlorperazine)
 5 Steroids; eg, dexamethasone
 5 Cannabinoids; eg, dronabinol, nabilone, sativex

Some of these drugs act on more than 1 receptor, eg, phenothi-
azine (anti-dopaminergic, anti-cholinergic and anti- histaminic), 
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and some are associated with significant side effects, eg, extra-
pyramidal symptoms, even 12–72 h after a single dose (meto-
clopramide, droperidol, phenothiazines), QT prolongation 
(droperidol, ondansetron), and tachycardia (cyclizine).

29.4.2  Risk Factors for PONV

Risk factors for PONV could be patient related (female, non-
smoker, history of motion-sickness, dehydration, anxiety, 
gastric distension), surgical (abdominal, ophthalmic, middle 
ear and gynecological), or anesthetic (inhalational anesthet-
ics, opioids, neostigmine, hypotension).

The most commonly used risk stratification model for 
PONV is the Apfel score (female, nonsmoker, perioperative 
opioids, history of PONV or motion sickness—1 point for 
each factor present). The incidence of PONV increases with 
increasing score: 0 (10%), 1 (21%), 2 (39%), 3 (61%), 4 (79%).

29.4.3  Management of PONV

In patients with moderate to severe risk of PONV, 2 drugs with 
different pharmacological actions are used. The common selec-
tion is dexamethasone 4 mg IV at induction and ondansetron 
4 mg IV before emergence. In a patient with significant past 
history of PONV, a third antiemetic is added prior to induction 
of anesthesia—either aprepitant or transdermal scopolamine.

In the PACU, if the patient has PONV despite prophy-
laxis, a drug from a different class, such as promethazine, 
could be administered.

29.5  Postoperative Pain Management

Inadequately controlled pain during the immediate postop-
erative period is not only associated with patient distress and 
sympathetic overstimulation, but has also been shown to lead 
to long-term chronic pain problems. The mainstay of pain 
control in the PACU is usually intravenous administration of 
opioids. However, intravenous acetaminophen, regional and 
local anesthetic techniques, and physical therapy such as ice 
packs or placing a pillow under the knees, to ease the abdom-
inal muscle stretch could be useful.

29.6  Postoperative Adverse Neurological 
Events (PANE)

The two common neurological complications encountered, 
after general anesthesia, in the PACU are “delayed awaken-
ing” and “neuro-behavioral disturbances”.

29.6.1 Delayed Awakening

The reason for prolonged unconsciousness after anesthesia is 
most likely to be the effect of residual anesthetics and seda-

tives. However, it could also be metabolic derangement or 
neurological causes, both of which could lead to serious out-
comes. The pharmacological reasons for “delayed awakening” 
could be actual or relative overdose or synergic effect of anes-
thetic agents, opioids, and benzodiazepines. Opioids depress 
the sensitivity of brain stem chemoreceptors to CO2, which 
leads to respiratory depression and hypercapnia. Benzodiaze-
pines are effective anxiolytics and can cause prolonged uncon-
sciousness in the extremes of age. Residual neuromuscular 
block can result from incomplete reversal or recurarization 
and it can lead to hypoventilation. Residual effects of opioids 
and benzodiazepine can be reversed with naloxone and flu-
mezanil, respectively. The effect of a bolus induction dose of 
propofol is unlikely to linger to cause delayed awakening. 
However, with wider use of total intravenous anesthesia tech-
niques, it is crucial to understand the concept of “context sen-
sitive” half-life of drugs such as propofol and dexmedetomidine, 
which could be prolonged depending up on the duration of 
infusion. The emergence from volatile anesthetic agent 
depends on pulmonary excretion and the minimum alveolar 
concentration (MAC) linked to eye opening to verbal com-
mand (MACawake), which is about 0.3 MAC.  Elimination of 
volatile anesthetic depends on alveolar ventilation, partition 
coefficients (blood-gas and blood-fat) of the agent, and the 
duration of use. Desflurane is linked to rapid recovery, espe-
cially in an obese patient because of its low blood-fat solubility.

Non-pharmacological causes for delayed awakening could 
be hypoglycemia (40 mg/dL−1), hypothermia (< 33 °C), hypo-
natremia (< 110 mmol/L−1) or raised intracranial pressure.

29.6.2 Neuro-Behavioral Disturbances

Neuro-behavioral disturbances in the postoperative period 
manifest as delirium, a state of altered consciousness, and 
impaired cognition. Temporally, it can be immediately after 
emergence from anesthesia, lasting about 30 min (emergence 
delirium), or prolonged over a couple of hours (postoperative 
delirium). There may also be long-term subtle loss of cognition, 
attention, and memory (postoperative cognitive decline).

Emergence delirium (incidence of 5–21% among adults) is 
more common among younger males with history of preoper-
ative anxiety and those who have been given a benzodiazepine 
premedication. Postoperative delirium is more common in the 
elderly following major orthopedic and vascular surgeries, 
with a reported incidence of 3–53%. Postoperative delirium is 
associated with a nearly doubling of hazard ratio for mortality 
(OR 1.95; CI 1.51–2.52) and also a higher risk of dementia. 
Deranged neurotransmission and neuro-inflammation with 
microglial activation are some of the theories suggested for the 
etiology of postoperative delirium. Although postoperative 
delirium may progress to long- term cognitive decline in some 
patients, present evidence does not suggest that it is the norm.

The diagnosis of delirium requires the presence of an 
acute onset of alteration in the mental status compared to the 
preoperative period and symptoms of inattention along with 
either disorganized speech or altered level of consciousness.
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Prevention and Treatment
Some of the steps that can be taken to reduce the incidence 
of postoperative delirium are avoiding benzodiazepine as 
premedication, good nursing care with regular orientation 
to time and place, and early access to spectacles and hearing 
aids if the patient is dependent on them. Dexmedetomidine, 
an α(alpha)2-agonist, has been shown to be associated with 
less postoperative delirium compared to midazolam or 
lorazepam. Addition of ketamine and dexmedetomidine in 
the anesthetic technique may reduce postoperative delirium, 
compared to benzodiazepine and propofol, which act 
through gamma-aminobutyric acid (GABA) receptors. 
Judicious use of opioids is indicated as both over-dosage of 
opioids and under-treatment of pain can contribute to delir-
ium. Managing patients with delirium involves nursing care 
in a stable environment by familiar caregivers and constant 
reassurance; treatment of aggravating factors such as pain, 
hypoxia, electrolyte imbalance, or infection; and avoiding 
deliriogenic drugs. If general measures fail, haloperidol, a 
dopaminergic antagonist, in a dose of 0.5–5  mg may be 
used.

29.6.3 Serotonin Syndrome

Serotonin syndrome is a potentially lethal condition that 
occurs due to excess serotonin in the central nervous system, 
secondary to an adverse drug reaction or a drug interaction. 
Numerous drugs that increase serotonin activity—such as 
monoamine oxidase inhibitors (MAOI), selective serotonin- 
reuptake inhibitors (SSRI), opioids, anti-emetics, etc.—have 
been associated with serotonin syndrome.

The classical clinical triad of altered mental status, auto-
nomic hyperactivity, and neuromuscular abnormality is not 
universally present. The usual presentation is a spectrum 
ranging from mild symptoms such as shivering and drowsi-
ness to tremor, altered sensorium, muscle rigidity and hyper- 
reflexia. In an extreme situation they could develop 
hyperthermia, rhabdomyolysis, metabolic acidosis, renal 
failure, and disseminated intravascular coagulopathy. In a 
postoperative patient, mild symptoms such as shivering, rest-
lessness, or drowsiness are easily overlooked or treated with 
the drugs that can worsen the situation. The diagnosis 
requires a high index of suspicion in patients who have taken 
any of the precipitating drugs over the previous 5 weeks. The 
differential diagnosis includes anti-cholinergic overdose, 
malignant hyperthermia, and neuroleptic malignant syn-
drome.

The management of serotonin syndrome is mainly sup-
portive with removal of the precipitating agent and adminis-
tration of benzodiazepine for sedation. Cyproheptadine, a 
5HT2A antagonist, in a dose of 12 mg followed by 2 mg every 
2 h orally is recommended, but its efficacy is not conclusive. 
In patients who develop hyperthermia (> 41 °C), in addition 
to the aforementioned therapy, sedation, neuromuscular 
paralysis, and endotracheal intubation with mechanical ven-
tilation should be initiated.

29.6.4 Postoperative Visual Loss

Postoperative visual loss (POVL) is a rare but devastating 
complication, and is mainly associated with major spine and 
cardiac surgery. The most common cause for POVL is isch-
emic optic neuropathy (ION). This can occur with improper 
patient positioning, causing external compression of the eye, 
raising the intraocular pressure, and impairing flow in the 
retinal artery. This can occur in patients positioned prone for 
spine surgery. Prolonged surgery, excessive hemorrhage, and 
associated hypotension during the spine surgery could be con-
tributing factors; although hypotension by itself seems to be a 
rare cause for retinal ischemia. Retinal artery occlusion can 
occur due to micro-embolus during an open heart surgery. 
Other causes for POVL could be cortical blindness and acute 
glaucoma. Transient visual loss after transurethral resection of 
prostate can result due to excessive absorption of 1.5% glycine, 
used as the irrigation solution. Corneal abrasion could lead to 
irritation and redness of the eyes and cause impaired vision.

According to the practice advisory by the ASA, in a high- 
risk patient, vision should be assessed when the patient 
becomes alert, and an ophthalmology consultation obtained 
for any visual impairment.

29.7  Postoperative Renal Complications

Oliguria (< 0.5 ml/kg/h) is the most common sign heralding 
renal dysfunction in the postoperative period. Although, the 
most common reason is depletion of intravascular fluid vol-
ume, it could be multifactorial. The causes could be “pre- 
renal” (hypovolemia, intra-abdominal hypertension, low 
cardiac output), “renal” (ischemia, contrast dye nephropathy, 
rhabdomyolysis), or “post-renal” (surgical injury to the ure-
ters, blockade of urinary catheter). A judicial “fluid chal-
lenge” would be effective in restoring the urine output in 
most situations. Rhabdomyolysis is seen in patients who 
have suffered major crush injury, but may be seen in mor-
bidly obese patients after prolonged surgery. Elevated serum 
creatine phosphokinase (CPK) levels would be diagnostic. 
Aggressive hydration and loop diuretics to flush the renal 
tubules are the mainstay of management.

29.8  Discharge Criteria From  
The Post- Anesthesia Care Unit

Perhaps the most important question to ask before discharg-
ing a patient from the PACU to the next lower level of care 
should be, “Is the patient safe to be left unmonitored for a 
period of time?” The patient should be oriented and be able 
to summon assistance, hemodynamically stable, adequately 
oxygenating, reasonably pain-free, and not nauseous.

The “Modified Aldrete Scoring System” is one of the com-
monly used objective discharge criteria (. Table  29.1). A 
score of ≥9 is required for discharge from the PACU.

The Postoperative Period
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29.9  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer):
 1. The most common early sign of myocardial ischemia 

in the PACU is
 A. ST-T wave changes on ECG monitor
 B. Diaphoresis
 C. Angina
 D. Dyspnea
 E. Tachycardia

 2. All the following are recommended to treat the laryn-
gospasm that occurs during emergence, EXCEPT
 A. Applying positive pressure by mask
 B. Larson’s maneuver
 C. Succinylcholine 2 mg/kg dose
 D. Succinylcholine intramuscularly 4 mg/kg
 E. Small dose of propofol

 3. According to the ASA and the Cardiac Anesthesia/Sur-
gery Societies, patients who are not bleeding, are stable 
and euvolemic can tolerate a hemoglobin as low as:
 A. 6 g/dL
 B. 7 g/dL

 C. 8 g/dL
 D. 9 g/dL
 E. 10 g/dL

 4. Which of the following tests reliably predicts recov-
ery of airway protective reflexes?
 A. A negative inspiratory pressure of 25 cm H2O or less
 B. Sustained head lift for 10 sec
 C. Return of train-of-four response to preoperative 

levels
 D. A forced vital capacity of 10–12 ml/kg
 E. None of the above

 5. Potential causes for prolonged unresponsiveness 
after anesthesia include all of the following, EXCEPT
 A. Pseudo-choline-esterase deficiency
 B. Hypoglycemia
 C. Hyperthermia
 D. Residual inhalational anesthetic
 E. Hypothermia

 6. Regarding hypothermia and shivering in the PACU, 
which is FALSE
 A. Severe shivering may double the CO2 production.
 B. Severe shivering can lead to myocardial infarction 

and ventilator failure.
 C. Inhalational anesthetic may accentuate shivering.
 D. Meperidine is an effective treatment for 

postoperative shivering.
 E. Non-shivering thermogenesis is effective in adults.

 7. Management in patients with significant aspiration 
and hypoxemia, include
 A. Furosemide
 B. High-dose steroids
 C. Fluid restriction
 D. Mechanical ventilation with PEEP
 E. Prophylactic antibiotics

 8. Pulmonary dead space decreases with which of the 
following
 A. Pulmonary embolism
 B. Endotracheal intubation
 C. Pulmonary hypotension
 D. Decreased cardiac output
 E. Transfusion related acute lung injury (TRALI)

 9. Which of the following is true about serotonin syn-
drome?
 A. It is an idiosyncratic reaction.
 B. It presents as delirium and rigidity.
 C. Treatment include 5HT3 antagonists.
 D. Individuals have a genetic predisposition to 

develop this.
 E. It is seen in patients taking calcium channel 

blockers.
 10. Which of the following should not be used to treat 

acute postoperative wheezing?
 A. IV steroids
 B. Aerosolized epinephrine
 C. Intramuscular terbutaline
 D. Ipratropium bromide
 E. IV epinephrine

       . Table 29.1 Modified Aldrete Scoring System

Score

Respiration

Able to take deep breath and cough 2

Dyspnea / shallow breathing 1

Apnea 0

O2 saturation

Maintains SpO2 > 92% on room air 2

Needs O2 to maintain SpO2 > 90% 1

SpO2 < 90% even with supplemental oxygen 0

Consciousness

Fully awake 2

Arousable on calling 1

Not responding 0

Circulation

Blood pressure ± 20 mm Hg preop 2

Blood pressure ± 20–50 mm Hg preop 1

Blood pressure ± 50 mm Hg preop 0

Activity

Able to move all 4 extremities voluntarily 2

Able to move 2 extremities 1

Unable to move extremities 0

A score of ≥9 is required for discharge from the PACU
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 v Answers:
 1. E. In the PACU, the most common sign for acute MI 

is tachycardia and it is usually the reaction to, and 
not the cause of, MI. ST-T changes depends on lead 
placement and is usually a later sign on 12-lead 
ECG. Troponin levels could be used to confirm.

 2. C. The usual recommended dose of succinylcholine 
is 0.1- mg/kg IV or 4 mg/kg IM if an IV access is not 
available. Propofol in doses of 20-30 mg can be used 
to deepen the level of anesthesia.

Administration of lidocaine (1.5 mg/kg) or mag-
nesium (15 mg/kg) prior to extubation may reduce 
the incidence of laryngospasm.

 3. A. It is now well-accepted that patients who are not 
bleeding, are stable and euvolemic can tolerate a 
hemoglobin as low as 6 g/dL.

 4. E. All these imply adequacy of muscle strength and 
not recovery of airway protective reflexes.

 5. C. The common causes for delayed awakening after 
an anesthetic are residual anesthetic and residual 
curarization, hypothermia, and hypoglycemia. 
Pseudo-choline-esterase deficiency can lead to pro-
longed action of succinylcholine.

 6. E. Non-shivering thermogenesis is ineffective in 
adults. Severe shivering may increase oxygen 
consumption and CO2 production by 200%. This 
increases cardiac output and minute ventilation lead-
ing to myocardial ischemia and ventilator failure. 
Inhalational anesthetics cause tremors, which accen-
tuate postop shivering. Meperidine is an effective 
treatment for shivering.

 7. D. Significant aspiration can lead to hypoxemia, 
increased airway resistance, and pulmonary edema. 
Management includes endotracheal intubation and 
suctioning of trachea followed by mechanical venti-
lation with positive end expiratory pressure (PEEP). 
Pulmonary edema is usually secondary to increased 
capillary permeability and do not require diuretics or 
fluid restriction. Bacterial infection is rare and prophy-
lactic antibiotics are not indicated nor are steroids.

 8. B. Any decrease in pulmonary blood flow INCREASES 
pulmonary dead space and pulmonary embolism, 
hypotension, low cardiac output, and TRALI will all 
decrease pulmonary blood flow. Anatomical dead 
space can be reduced by 75% by endotracheal intu-
bation and almost eliminated by tracheostomy.

 9. B. Serotonin syndrome is a potentially lethal condi-
tion that occurs due to excess serotonin in the cen-
tral nervous system, secondary to an adverse drug 
reaction or a drug interaction. Numerous drugs that 
increase serotonin activity, such as monoamine oxi-
dase inhibitors (MAOI), selective serotonin- reuptake 
inhibitors (SSRI), opioids, and anti-emetics (5HT3 
antagonists) have been associated with serotonin 
syndrome. The classical clinical triad of altered 
mental status, autonomic hyperactivity, and neu-

romuscular abnormality is not universally present. 
The usual presentation is a spectrum ranging from 
mild symptoms such as shivering and drowsiness 
to tremor, altered sensorium, muscle rigidity, and 
hyper-reflexia. The terminal events are hyperthermia, 
rhabdomyolysis, metabolic acidosis, renal failure, and 
disseminated intravascular coagulopathy.

Cyproheptadine, a 5HT2A antagonist, is a recom-
mended treatment.

 10. A. The treatment of acute bronchospasm include 
inhaled or IM terbutaline, anticholinergic medica-
tion such as ipratropium, and, finally, epinephrine 
(inhaled or IV) for severe bronchospasm. Steroids are 
not effective for acute improvement but may prevent 
later recurrence.
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Key Points
1. Transduction, transmission, and perception are 

necessary steps in pain physiology. Peripheral and 
central sensitization are key elements of acute and 
persistent pain formation.

2. The concept of multimodal analgesia involves the 
blockade of peripheral and central nociceptors 
involved in transduction, transmission, and percep-
tion of pain.

3. A comprehensive preoperative evaluation and ongo-
ing postoperative assessment of patients, comorbidi-
ties, and pain intensity is crucial to provide adequate 
postoperative pain management.

4. Regional analgesia can be used for a wide variety of 
surgical procedures. A careful selection of the tech-
nique, local anesthetic concentration, and adjuvant 
analgesic is important to maximize the efficacy of 
each technique while minimizing adverse events.

5. Continuous intravenous infusion of opioids is not 
recommended in patients not previously exposed to 
these medications or those with advance age, sleep 
apnea, and obesity because their increased risk of 
respiratory depression.

6. The transmucosal and transdermal are not tech-
niques of choice to treat postoperative acute pain. 
Iontophoretis delivery of opioids have recently been 
described and shown some efficacy in postoperative 
pain management. Acupuncture, transcutaneous 
electrical nerve stimulation (TENS), and cryoanalge-
sia are considered non- pharmacological techniques 
that can be implemented in multimodal analgesic 
strategies.

30.1  Introduction

It is estimated that 75% of patients undergoing any surgery in 
the United States experience inadequate pain control [1]. 
Surgical pain has the features of nociceptive, inflammatory, 
and neuropathic pain [2]. Therefore, it has been recom-
mended that more than one analgesic modality (multimodal 
analgesia) will be necessary to achieve adequate periopera-
tive pain control, thus avoiding the unwanted effects of large 
doses of single analgesics, in particular opioids [3]. A multi-
modal analgesic technique entails the preoperative initiation, 
intraoperative continuation, and postoperative maintenance 
of a combination of regional anesthesia/analgesia techniques 
(whenever possible) with two or more systemic analgesics. In 
the postoperative period, the addition of systemic analgesics 
is important; in particular when regional anesthesia tech-
niques are discontinued, as during this time patients may 
experience severe distress and discomfort (“analgesic gap 
period”).

30.2  Pain Mechanisms and Pathways

30.2.1  Nociceptors and Nociceptive Afferent 
Neurons, Wind-Up Phenomenon

Transduction is the first necessary step to convert a noxious 
stimulus (mechanical, chemical, and thermal) into electrical 
neural activity. The sensors responsible for detecting noxious 
stimuli are called nociceptors. Although nociceptors are located 
in the terminals of sensory afferent fibers with different diam-
eters and velocities of conduction (Aδ[delta] and C fibers); they 
can also be found in non-neuronal cells such as keratinocytes. 
After surgical trauma, not one single substance but a myriad 
of inflammatory mediators (glutamate, ATP prostaglandins, 
cytokines, bradykinins, neurokinins and growth factors) act on 
nociceptors to initiate the transduction process. Nociceptors 
are either ionotropic (ion channel) or metabotropic (second 
messenger-signaling cascade). The formers rapidly transmit 
sensory information while the latter are slower responders. 
Particularly important families of inotropic receptors are the 
transient receptor potential vanilloid (TRPV) receptors and 
purinergic receptors [4]. Metabotropic receptors involved in 
transduction are tumor necrosis factor (TNF) receptor, prosta-
glandin receptors (EP1-4), leukotriene receptors (BLT1, BLT2, 
CysLT1 and CysLT2), neurokinin receptors (NK1 and NK2), 
and growth factor receptors (BDNF and NGF) [4]. The action 
of the inflammatory mediators on peripheral nociceptors is 
responsible for the so- called peripheral sensitization. Once the 
transduction process and peripheral sensitization have been 
initiated neurons remain in a hyperexcitable state even after 
cessation of noxious stimulation.

Once a nociceptor is activated the second step necessary 
is the transmission of pain impulses from the peripheral, in 
the form of electrical signals, to the dorsal horn of the spinal 
cord. Sodium voltage-gated channels located in Aδ(delta) 
fibers (small myelinated) and C fibers (unmyelinated) are key 
in the transmission of electrical impulses. These ion channels 
are of particular importance because they are the sites of 
action of local anesthetics. Other ion channels involved in 
the transmission process include voltage-gated calcium (the 
site of action of gabapentinoids) and potassium channels.

30.2.2  Dorsal Horn Transmission and 
Modulation

Once peripheral sensitization (also known as primary 
hyperalgesia) takes place, the spinal cord function receives 
a barrage of impulses and serves as a relay station. Sensory 
afferents, interneurons, and ascending and descending pro-
jection neurons located in the dorsal horn work coordinately 
to modulate the sensory information by muting, attenuating, 
limiting, amplifying, and transmitting pain signals back to the 
periphery or to supraspinal centers. Wide dynamic range neu-
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rons are of particular importance because they  participate in 
the process of central sensitization (secondary hyperalgesia) 
and wind-up, which refers to the frequency-dependent facili-
tation of the excitability of spinal neurons induced by repeti-
tive electrical stimulation of afferent C fibers [5]. Glutamate is 
one of the main neurotransmitters in the dorsal horn. There 
are two major types of glutamate receptors: ionotropic (AMPA 
and NDMA) and metabotropic. Although both types of recep-
tors contribute for pain transmission, the NMDA receptor has 
particular clinical relevance because it is the site of action for 
drugs such as ketamine, methadone, and magnesium sulfate. 
Thrombospondin-4 (TSP4) is another excitatory neurotrans-
mitter that is increased after nerve injury. TSP4 interacts with 
voltage-gated calcium channel α(alpha)2δ(delta)1 subunit 
that is the action site of gabapentin.

30.2.3  Spinal and Supraspinal 
Neurotransmission and Modulation; 
Opioid Receptors

From the dorsal horn to cortical structures, sensory pain 
information is transmitted by the spinothalamic tract and 
spinobulbar projections. From the thalamus, information 
regarding location, quality, and intensity of pain reach corti-
cal structures (perception), which are activated in a coordi-
nated matter to differentiate between discriminative 
(somatosensory cortex) and emotional (anterior cingulate 
and insular cortex) aspects of pain. Activation of the brain-
stem areas of pain is responsible for the autonomic responses 
and descending modulation of pain (. Fig. 30.1). The periaq-

ueductal grey and the rostral ventral media areas of the 
brainstem are of utmost important because they modulate 
afferent signaling by descending facilitation or inhibition and 
it is the place of action of drugs such as opioids (descending 
inhibition).

30.2.4  Autonomic Contributions to Pain; 
Visceral Pain Perception and 
Transmis sion

A significant interaction exists between the autonomic ner-
vous system and pain responses. An increase in the sympa-
thetic system proportional to noxious stimulation and a 
decrease of parasympathetic activity occurs in response to 
acute pain. The magnitude of autonomic response not only 
correlates with the degree of activity of cortical areas such as 
the medial prefrontal frontal cortex but also with surgical pain 
responses. Clinical investigations have found that there is a 
negative correlation between preoperative baroreflex sensitiv-
ity and early and postoperative persistent pain. In fact, it has 
been suggested that activation of baroreceptors would induce 
antinociception. Moreover, recent evidence indicates that the 
contribution of the sympathetic system on acute postoperative 
pain is significant. The use of a preoperative stellate ganglion 
blockade resulted in a significant reduction in pain scores and 
analgesic requirements after upper extremity surgery.

Inflammation, ischemia, and distention (tension recep-
tors) of the gut activate afferent sensory fibers located in the 
mucosa, muscle, and serosa [6]. The same chemical media-
tors that activate somatic nociceptors including TRP recep-
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       . Fig. 30.1 Different places of 
action of analgesics used in the 
perioperative period
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tors stimulate visceral nociceptors. For instance, ATP, 
bradykinins, and prostaglandins are able to induce depolar-
ization of visceral sensory afferents. Vagal afferents have their 
cell bodies in the nodose and jugular ganglia, and innervate 
all thoracic and abdominal viscera including part of the 
colon; on the other hand, spinal afferents have their cell bod-
ies in the dorsal root ganglia and uniformly innervate all the 
viscera. Both vagal and spinal nerves afferents are responsible 
for conveying information from the gastrointestinal tract to 
the central nervous system. It has been postulated that vagal 
fibers transmit physiological information while spinal nerves 
are responsible for conveying noxious stimulation. Once the 
afferent neurons reach the spinal cord, they make synaptic 
connections with second-order neurons that will project to 
the thalamus and nucleus tractus solitarious via the spino-
thalamic, spinoreticular, and dorsal column pathways. 
Significant interactions between somatic and visceral affer-
ents are responsible for the so-called referred pain [6]. 
Descending inhibition also plays a role in visceral pain. It has 
been demonstrated that low doses of opioids can activate 
descending pathways and cause antinociception.

30.2.5  Social, Vocational, and Psychological 
Influences on Pain Perception

Preoperative social experiences, psychological factors (i.e., 
anxiety and depression) and patients’ expectations have sig-
nificant impact on postoperative pain perception and devel-
opment of postoperative persistent pain. For instance, 
alexithymia, the inability to identify and express emotions, 
predicts the development of postoperative persistent pain 
after mastectomy. Along this evidence, a preoperative diagno-
sis of severe/definite depression or preoperative self- perceived 
risk of addiction is also associated with a significant increase 
in the risk of postoperative persistent pain. Coping strategies 
also can be useful to predict postoperative pain outcomes. 
Thus, catastrophizing patients may misinterpret and exagger-
ate situations since they are perceived as threatening and 
report worse quality of life and activity levels after surgery.

Lastly, inadequate postoperative pain management can 
also be associated with the development of psychiatric disor-
ders after surgery. For instance, patients with high postopera-
tive pain scores appear to be at risk for depression and 
post- traumatic stress disorder 1  year after surgery. On the 
other hand, perioperative cognitive interventions targeted to 
improve depression postoperatively have shown to decrease 
pain scores and improve quality of life after cardiac surgery.

30.2.6  Sex and Age Differences in Pain 
Perception

Overall, women are more likely to report a variety of recur-
rent pain, more severe and frequent compared to men. In the 
context of surgery, women reported higher pain scores than 
men after a variety of surgeries [7]. Furthermore, women 

show slower recovery and have a higher risk of developing 
postoperative persistent pain than men. This can be explained 
by (1) biological factors: signs of central sensitization are less 
pronounced in men than women, while descending inhibi-
tion control is less efficient in women than men; (2) psycho-
logical factors: differences in coping strategies; (3) social 
factors (expectations); and (4) past medical history [8].

30.2.7  Persistent Postoperative Pain

Persistent postoperative pain (PPP) is defined as pain that 
persists after surgery longer than 3  months’ duration, after 
exclusion of other causes. Direct nerve injury (transection, 
stretching, or crushing) has been indicated as the cause (“pri-
mary injury”). This primary injury to the nerve is the initial 
step in a series of events that involves the interaction of 
injured and non-injured axons, resident non-neuronal cells, 
and immune cells. The incidence of PPP ranges from 5% to 
50%. PPP can occur after major and minor surgery, and open 
and laparoscopic procedures; however, its incidence appears 
to be lower after video-assisted surgery. Risk factors include 
female gender, preoperative pain, diabetes mellitus, poorly 
managed acute postoperative pain, operative time, tissue 
ischemia, anxiety, and depression (. Table 30.1) [2].

PPP is common after thoracic surgery (post-thoracotomy 
pain syndrome), breast surgery (postmastectomy pain syn-
drome), limb amputations (phantom limb syndrome), and 
total knee replacements [9]. PPP has features of neuropathic 
pain, thus patients usually report pain as burning, tingling, 
numbing, or electric-like shocks 1 or 2 dermatomes around 
the surgical incision.

To date there are no pharmacological agents that have dem-
onstrated efficacy in the prevention of PPP. While gabapentinoids 
and ketamine have shown modest effect; regional anesthesia has 
shown promising results in the prevention of PPP [10].

       . Table 30.1 Predictor factors and causes of persistent 
postoperative pain

Causes Predictors

Nerve injury Female gender

Prolonged 
tissue ischemia

Preoperative pain

Anxiety – Depression – Catastrophizing

Diabetes mellitus (TKA)

Operative time

Open > minimally invasive procedures

Type of surgery (thoracotomy, mastectomy, 
TKA and limb amputations)

Exaggerated acute postoperative pain

TKA total knee replacement
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30.3  Pain Management

30.3.1  Pharmacologic

 Drugs
Opioids provide adequate postoperative analgesia, but their 
routine use is often limited by adverse effects. The mecha-
nism of action of opioids is by binding mainly to mu recep-
tors, which results in hyperpolarization of sensory neurons, 
thus decreasing the release of neurotransmitters involved in 
nociception. In the perioperative period, opioids are typi-
cally administered intravenously, neuraxially, orally, and less 
often sublingually and transdermally. Intravenous patient 
controlled analgesia (IVPCA) is a commonly used technique 
in the postoperative period of any major surgery 
(. Table 30.2). Fentanyl, morphine, and hydromorphone are 
the most commonly used opioids for IVPCA.  Intrathecal 
opioids provide adequate analgesia during and after surgery. 
Fentanyl, sufentanil, morphine, and hydromorphone are 
often used for neuraxial analgesia (. Table 30.3). Oral opi-
oids are also available and are often used in the ambulatory 
setting or when systemic opioids are not required after major 
surgery. Oxycodone, hydrocodone, tramadol, and codeine 
are frequently used when patients are able to tolerate at least 
liquids per mouth. Opioids are associated with side effects 
including respiratory depression, nausea and vomiting, ileus, 
drowsiness, urinary retention, confusion, and hyperalgesia 

[11]. Therefore, the judicious use of these drugs is recom-
mended in the perioperative period. Tramadol is a weak 
μ(mu)-opioid agonist and norepinephrine and serotonin 
reuptake inhibitor with questionable efficacy as a single agent 
that has proven to be effective when given in combination 
with other analgesics.

Non-steroidal anti-inflammatory drugs (NSAIDs) are 
adjuvant analgesics with proven efficacy in the context of 
multimodal analgesia for surgery (. Table 30.4). Their mech-
anism of action is inhibition of COX-1/COX-2. The concept 
of COX selectivity denotes the extent to which these drugs 
are able to inhibit one enzyme isoform relative to the other at 
half maximal inhibitory concentrations. Interestingly, the 
same drug might show COX-1/COX-2 ratios at distinct 
inhibitory concentration levels, therefore each COX inhibi-
tor has its own selectivity (. Table 30.2). In other words, one 
analgesic can be more or less selective depending on the dose 
used. NSAIDs have several routes of administration depend-
ing on the type of drug. Ketorolac is one of the most com-
monly used NSAIDs in the perioperative period because of 
its strong analgesic properties and the fact that it can be 
administered orally, sublingually, and intravenously. Other 
intravenous NSAIDs, although not all available in the United 
States, include diclofenac, ibuprofen, dexketoprofen, flurbi-
profen axetil, and lornoxicam. Overall, NSAIDs can be 
administered safely in the perioperative period; however, 
their use, in particular ketorolac, should be limited to short 

       . Table 30.2 Common solutions for intravenous patient (adult) controlled analgesia

Solution Bolus Interval Basal rate Max. dose hour

Morphine 0.5–2 mg 5–10 min 1 mg/h 6 mg

Fentanyl 5–20 μ(mu)g 5–10 min 10 μ(mu)g/h 60 μ(mu)g

Hydromorphone 0.1–0.2 μ(mu)g 5–10 min 0.2 mg/h 1.2 mg

Solutions and type of opioid used for IVPCA should be administered considering patients’ expecta-
tions, comorbidities and type of surgery

       . Table 30.3 Recommended solutions for epidural and peripheral nerve catheter patient controlled analgesia

Route Local anesthetic Additives Basal rate Bolus Interval

Epidural Ropicavaine 0.05–0.2%
Bupivacaine 0.0625–0.125%

Fentanyl 5–10 μ(mu)g/mL
Sufentanil 0.25–2 μ(mu)g/mL
Hydromorphone 3–10 μg ml
Clonidine 1.5 μ(mu)g/mL

3–8 mL/h 3–5 mL 10–15 min/4–6 
doses/h

Peripheral 
nerve catheter

Lidocaine 1%
Bupivacaine 0.125–0.25%
Ropivacaine 0.1–0.2%

Fentanyl 1–2 μ(mu)g/mL
Sufentanil 0.1 μ(mu)g/mL
Hydromorphone 3–10 μg/ ml
Clonidine 1–2 μ(mu)g/mL

3–10 ml/h 10–12 mL 60 min/1 dose/h

Solutions and doses of local anesthetics and additives should be administered considering patients’ expectations, comorbidities, and 
location and type of surgery
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periods of time; and avoided in patients with coagulopathy, 
renal failure, or history of peptic ulcer [3].

Among the selective COX-2 inhibitors (parecoxib, etero-
coxib and lumiracoxib), celecoxib (oral) has been the most 
commonly used in the perioperative period after rofecoxib 
and valdecoxib were withdrawn from the United States mar-
ket. Although, their main advantage over non-selective COX 
inhibitors is a lower incidence of gastrointestinal complica-
tions, recent concerns regarding an increase in major adverse 
cardiovascular events and anastomotic leakage after colorec-
tal surgery has been raised with the use of non-selective and 
selective COX-2 inhibitors [3, 12, 13].

Acetaminophen (intravenous, rectal, or oral) is widely 
used in the context of multimodal analgesia. The mechanism 
of analgesia of acetaminophen is still unclear; however, it can 
be related to a dose-dependent reduction of PgE and activa-
tion of 5HT3 receptors in the central nervous system. 
Intravenous acetaminophen has the advantage over the oral 
or rectal formulations in that it is associated with about a 
2-fold the plasma and effect site concentration; which can 
explain the superior analgesic efficacy and improved patient 
satisfaction [14]. Acetaminophen reduces morphine con-
sumption by 20% and postoperative nausea and vomiting. 
This last effect can be attributed to (1) its analgesic effect, and 
(2) increase in anandamide levels [15]. Acetaminophen has a 
duration of action of 4–6 h and can be administered every 
6–8  h. A maximum dose of 3 g is recommended to avoid 
hepatoxicity. Its lack of interference with platelet function 
and safe administration in patients with a history of gastroin-
testinal bleeding, peptic ulcers, or asthma makes acetamino-
phen preferable over NSAIDs [3].

Gabapentinoids (pregabalin and gabapentin) are adju-
vant drugs with analgesic and opioid-sparing effects. Their 
mechanism of action is through binding of α(alpha)2δ(delta) 
and thrombospondin receptors in the central nervous sys-
tem. Pregabalin (75–150  mg) is commonly given orally 
before surgery and postoperatively every 12 h. In comparison 

to gabapentin, pregabalin is associated with less sedation and 
cognitive disturbances. Gabapentin can be administered 
orally three times a day (100–1200  mg); however, the side 
effects associated with large doses are disadvantageous when 
its use is considered in the perioperative period, mainly in 
elder patients [3].

Dexamethasone (intravenous) is a potent glucocorticoid 
that has anti-inflammatory and analgesic effects. The exact 
mechanism of analgesia of dexamethasone is still not clear 
but it appears to be related to the anti-inflammatory effects 
(down-regulation of cyclooxygenase-2 mRNA). Epidural 
dexamethasone may be acting at spinal sites by inducing the 
synthesis of the phospholipase-A2 inhibitory protein lipocor-
tin, and modulating the activity of the glucocorticoid recep-
tor at the level of the substantia gelatinosa. Dosages (4–10 mg) 
commonly used for postoperative nausea and vomiting pro-
phylaxis are effective to provide analgesia and have demon-
strated not to interfere with wound healing or increase the 
rate of complication after major surgery [3]. Dexamethasone 
does not prevent the formation of persistent postoperative 
pain [16]. Dexamethasone has also shown to prolong and 
enhance the quality of peripheral nerve  blockades; although, 
it is unknown whether this effect is related to the systemic 
absorption of the drug or locally at the nerve level.

Ketamine (intravenous or epidural) is an NMDA recep-
tor antagonist that has strong analgesic and opioid-sparing 
properties [17]. Other mechanisms for ketamine-induced 
analgesia include direct action on monoaminergic, choliner-
gic, and mu receptors. Subanesthetic (or analgesic) doses of 
3–5 mg/kg/min given during surgery and/or postoperatively 
have been shown to provide effective analgesia for a wide 
range of procedures [17]. Nistagmus, diplopia, blurred vision, 
and hallucinations are side effects reported even with low 
doses of ketamine, although their incidence is low (<1%) 
[17]. The preventive effects of ketamine on postoperative 
persistent pain formation are observed after its intravenous 
but not the epidural administration.

       . Table 30.4 Recommended doses of commonly used non-opioid analgesics

Route Name Dose Adverse effects/comments

Intravenous Acetaminophen
Ketorolac
Diclofenac sodium
Ibuprofen

1 gram every 6–8 h
15–30 mg every 6–8 h
18.75–50 mg every 6–8 h
800 mg every 6 h

Liver failure
Renal impairment, bleeding and gastric erosion/PUDa

Renal impairment, bleedinga

Renal impairment, bleedinga

Oral Naproxen
Ibuprofen
Ketorolac
Celecoxib
Pregabalin
Gabapentin

250–500 mg every 6–12 h
200–400 mg every 6 h
15–30 mg every 8 h
200 mg every 12 h
75–150 mg every 12 h
100–300 mg every 8 h

Renal impairment, bleedinga/Delayed onset of effect
Renal impairment, bleedinga

Renal impairment, bleedinga

Anastomotic leak
Sedation, confusion, dizziness
Sedation, confusion, dizziness

Doses of NSAIDs and other analgesics should be administered considering patients’ expectations, comorbidities, and type of surgery
PUD peptic ulcer disease
aThe short-term use of NSAIDs has demonstrated no serious gastrointestinal outcomes such as bleeding or perforation or cardiovascular 
events
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Intravenous infusions of lidocaine are commonly used in 
protocols of multimodal analgesia because it reduces intraop-
erative requirements of opioids and postoperative nausea and 
vomiting, improves gastrointestinal motility, and shortens 
length of stay; although these beneficial effects appear to be 
surgery specific. The mechanism of action of lidocaine is related 
to its properties as a local anesthetic and anti- inflammatory 
effect. The infusion (1.5–4 mg/kg/h) of this amide local anes-
thetic can be used intra- and/or postoperatively, although the 
maximum benefit appears related to the use of this drug during 
surgery compared to short-term postoperative infusions. 
Adverse events associated with the use of lidocaine are very low 
and mostly related to its actions on the central nervous system 
(perioral numbness, confusion, and visual disturbances). The 
use of perioperative intravenous lidocaine can reduce the inci-
dence of postoperative persistent pain [18].

Esmolol (a selective ultra-short beta-blocker) has been 
used in intravenous infusions (loading dose of 0.5 mg/kg fol-
lowed by 5  μ[mu]g/kg/min) to provide analgesia in major 
surgery. The mechanism of analgesia of esmolol is not fully 
understood, although it appears to be related to the activa-
tion of G proteins at a central level, which resembles the 
effect of clonidine. Intraoperative infusions of esmolol have 
not only been shown to provide adequate analgesia and 
hemodynamic stability but also have opioid- and anesthetic- 
sparing effects. Bradycardia and hypotension can be observed 
during infusions of larger doses than recommended.

Intravenous or intrathecal magnesium sulfate has anal-
gesic effects. Magnesium sulfate appears to exert analgesia by 
at least 2 mechanisms: (1) regulation of calcium influx into 
neurons and (2) antagonism of the NMDA receptors at cen-
tral levels. It can significantly potentiate the antinociception of 
drugs such as ketamine and reduce the consumption of opi-
oids. It is commonly used intraoperatively and administered 
as a bolus (30–50 mg/kg) followed by a continuous infusion 
(8–15 mg/kg/h). Intrathecal administration of 50 mg of mag-
nesium sulfate can delay the onset of sensory block and pro-
long the duration of motor block produced by local anesthetics. 
Hemodynamic instability (bradycardia and hypotension) and 
muscle weakness are commonly reported adverse events asso-
ciated with the use of intravenous magnesium. Thus, caution 
should be advised in the dosage of muscle relaxants or in the 
use of other anesthetics that can trigger hemodynamic stabil-
ity when magnesium sulfate is used during surgery.

Dexmedetomidine and clonidine are α(alpha)2- 
adrenoreceptor agonists with known analgesic effects. The 
mechanism of action is activation of the α(alpha)2- 
adrenoreceptor that results in depression of the release of 
presynaptic C-fiber transmitters and hyperpolarization of 
postsynaptic dorsal horn neurons. Both agents have anes-
thetic- and opioid-sparing properties and can be used sys-
temically (intravenous) or along with local anesthetic 
solutions for regional analgesia. As adjuvants for peripheral 
nerve blocks or neuraxial analgesia (intrathecal or epidural) 
both drugs can (1) accelerate onset and prolong the duration 
of the motor and sensory blockade, (2) decrease the concen-
tration of local anesthetics needed for surgical blockade, (3) 

prolong the time to the first rescue analgesic requirement, 
and (4) improve patient satisfaction; however it is worth con-
sidering that these clinical effects are not consistent. 
Although, compared with clonidine, dexmedetomidine may 
avoid the undesirable cardiovascular effects related to 
α(alpha)1 adrenoreceptor activation bradycardia, hypoten-
sion, and sedation are adverse events associated with the use 
of both drugs.

Neostigmine is an acetylcholinesterase inhibitor that can 
be administered in the epidural (1–10 μ[mu]g/kg) space or 
intrathecally (1–100 μ[mu]g) [19]. Neostigmine causes dose- 
dependent analgesia, potentiates opioid-induced analgesia, 
and reduces the requirements of other analgesics. It does not 
influence the dynamics of the blockade provided by local 
anesthetics [20]. The mechanism of action appears to be 
related to an increase in the concentration of the neurotrans-
mitter acetylcholine that, in turn, acts on muscarinic M1 and 
M3 and presynaptic nicotinic receptors located in interneu-
rons at the laminae II and V of the dorsal horn. Side effects 
are dose-dependent and include nausea and vomiting, head-
ache, and hemodynamic disturbances [20].

Despite being used as an anxiolytic, intrathecal mid-
azolam (1–2 mg) has shown analgesic properties [21]. The 
mechanism of action is still unclear but it can be related to 
the activation of GABAA, benzodiazepine receptors, and 
release of endogenous opioids. It causes dose-dependent 
acceleration of the onset of motor/sensory block, prolonga-
tion of the duration of analgesia and a reduction in the con-
sumption of opioids [21]. Sedation has been reported as an 
adverse event associated with the use of intrathecal mid-
azolam [21].

Antidepressants are commonly used for the treatment of 
chronic pain syndromes and several trials have been con-
ducted to evaluate their efficacy in the context of surgical 
pain. Antidepressants can be grouped in three different 
classes: (1) tricyclic antidepressants, (2) selective serotonin 
reuptake inhibitors, and (3) serotonin and norepinephrine 
reuptake inhibitors. Their mechanism of analgesia can be 
explained by central and peripheral actions and include an 
increase in the synaptic concentrations of serotonin and nor-
epinephrine, modulation of peripheral sodium channels, and 
NMDA receptors. The literature does not support the use of 
antidepressant for treatment of acute, or prevention of 
chronic, postoperative pain [22]. Adverse events include 
somnolence, dizziness, nausea, diarrhea, constipation, shiv-
ering, somnolence, and tingling of extremities and appear to 
be drug specific [22].

30.3.2  Routes

 Intravenous, Subcutaneous, and 
Intramuscular Analgesia
Intravenous analgesia is the preferred analgesia modality in 
patients with a non-functional gastrointestinal tract, those in 
whom regional analgesia is not indicated, or to treat break-
through pain. Based on this, intravenous patient-controlled 
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analgesia (IVPCA) is still one of the most commonly used 
analgesic techniques to manage postoperative acute pain. It 
consists of the intravenous administration of analgesics, 
most commonly opioids, self-controlled by the patient. A 
particular concern is that IVPCA cannot be indicated in all 
patients (i.e., infants or patients with dementia). Although, 
IVPCA provides superior analgesia than “around the clock” 
techniques it is still not better than regional analgesia or mul-
timodal techniques. Furthermore, opioid consumption is 
still higher in patients treated with IVPCA than regional 
analgesia; therefore patients are still at risk for opioid-related 
side effects [23]. The intramuscular and subcutaneous routes 
are less preferred in the context of surgery because they are 
associated with pain and erratic absorption of analgesics.

 Regional Anesthesia Techniques
When possible, regional analgesia should be considered as 
one of the techniques of choice to provide adequate postop-
erative analgesia. It is not only superior in terms of postop-
erative pain to intravenous analgesic control and patient 
satisfaction, but also might improve other clinical outcomes 
such as cardiovascular and pulmonary complications in 
appropriately selected patients [24]. The concept of patient 
controlled analgesia (PCA) is also applicable for regional 
anesthetic techniques where a catheter is in place 
(. Table 30.3). Patient-controlled epidural analgesia is one of 
the most commonly used forms of PCA to manage postop-
erative pain after abdominal or thoracic surgery.

The choice of any regional analgesic technique should be 
based on several factors, including patient age and comor-
bidities, anatomic location of the surgical incision, and 
patient expectations. For instance, patients receiving anti-
platelet medications or anticoagulation should be treated 
according to the American Society of Regional Anesthesia 
guidelines to diminish the risk of spinal hematomas. The 
administration of opioids in the epidural space or intrathe-
cally should be considered with caution in patients at risk of 
respiratory depression in particular with the use of hydro-
morphone or morphine.

Neuraxial techniques (spinal, epidural, or combined spi-
nal epidural), peripheral nerve blocks with and without con-
tinuous infusions of local anesthetic solutions, wound 
infiltrations with and without infusion of analgesics, field 
blocks, and intra- or periarticular anesthetic infiltrations 
have been successfully used as regional anesthesia/analgesia 
techniques in multimodal analgesic approaches for a wide 
variety of surgical procedures [25].

Neuraxial analgesia can be used for thoracic, abdominal, 
or lower extremity surgery. Hypotension, motor weakness, 
urinary retention, and opioid-induced respiratory depres-
sion can be associated with the use of neuraxial analgesia, in 
particular with high concentrations of local anesthetics and 
opioids [26]. Peripheral plexus or selective nerve blockade 
have become a cornerstone piece in any multimodal analge-
sia regimen for orthopedic surgical procedures. Catheter- 
based techniques consist of the continuous infusion of local 

anesthetics with the goal of prolonging analgesia. Catheters 
are placed in the proximity of plexus or single nerves and can 
be maintained for several days after surgery, even in the 
ambulatory setting. Motor weakness and catheter dislodg-
ment are common concerns associated with the use of cath-
eters. More recently, the introduction of the transverse 
abdominis plain (TAP) block, paravertebral blocks, rectus 
sheath block, and thoracic wall blocks (PECs blocks) with or 
without catheters have been shown to be a valuable option in 
patients in whom more “traditional” regional anesthetic 
techniques are contraindicated or difficult to perform due to 
anatomic abnormalities [27].

When epidural analgesia and paravertebral block are 
contraindicated, intrapleural (IB), extrapleural (EB), and 
intercostal nerve blocks (INB) can be considered for postop-
erative pain relief after thoracic or upper abdominal surgery 
[28, 29]. Although IB and INB are superior to intravenous 
analgesia, they do not provide similar quality of analgesia to 
epidural or paravertebral blocks. EB consists of creating a 
space between the parietal pleura and thoracic wall and plac-
ing a catheter that will be used to administer a solution of 
local anesthetic after completion of the thoracotomy. INB 
can be done by direct visualization during thoracotomy or 
percutaneously. Two to five milliliters of local anesthetic is 
injected inferior to the rib to avoid intravascular injection 
over 2–3 spaces above and below the incision. Single or inter-
mittent boluses or continuous administration of local anes-
thetics through catheters can be used for IB and INB. Although 
the rate of complications of IB and INB are low, both blocks 
have a risk of local anesthetic toxicity and pneumothorax [28, 
29]. Recently, the use of liposomal bupivacaine for posterior 
intercostal nerve blocks has been described for patients who 
underwent thoracic surgery. Interestingly, this technique 
provided similar postoperative pain control to epidural anal-
gesia.

A liposomal formulation of the local anesthetic bupiva-
caine is clinically available. The duration of analgesia with 
liposomal bupivacaine is approximately 48 h. Although, the 
current recommended use of liposomal bupivacaine is for 
surgical wound infiltration only, a recent human volunteer 
study has shown that it can be safely used for peripheral 
nerve blocks, and provide a duration of sensory and motor 
block of over 24 h. Unfortunately, the quality of the blockade 
appears to be highly variable. With the purpose of extending 
the duration and improving the quality of analgesia, different 
solutions of local anesthetics (i.e., ropivacaine and bupiva-
caine) with drugs such as ketorolac, buprenorphine, dexa-
methasone, clonidine, or dexmedetomidine, and/or 
epinephrine can be used for peripheral nerve blocks, intra- 
articular injections, or wound infiltrations [30].

A single-dose extended-release formulation of morphine 
is also commercially available. The epidural administration 
of this liposomal-based formulation results in a sustained 
release of morphine. Extended release epidural morphine 
(EREM™) has been used in context of multimodal analgesia 
with good clinical results.
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 Transmucosal and Transdermal Routes
The transmucosal (TM) and transdermal (TD) routes of 
administration have been described to provide analgesia 
after surgery. Fentanyl can be delivered through both routes 
but the transmucosal is not preferred and not recommended 
in the postoperative period. On the other hand, an iontopho-
retic transdermal system (ITS) has been recently released in 
the market and shows to be as efficacious and cause less 
opioid- related adverse event than morphine IVPCA [31]. 
This new technology employs the use of a micro electric cur-
rent (170 μ[mu]A) to deliver 40 μ(mu)g of fentanyl upon a 
patient’s request (patient controlled analgesia). Although, the 
first initial serum concentrations of fentanyl are lower using 
ITS than the intravenous route, the following systemic con-
centrations will increase over time until they are comparable 
to those achieved by intravenous administration.

30.4  Other Techniques

There is a growing interest in investigating alternative thera-
peutic approaches to provide analgesia and reduce opioid 
consumption in patients with acute surgical pain. 
Cryotherapy, acupuncture, transcutaneous electrical nerve 
stimulation (TENS), and hypnosis are the most commonly 
used techniques. Cryotherapy (cryoanalgesia) applies a cryo-
probe whereby carbon dioxide or nitrous oxide is released at 
a high pressure and causes cooling of the probe tip to tem-
peratures of −50 to −80 °C. This technique has been used to 
manage patients with acute and chronic pain with some effi-
cacy in providing analgesia for acute postoperative pain; 
however, it has been associated with postoperative persistent 
pain formation after its application on neural structures [32].

Acupuncture is an Asian medical treatment that has been 
used in the perioperative period to treat postoperative nau-
sea and vomiting and to provide analgesia. The mechanism 
of acupuncture-induced analgesia is still unknown but sev-
eral theories have been speculated including the release of 
enkephalin, β(beta)-endorphin, endomorphin, endocanabi-
noids, and modulation of the autonomic system. Several acu-
points such as ST34 (knee), ST36 (knee), KI6 (ankle), LI4 
(hand), and P6 (forearm), and modes of stimulation includ-
ing manual traditional and electric have been used to provide 
analgesia. Among those modalities, electrical stimulation 
appears to be more effective than manual. Although, the 
results of clinical trials are conflicting, the evidence suggests 
that the opioid- and anesthetic-sparing effects of acupunc-
ture are clinically relevant when this technique is used before 
induction of anesthesia since the onset takes 15–30 min.

TENS (transcutaneous nerve electrical stimulation) is a 
non-invasive technique used to provide postoperative anal-
gesia. Its mechanism of action is based on the gate theory of 
pain. Thus, it is postulated to be electrical stimulation 
through the skin inhibiting the transmission of pain impulses 
through the spinal cord, as well as the release of endogenous 
opioids, as endorphins, by the brain or the spinal cord. It has 
been shown to provide analgesia and reduce analgesic con-

sumption after cardiac surgery, cholecystectomy, and neck 
surgery, but not to be effective following thoracotomy and 
bone marrow aspiration [33].

30.5  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Mechanisms necessary for pain formation and dis-

crimination are the following, except:
 A. Transduction
 B. Transmission
 C. Perception
 D. Convection

 2. Peripheral sensitization is responsible for:
 A. Primary hyperalgesia
 B. Secondary hyperalgesia
 C. Tertiary hyperalgesia
 D. Hyperacusis

 3. Central sensitization is responsible for:
 A. Primary hyperalgesia
 B. Secondary hyperalgesia
 C. Referred hyperalgesia
 D. Hyperosmia

 4. Adequate planning on the postoperative pain man-
agement should include the following factors:
 A. Type and location of surgery
 B. Patient’s commorbitdies
 C. Patient’s social and psychological perception of 

pain
 D. All of the above

 5. Multimodal analgesic therapy involves:
 A. The administration of intravenous analgesic only
 B. The use of regional analgesia only
 C. The use of hypnosis and acupuncture only
 D. The pharmacological and non-pharmacological 

therapies
 6. Regional anesthesia is indicated for:

 A. Abdominal surgery only
 B. Thoracic surgery only
 C. Orthopedic procedures only
 D. It is indicated in a wide variety of surgical proce-

dures
 7. Intravenous opioids analgesics are:

 A. The only analgesic that can be used for postop-
erative pain management

 B. The most effective analgesic for postoperative 
pain

 C. Associated with few adverse events
 D. Recommended as part of a multimodal analgesic 

regimen
 8. The use of COX inhibitors are recommended:

 A. As part of a multimodal analgesic technique
 B. Only minimally invasive surgical procedures
 C. In patients with recent history of renal failure
 D. In patients with recent history of peptic ulcer dis-

ease
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 9. A healthy 48-year-old woman is scheduled for open 
pancreatic surgery. An effective multimodal analge-
sic technique should include:
 A. Only intravenous and neuraxial opioids
 B. Only epidural analgesia
 C. A continuous infusion of intravenous opioids 

plus preoperative COX-inhibitors
 D. Patient controlled-epidural analgesia (low con-

centration of local anesthetic and opioid) plus 
perioperative use of COX-inhibitors and/or acet-
aminophen plus tramadol. Breakthrough pain 
can be rescued with intravenous opioids.

 10. A 55-year-old male with history of severe sleep 
apnea is scheduled for a thoracotomy. The follow-
ing analgesic strategies can be used effectively and 
safely except:
 A. Patient-controlled epidural analgesia plus 1 g of 

acetaminophen (every 8 h) plus 75 mg of prega-
balin preoperatively

 B. Paravetebral block plus 48 h of 30 mg of intrave-
nous ketorolac (every 8–12 h) plus 1 gm of acet-
aminophen (every 8 h)

 C. Continuous intravenous opioid analgesia 50 μg 
of fentanyl/hour

 D. Intercostal block plus 48 h of 30 mg of intrave-
nous ketorolac (every 8–12 h) plus 1 gm of acet-
aminophen (every 8 h) plus patient controlled 
intravenous fentanyl analgesia (10 μg every 
10–15 min, no basal rate)

 v Answers
 1. D. Convection is heat transfer by mass motion of a 

fluid such as air or water when the heated fluid is 
caused to move away from the source of heat, 
carrying energy with it.

 2. A. Peripheral sensitization occurs when inflamma-
tory mediators stimulate polymodal nociceptors in 
which they cause a drop in the excitatory thresh-
olds. As a result of peripheral sensitization, noxious 
stimuli evoke a stronger response in nociceptors.

 3. B. Central sensitization can occur after inflammation 
or nerve damage. Neurons in the dorsal horn of the 
spinal cord undergo significant changes includ-
ing expansion of the receptive fields, increased 
responses (wind-up) and lowering of the thresholds.

 4. D. Postoperative pain management involves 
multidimentional and multidisciplinary care. 
Understanding of surgical (minimally invasive versus 
open), patient’s comorbidities (extreme age, obesity 
or obstructive spleep apnea), and psychological fac-
tors (anxiety, depression, alexithymia) are crucial to 
decide and plan on multimodal pain strategies.

 5. D. Multimodal analgesia refers as the use of a variety of 
pharmacological and non-pharmacological therapies 
with the objective of minimizing trauma and decreas-
ing nociceptive signals from injured tissues, spinal 
cord and supraspinal sites of the nervous system.

 6. D. Different techniques including neuraxial pro-
cedures, blockade of plexus or peripheral nerves, 
wound infiltration or infusion of local anesthetic 
solution in different planes of the surgical wound 
and administration of analgesics or local anesthetics 
in virtual anatomic spaces (i.e., transverse abdominis 
plane or paravertebral space) have been used to 
provide postoperative analgesia to surgical patients.

 7. D. Intravenous, neuraxial and oral opioids are com-
monly used intra- or postoperatively to provide 
analgesia. However, their use has been associated 
with side effects including respiratory depression, 
nausea and vomiting, ileus, drowsiness, urinary 
retention, confusion, and hyperalgesia. Therefore, 
the judicious use of these drugs is recommended in 
the perioperative period.

 8. A. Non-steroidal anti-inflammatory drugs are adju-
vant analgesics with proven efficacy in the context 
of multimodal analgesia for surgery. Overall, NSAIDs 
can be administered safely in the perioperative 
period; however, their use, in particular ketorolac, 
should be limited to short periods of time; and 
avoided in patients with coagulopathy, renal failure, 
or history of peptic ulcer.

 9. D. A multimodal analgesic regimen is recommended 
in the management of this patient to avoid the 
adverse event of each drug and decrease nocicep-
tive signals from injured tissues, spinal cord and 
supraspinal sites of the nervous system.

 10. C. Epidural, paravertebral block and intercostal 
nerve blocks can be considered for postoperative 
pain relief after thoracic surgery in combination with 
COX-inhibitors, acetaminophen and opioid intrave-
nous patient control analgesia. Continuous infusion 
of opioids in patients with history of sleep apnea is 
not recommended because of an increased risk of 
respiratory depression.
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Key Points
 5 Substance Abuse – Substance use disorder and 

addiction to anesthesia drugs is an unpleasantly 
common occupational hazard for learning and 
practicing anesthesiology that has been known 
since the beginnings of the specialty. The causes are 
multifactorial, include all categories of providers, 
and mainly involve drugs from the fentanyl family, 
and to a lesser extent, propofol, inhaled agents, mid-
azolam, and others. The syndrome is deadly, but self-
reporting is uncommon; death as first presentation is 
unfortunately common; and detection is most com-
mon by auditing or changes in performance. Suicide 
and coma are independently more common than 
self-reporting. Rehabilitation is difficult and requires 
extended in-patient treatment, with challenges from 
failure of re-entry and relapse. Relapse is unfortu-
nately very dangerous with a high mortality rate. 
Prevention approaches include education, auditing, 
verification of wastage and electronic user profiles. 
The syringe manipulations associated with diversion 
creates the risk of transmission of infectious diseases 
to patients as well as other providers. Random drug 
testing is controversial and not widely deployed.

 5 Fatigue – Fatigue is widely known to be associated 
with issues in health care. Sleep deprivation influ-
ences both cognitive and procedural elements of 
clinical care, most in the least experienced members 
of the team, and maximally at the same level of 
fatigue at the low part of the circadian rhythm. At 
24 h and beyond of sleep deprivation, impairment 
of task performance is equivalent to legal intoxica-
tion and increases the risks of auto accident while 
driving home. Fatigue decreases performance, 
increases needle stick injury, bodily fluid exposure, 
and incomplete pre-anesthesia assessment.

 5 Aging – In a gradual manner, aging has the same 
impact on performance as fatigue. The variable 
impact influences cognitive as well as procedural 
skills, accentuated at the low point of the circadian 
rhythm. There is less stamina and lower resistance to 
the impact of sleep deprivation. Accommodation is 
possible with reduced call frequency or duration or 
assignment of alternate responsibilities.

 5 Disability – The Americans with Disabilities Act 
requires that employers not discriminate based 
solely on illness. In the context of anesthesiology, 
this requires that an individual presenting with a 
physical or mental illness be allowed to train or 
continue to train with reasonable accommodation. 
Physical disabilities can be accommodated with 
mechanical devices or orthotics. Issues with special 
senses sometimes can be accommodated with elec-
tronic or mechanical devices. Mental illness can be 
difficult to accommodate.

 5 Professionalism – Elements of professionalism apply 
to physicians in general as well as elements that are 
unique to each specialty. General concepts include 
altruism, beneficence, non-malfeasance, and a com-
mitment to the betterment of health care. Failures 
involve self-interest, consequences of mental illness, 
fraud, or abusive behavior among others. In anesthesi-
ology, collegial participation in team care and respect 
for the customs of consultative care are essential.

 5 Ethics – Basic concepts of ethics include altruism, 
beneficence, and a commitment to excellence. 
Issues for ethics with anesthesiology arise from the 
obligations in the event of refusal to provide care, 
do-not- resuscitate (DNR) status, and the right of the 
patient to refuse any treatment, including blood 
products. The right to refuse to participate in lethal 
injection is acknowledged. The criteria for informed 
consent is identified as well as the ability to act “in 
loco parentis” when an impaired individual presents 
with a life- threatening condition.

 5 Patient Safety – Medication errors are frequently 
the cause of medical error within anesthesiology 
because of the number of medications needed for 
a case, the urgency to act in clinical situations, and 
the similarity in labeling and appearance of vials 
and ampules. Universal labeling, standardizations 
of labels, and visual identification of the drug, dose, 
and other details are part of medication safety. Any 
unlabeled syringe should be discarded regardless 
of the content. Disclosure of medical error is an 
essential element of good patient care, and in many 
states, laws allow for disclosure of medical error 
without admission of liability.

 5 Competencies – Traditional evaluation in GME 
(global evaluation, written examination) has been 
replaced by a system of assessment of competen-
cies. Behaviorally based milestones are measured 
at 6-month intervals, and determined to have been 
achieved or not, independent of the level of train-
ing. Ultimately, the goal is to determine the comple-
tion of training by achievement of competency as 
opposed to time in training

31.1  Impairment

31.1.1  Substance Abuse

One of the most prevalent occupational hazards for an anes-
thesia provider is addiction to anesthesia drugs. Numerous 
reports estimate the incidence at about 1% per year of train-
ing. The American Board of Anesthesiology (ABA) database 
reports an incidence of 0.86% for residents between 1975 and 
2009 [1]. The risk has been known since the beginning of 
anesthesiology. Males are victims more often than females, 
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American medical school graduates more than international 
graduates, and younger more frequently than older residents. 
The incidence has not decreased over time, despite knowl-
edge, resources, and educational efforts dedicated to preven-
tion. The consequences are serious with death, near death, 
and coma as the initial presentation in 5–10% of cases; less 
than half of addicted residents finish residency, and of those 
who do, 43% relapse over a 30-year career [2].

The cause is multi-factorial and includes the stress level in 
the operating room, psychiatric co-morbidity, prior experi-
mentation with illicit drugs, “start to finish” drug handling, 
and the natural attraction that draws physicians to anesthesi-
ology from learning that there is a chemical solution to most 
clinical problems. One provocative hypothesis is the observa-
tion that during anesthesia administration the provider is 
exposed to drugs during handling ampules (aerosol), from 
expired gas of extubated patients, or contact with work sur-
faces that are contaminated with the drugs. Chronic expo-
sure may lead to changes in brain chemistry with 
down-regulation of dopamine receptors in brain reward cen-
ters with the addictive drug becoming the preferred agonist. 
Depression is also associated with chemical dependence in 
anesthesiology with a genetic linkage to addiction and self- 
medication known to be a symptom of depression.

The syndrome most commonly involves members of the 
fentanyl family with lesser contribution from propofol, 
inhaled agents, nitrous oxide, ketamine, midazolam, with 
rare reports of many other drugs including lidocaine, ephed-
rine, and even curare.

Detection is difficult, as self-reporting is rare, access to 
drugs and diversion are unpleasantly possible, and advanced 
parenteral skills make it possible to conceal self- 
administration and chemical dependence for extended inter-
vals. Unfortunately, suicide and accidental death are both 
more common than self-reporting. The commonest means of 
detection when death or coma is not the presentation is 
investigation based on suspicious behavior or direct observa-
tion (needle in arm).

Treatment is difficult and requires prolonged in-patient 
care—best provided at a site with experience in addiction for 
physicians. Intervention must be planned, organized, and 
include direct admission to a treatment unit with the lever-
age of termination, report to the state medical board and the 
police (felony-diversion of controlled substance).

Re-entry to the specialty is controversial, with some 
reports of success in staff physicians with supervision of 
Physician Health Programs (PHP), although the relapse rate 
is high and dangerous (5–10% mortality). The controversy is 
even more intense over re-entry for residents because of the 
high failure rate to finish the residency, the frequent relapse 
rate, and 9% mortality [3].

Increasing attention is being paid to prevention of diver-
sion, related to the risk of transmission of diseases to patients 
or co-workers, especially hepatitis C, from handling of con-
taminated syringes for diversion in the clinical arena. 
Automated dispensing, electronic user profiles and alerts for 
mal-transactions are being developed, along with random 

testing of waste-solutions. Random drug testing has been 
tried for detection of diversion, also adding an element of pre-
vention. There are costs involved, logistical interferences with 
clinical work flow, false positives, and a vast array of strategies 
to “beat-the-test.” Randomization anomalies and false-posi-
tives are less of an issue when the testing is conducted with the 
use of a medical review officer (MRO), an expert in random 
testing who conducts the randomization as directed by the 
employer and verifies the validity of each test by excluding 
positives with a legitimate medical excuse (a prescription).

31.1.2  Fatigue

Stress and fatigue has been a part of medical education from 
the start. When medical residency began, the resident lived in 
the hospital with 1 day off (after rounds) per month. Even with 
duty hour restrictions and work hour monitoring, residency is 
a life-disruptive pattern, requiring adjustment to fatigue, sleep 
deprivation, and stress. Fatigue has a dose- dependent impact 
on both cognitive as well as motor performance. More than 
24 h of consecutive sleep deprivation impairs function as much 
as being legally intoxicated by alcohol. Fatigue is generally asso-
ciated with medical error with errors of omission being most 
common. The impact of fatigue on clinical tasks negatively 
influences both speed and accuracy. Experience with fatigue 
improves performance, more in accuracy than speed. Fatigue 
in anesthesia training has been associated with decreased effi-
ciency with laryngoscopy, incomplete pre-anesthesia assess-
ment, needle sticks, body fluid exposure, and an increased wet 
tap rate at night compared to the daytime. Risk for fatigue-
caused medical error is highest during the low point in the 
human circadian rhythm (1–7  AM) and greater at the same 
level of fatigue with less clinical experience. Limiting consecu-
tive work to 16 h has been shown to possibly improve patient 
safety in postgraduate year (PGY)-1 residents (interns). More 
experienced residents have learned to adapt and can extend 
patient care to 24 h and beyond for continuity; although it is 
clear that beyond 24 h, new patients should not be assigned. 
Even personal safety is an issue, as the resident awake for 24 
consecutive hours has a greatly increased risk of having an auto 
accident while driving home. Sustained fatigue has been associ-
ated with reduced immune function, irritable bowel syndrome, 
depression, and a variety of other diseases. Strategies to reduce 
the impact of fatigue include napping, caffeine, and breaks from 
clinical work. Combinations of these choices work best. The 
highest risk is experienced by the most junior residents, high 
acuity care, and during low points of the circadian rhythm.

31.1.3  Aging

In a much more gradual manner, aging causes decrease in 
brain function in a manner similar to fatigue. Although the 
evidence is scarce, it is clear that at some point in human 
aging, there is decreased fine motor control and decreased 
tolerance of fatigue, especially during the low point in the 
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circadian rhythm. Some of the decrements in performances 
have been compensated by reduced call duration, frequency, 
or assignment of alternate responsibilities. With the aging of 
the anesthetic work force, the issue will undergo increasing 
scrutiny over the upcoming decade.

31.1.4  Disability and the Americans 
with Disabilities Act

The Americans with Disabilities Act requires that an 
employer not discriminate based on illness. This means that 
an illness—physical or mental—cannot be the sole reason to 
not hire or to fire an individual. In the context of anesthesiol-
ogy residency, it means that an individual presenting with a 
physical or mental illness must be allowed to train or con-
tinue training with reasonable accommodations. For physi-
cal disabilities, mechanical devices and orthotics have 
allowed individuals with spine or limb issues to function 
clinically in the anesthesiology world. Issues with the special 
senses can sometimes be accommodated with mechanical or 
electronic devices. Ultimately, the individual must be able to 
perform the basic duties of clinical anesthesiology with rea-
sonable accommodations. Eligibility for board certification is 
determined by the Credentials Committee of the American 
Board of Anesthesiology (ABA) using letters and medical 
records. The unfortunate truth is that some disabilities can-
not be accommodated, while others, particularity mental ill-
ness, can be difficult to accommodate.

31.2  Ethics, Practice Management, 
Medicolegal Issues

31.2.1  Professionalism

The practice of medicine requires the highest standards of 
professionalism for personal behavior during clinical care 
education and research. Since the practice of anesthesiology 
is the practice of a medical specialty, this fully applies to anes-
thesiology. The anesthesiologist has the responsibility to 
place the needs of the patient above his/her own, and to prac-
tice with altruism, beneficence, and to fully respect the 
patient’s autonomy and diversity. This commitment includes 
personal well-being, respect for colleagues, and participation 
in the smooth functioning of the development, the hospital, 
and the health care system as a whole. Respect for rules is an 
expectation—especially requirements for medical licensure 
and board certification. Deadlines are absolute and missing 
deadlines is a serious breach of professionalism that can have 
adverse consequences. Hot button professionalism issues are 
found in cases of conflict-of-interest and fraudulent scientific 
conduct. The anesthesiologist is the leader of the anesthesia 
team and must show respect for the talents and training of all 
team members. Most of the clinical care provided by the 
anesthesia team is provided as consultative services, and the 
respect for the needs of the primary care physicians (surgeon 

or proceduralist) is an important element of professionalism. 
The need to respect resources and economical use of sup-
plies, disposables, equipment, and drugs is an increasing 
reality of anesthesia practice. Determining risk and recom-
mending interventions to improve surgical outcome are con-
sultant tasks that are an expected part of professional 
anesthesiology duties. Some elements of hospital function-
ing, such as acute pain management, transfusion practice, 
and operating room scheduling can be tasks best performed 
by an anesthesiologist, and hence are responsibilities accepted 
as part of a consultative anesthesiology practice.

31.2.2  Ethics

Bioethics is becoming a common component of medical edu-
cation. Despite numerous ethical issues, ethics is not a com-
mon component of anesthesiology residency. Changes in the 
American Board of Anesthesiology Oral Examination format 
and the RRC guidelines for Anesthesiology residency curric-
ulum have changed this rapidly. Accordingly, it is reasonable 
to focus on the applications of ethics to anesthesia practice.

 Ethical Theory
The need to apply ethics to medicine is driven by numerous 
clinical realities. Ethics must influence the physician’s right to 
choose clinical care. It also drives the response to the patient’s 
absolute right to choose. Responses to issues that relate to the 
law also require an ethical decision. Personal morality of 
physicians may influence their clinical choices. This is the 
ultimate mandate for ethics, since there is a requirement to 
“do no harm.”

Conventional ethics is based on definitions of right and 
wrong. The 2 extremes are utilitarianism, which determines 
right by outcome, and deontology, which strives to define abso-
lute definitions of right and wrong. Medical ethics- bioethics is 
more commonly based on case-based reasoning, with reference 
to paradigmatic cases, which function like legal precedents.

The language of ethics uses several words with specific 
meaning. Justice refers to giving people what they deserve. 
Autonomy requires that informed people have the right to 
follow a self-chosen plan and to refuse any treatment. This 
requires substantial ability to understand treatment options 
and freedom from controlling influences. Non-maleficence 
is the obligation to avoid doing harm. Beneficence requires 
active action to do good or avoid harm. The “slippery slope” 
is an ethical concept that identifies a small evil as something 
that makes large evil easier. Events in Europe during World 
War II are classic examples of the “slippery slope.” Physician- 
assisted suicide is a current issue where this is discussed.

Hospitals recognize the relevance of bioethics by the cre-
ation of bioethics committees. These committees are designed 
for service. They can be called to consult in clinical situations 
with ethical issues. Some hospitals give authority to bioethics 
committees to make these decisions. There is some benefit in 
the medicolegal arena when appropriate bioethical docu-
mentation supports a controversial clinical decision.
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 Practice Management and Ethics
Numerous changes in anesthesia practice have serious ethical 
issues. With the increasing emphasis on clinical work to sustain 
income, non-patient care issues become harder to support. 
These include resident education, national committee mem-
bership, community service, research, and support for charita-
ble anesthesia entities such as the Foundation for Anesthesia 
Education and Research (FAER), the Anesthesia Patient Safety 
Foundation (APSF), and the Wood Anesthesia Library.

Managed care and health care reform have placed sharp 
focus on the costs of health care. The cost of anesthesia ser-
vices, devices, and drugs are included. Choosing the least 
expensive option is tempting, but must be considered in the 
context of the best outcome for the patient. This has come to 
be known as “value-based anesthesia.”

A controversial moral issue that confronts anesthesiolo-
gists is the subtle pressure to participate in physician-assisted 
suicide and penal lethal injection. The “slippery slope” con-
cept is frequently raised in this discussion. Equally contro-
versial is the decision to provide care to a patient who lucidly 
refuses an element of anesthesia, thus placing their life at risk.

 Do-Not-Resuscitate
In 1976, the Quinlan case in New Jersey established the right of 
a surrogate to refuse life-saving treatment. In 1990, the Cruzan 
case in Missouri established the right of patients to pre-desig-
nate their wishes about medical care and established the foun-
dation for written directives. As of January 1, 2000, Ohio law 
requires hospitals to take steps to actively identify patients with 
do-not-resuscitate (DNR) orders, so that resuscitation will not 
be initiated in error. This includes the option to have anesthesia 
with a valid DNR order still active. This is a complete reversal 
of the prior practice that required removal of DNR orders to 
enter the operating room. In the 1990s, the American Society 
of Anesthesiologists (ASA) issued a guideline that recom-
mended that care of DNR patients be individualized. As a 
result, most hospitals have implemented a goal-directed DNR 
policy. This involves a frank discussion with the patient, identi-
fying the routine elements of anesthesia care that have similar-
ity to resuscitation. This allows the patient the right to choose 
to accept or refuse specific techniques. There is no longer any 
justification to support refusal of humane palliation for DNR 
patients, based only on their DNR status.

 Anesthesia and the Jehovah’s Witness
The Jehovah’s Witness is a member of a Christian religion 
that believes in the literal interpretation of the Bible. They 
believe in modern health care, but because of several pas-
sages of the Old Testament (Genesis 9:3,4, and Leviticus 
17:10–16) and New Testament (Acts 15: 19–21), they refuse 
to be exposed to significant amounts of blood and blood 
products. Most will accept crystalloid and synthetic colloid. 
Some will accept albumin, erythropoietin, or individual 
coagulation factors. Others will not accept these products.

Competent adults have the right to refuse life-saving 
health care as part of informed consent. Minors and those 
who are incapacitated are not in this category. When those 

responsible propose refusal of blood products, it may be nec-
essary to obtain a court order to override their preference. 
Some states are less willing to support refusal of blood in pri-
mary caregivers of children or handicapped adults, and 
courts in these areas may issue orders to transfuse.

Several ethical issues emerge. If an anesthesiologist can-
not accept the patient’s decision, it must be identified prior to 
care. The patient then has the right to another physician and 
the first physician must facilitate this change. This obligates 
the original anesthesiologist to provide an equivalent alterna-
tive in a timely manner. Some Jehovah’s Witness patients will 
identify that they do not want to be told about decisions to 
transfuse. Their belief is that the person who starts the blood 
commits the sin. In these patients, disclosure of risks for 
informed consent is still required.

 Ethics in Research
Several ugly issues occurred in the 1990s that cause doubt in 
the scientific process. Anesthesiology is not immune. 
Plagiarism has been reported in Anesthesiology [4]. Ghost 
writing has been identified, with the attempt to secure “name 
authors” for papers that they did not write, in exchange for 
money. Studies that are heavily funded by one company have 
advocated practice change before this can be established by 
independent investigators. This has led to guidelines by the 
American Medical Association (AMA), endorsed by the 
ASA, which require disclosure of conflict of interest and 
whether speakers or even whole symposia plan to refer to 
specific name-brand drugs. It is the ethical responsibility of 
the anesthesiologist to attempt to determine the validity or, at 
minimum, believability of scientific work.

Even more ominous are the 2 instances of overt fraud in 
research within anesthesiology. Two investigators were found to 
have fraudulently reported results within acute pain in one case 
and beta blockers in the second. A large number of publications 
have been retracted and subsequent citation of their work by 
other authors as evidence remains problematic. As a result, aca-
demic scrutiny has increased within anesthesiology.

 Informed Consent
Informed consent has a clear role in anesthesia practice with 
serious ethical implications. The law, clinical situations, 
refusal to provide care, and emergencies influence the ethics 
of informed consent.

The law that determines informed consent is based on a 
series of court cases. The 1957 Salgo case requires that every 
patient be made aware of “relevant risks of a procedure.” The 
1960 Natanson case requires disclosure of risk “dictated by 
practice of the local physician community.” In 1972, the 
Canterbury case defined the amount of risk disclosure by the 
“reasonable person standard.” This has been modified to 
make the definition easier by the “subjective person  standard” 
in which disclosure is designed to meet the patient’s wants 
and needs.

Numerous clinical issues in anesthesiology alter the abil-
ity to obtain informed consent. There is controversy about 
treating teenagers as minors, especially when sexuality or 
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reproductive options are concerned. Impaired mental status 
precludes informed consent and requires identification of 
the correct surrogate for non-emergency care. Proper 
informed consent for anesthesia requires disclosure of risks, 
alternatives, cost, pain, and relevant clinical realities. 
Obtaining informed consent cannot involve undue persua-
sion. Once obtained, it requires the anesthesiologist to con-
sider the relationship fiduciary and act on the patient’s behalf. 
Personal bias cannot be the basis for plan or refusal of treat-
ment.

If a physician must refuse to perform care after the process 
of informed consent has begun, reasonable standards must be 
met. An individual physician may need to withdraw to respect 
patient autonomy. Physicians do not have to accept unreason-
able patient demands. Some kinds of health care have a moral 
conflict for physicians. Refusal cannot jeopardize the patient 
and equivalent care must be located in a timely manner. The 
AMA has defined refusal to care for acquired immune defi-
ciency syndrome (AIDS) patients as immoral.

31.2.3  Patient Safety

 Medication Errors
One of the most common sources of medication error in 
anesthesiology is the “syringe swap.” Some of the causes are 
related to the sheer number of drugs needed for an anes-
thetic, the urgency to medicate, and the similarity of vials 
and ampules by size and/or color. Part of the professionalism 
of anesthesiology practice is proper preparation, which 
includes careful identification of substances and compulsive 
labeling of syringes. Conversely, no unlabeled syringe is too 
valuable to be discarded. There has been considerable effort 
to standardize label sizes and colors to unique classes of 
drugs (i.e., muscle relaxants, induction agents, vasoactive 
substances, analgesics, etc.). The optimum practice includes 
identifying the name, concentration, and expiration date of 
any substance to be drawn up, and identifying the name and 
concentration of any syringe to be used.

 Disclosure of Error
Because of the association of medical error with medicolegal 
liability, there is a lot of energy directed to the subject of dis-
closure of medical error to patients and/or their families. The 
human need to disclose is balanced against the need to avoid 
admission of liability or invalidate malpractice insurance 
coverage. Many states have written specific laws that allow 
the treatment team to disclose details of adverse events with-
out the risk that disclosure will be taken as legal admission of 
liability.

31.2.4  Core Competencies

The traditional mode of evaluation of graduate medical 
education (GME) has been global evaluation by facility 
accompanied by high-stakes written examinations. Because 

there was an increasing body of evidence that neither 
 element directly correlates with outcome of GME, the 
Accreditation Council for Graduate Medical Education 
(ACGME) undertook a review of GME teaching and evalu-
ation called the Outcomes Project in 2002. The result, pub-
lished in 2003, was the publication of the 6 core 
competencies, their definitions, and suggested tools for 
evaluation of reaching mastery of their competencies. These 
competencies are:
 1. Patient care
 2. Medical knowledge
 3. Communication and interpersonal skills
 4. Professionalism
 5. Practice-based learning and improvement (PBLI)
 6. Systems-based practice (SBP)

For some competencies (patient care, medical knowledge) 
the definitions were not surprising; the curriculum required 
very little adjustment and assessment tools already existed. 
For the meta competencies—communication and profes-
sionalism—there was a gradual adjustment from “I know it 
when I see it” to measurable goals with assessment tools that 
still needed to be validated. For PBLI and SBP, definitions 
emerged slowly, goals more slowly, and valid assessment 
tools were few and far between. The linkage between compe-
tencies and outcome has been further established through 
the process of assessment of milestones. A further evolution 
of the Outcome Project was initiated as a part of a new 
approach to accreditation of GME programs. The Next 
Accreditation System (NAS) includes a behaviorally based 
set of standards for each competency and tools for measuring 
achievement of each milestone. Each program is responsible 
to create and run a Clinical Compliance Committee (CCC) 
and create milestone reports for each resident every 6 months. 
Program accreditation will be based on annual self-reporting 
with less frequent site visits for programs that are generally 
doing well, and more frequent visits for those that are not as 
sound.

31.3  Questions and Answers

 ?Questions (Choose the Most Appropriate Answer)
1. Substance abuse in anesthesiology:

 A. Is rare
 B. Is more common in staff than residents
 C. Is a recent development
 D. Most frequently involves drugs used for adminis-

tration of anesthesia
 E. Is easily detected

2.  Potential causes of addiction to addiction to 
anesthesia drugs include:
 A. Prior chemical abstinence
 B. High job satisfaction
 C. Advanced parenteral skills
 D. Limited education about risks
 E. Psychiatric health
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3. Recovery from addiction to anesthesia drugs:
 A. Is more frequently successful compared to addic-

tion in the lay public
 B. Is more frequently successful compared to addic-

tion in non-anesthesiology physicians
 C. Is rarely interrupted by relapse
 D. Requires outpatient treatment initially
 E. Is enhanced by full participation of a Physician 

Health Committee
4.  Prevention of chemical dependence to anesthesia 

drugs:
 A. Is achieved by education programs
 B. Is achieved by pre-employment drug  

testing
 C. Is achieved by random urine toxicology testing
 D. Is achieved by state medical licensure renewal 

 processes
 E. Has not been achieved

5. Which of the following is a true statement about 
fatigue and medical care:

 A. Fatigue is most associated with medical error in 
the daylight hours

 B. With sleep deprivation greater than 24 h, impair-
ment is equivalent to that associated with legal 
intoxication with alcohol

 C. Fatigue limits all providers equally
 D. Fatigue impairs cognitive tasks more than proce-

dural tasks
 E. Sleep deprivation greater than 24 h does not 

increase the risk of operating an automobile
6. Aging influences performance:

 A. In a predictable manner
 B. But does not influence the tolerance of fatigue
 C. But can be accommodated
 D. Abruptly
 E. Less in the nighttime hours

7. The elements of professionalism:
 A. Are all independent of specialty
 B. Do not influence issues with conflict of interest
 C. Are violated with fraudulent scientific conduct
 D. Require the anesthesiologist to be the “captain of 

the anesthesia team”
 E. Define anesthesiology as a primary care role

8. Ethical issues for anesthesiologists include:
 A. The right to unconditionally refuse to care for a 

patient
 B. The inability to anesthetize a patient with valid 

“do not resuscitate” (DNR) order
 C. The need to completely inform the patient 

of the risks of refusal of blood and blood prod-
ucts

 D. The obligation to participate in penal execution 
by lethal injection

 E. The need for a court order to anesthetize an 
intoxicate patient with life threatening trauma

9.  Which of the following is a correct statement about 
medication errors:
 A. Syringe swaps are rare
 B. Medication labeling is optional
 C. Unlabeled syringes should be used if the medica-

tion contained is expensive
 D. Identification of the name of the drug is all that is 

necessary prior to injection
 E. Confusion can be created by the similarity in size 

and color of vials with very different substances
 10. Evaluation in Graduate Medical Education:

 A. Should depend primarily on written examina-
tions

 B. Should depend primarily on global rotation 
evaluations

 C. Is competency-based within the “Outcomes 
Project”

 D. Is easily accomplished for communication and 
professionalism

 E. Are less frequent in the Milestones process

 v Answers
1.  D. Substance abuse in anesthesiology is a prevalent 

occupational risk of giving anesthesia with an inci-
dence of about 1% per year of training for the first 
5 years. This syndrome occurs most often during or 
just after residency and has been known since the 
beginnings of anesthesia as a profession. Although 
addiction to alcohol and illicit drugs can occur, the 
substance use disorder for the anesthesia provider 
most often involves drugs used to give anesthesia, 
such as the fentanyl family. Although addiction to 
anesthesia drugs is deadly, self-reporting is rare, and 
detection is difficult because of the short metabolic 
half-lives of the drugs and limitations of toxicology.

2.  C. The causes of chemical dependence to anesthesia 
drugs are multifactorial. In those that have disclosed 
details during rehabilitation from addiction to anes-
thesia drugs, a high percentage report prior experi-
mentation with drugs and pre-addictive behavior. 
Another common factor reported is frustration 
with working alone and disrespect in the operat-
ing room (OR) environment. Unfortunately, those 
who develop substance use disorder are also highly 
skilled in the parenteral administration of drugs by 
virtue of training and clinical experience. The risk 
is widely known within the specialty, and educa-
tion programs during anesthesiology residency are 
universal, although they do not seem to reduce the 
incidence. Another common denominator reported 
frequently during recovery is psychiatric co-morbid-
ity, such as depression or personality disorder.

3.  E. Recovery from chemical dependence to anesthe-
sia drugs is difficult with less success compared to 
addiction to alcohol in t he lay public or addiction 
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in non-anesthesiology physicians. Rehabilitation 
should be initiated in an in-patient setting, prefer-
ably at a site with experience treating addicted 
physicians. Fentanyl addiction recovery is plagued 
by relapse, estimated at 43% over a 30-year career 
in the ABA database. When there is successful 
rehabilitation and re-entry to anesthesiology, long-
term health is assisted by full participation with a 
Physician Health Program, including a contract, man-
datory attendance at meetings, and tightly enforced 
random testing with any non-compliances treated as 
a relapse.

4.  E. Prevention of chemical dependence to anesthesia 
drugs is a topic that has achieved a high level of 
interest. There is nearly universal education about 
the causes, chemical profile and risk factors, but this 
has not prevented a steady increase in the incidence 
since 2000. Many programs use pre-employment 
drug testing, but this also has not reduced the inci-
dence. A few programs have introduced random 
urine drug testing, and although promising, can-
not be said to have reduced risk. State licensure 
processes require voluntary disclose and this is not 
routine. The bottom line is that nothing has been 
identified that clearly reduces the incidence.

5.   B. Fatigue is universally acknowledged to be associ-
ated with medical error. When sleep deprivation 
exceeds 24 h, impairment is equivalent to that associ-
ated with legal intoxication with alcohol. Fatigue is 
especially associated with medical error in the least 
experienced providers, and to a greater extent dur-
ing the low point of the circadian rhythm (1–7 AM). 
Fatigue limits performance of cognitive and proce-
dural tasks equally, and can be partially adapted to by 
repetition and learning with improvement of accu-
racy greater than speed. Sleep deprivation greater 
than 24 h raises safety issues, such as an increased 
risk of having an auto accident while driving home.

6.   C. Aging influences clinical performance gradu-
ally, but not in a predictable manner. Any abrupt 
changes in performance usually have another 
explanation besides the impact of aging. Any decre-
ment in performance is exaggerated during the low 
point of the circadian rhythm and aging in general 
decreases stamina and the resistances to the impact 
of sleep deprivation. The good news, given the 
aging of the anesthesia workforce, is that accom-
modation to the impact of aging can be successful, 
including reduction in call frequency or duration or 
designation of alternate responsibility.

7.   C. The essential elements of professionalism include 
general elements and items that are unique to each 
specialty. General elements defining conflict of 
interest are violated when there is fraudulent scien-

tific conduct. Since much of anesthesiology practice 
involves team care, an element of professionalism is 
the need to lead the team without authoritarianism 
(“captain of the ship”), respecting the training and 
contribution of all members. Another element of 
anesthesiology professionalism stems from the role 
of the anesthesiologist as a consultant with respon-
sibilities to the surgeon as the primary care provider.

8.  C. There are a number of issues that create ethi-
cal implications for the anesthesiologist. There are 
moral and ethical issues that prevent some provid-
ers from being willing to provide elective anesthesia 
care, including reproductive options and refusal of 
blood products. This refusal obligates the provider 
to arrange alternative, equivalent care in a timely 
manner. Previously, a valid DNR order was a bar to 
the operating room, but recent modifications in 
practice allow procedures to be performed with 
technique-specific consent without revocation 
of DNR status. Ethical positions by the America 
Medical Association and the American Society of 
Anesthesiologists provide a rationale for refusal to 
participate in penal lethal injection. When a grossly 
intoxicate patient presents with life-threatening ill-
ness or trauma, the anesthesiologist is allowed ethi-
cally to do what is right in the absence of consent, 
“in loco parentis.”

9.  E. One of the commonest causes of medication error 
is the “syringe swap.” The anesthesiologist is at risk of 
syringe swap because of the urgency to medicate, and 
the similarity by size and color of vials and ampules 
containing anesthetic drugs. Universally accepted prac-
tice requires that the name, dose, and time drawn-op 
need to be identified prior to injection. Any unlabeled 
syringe should be discarded, regardless of content.

 10. C. Assessment of resident performance in GME has 
undergone significant changes recently. Previously, 
there was dependence on global rotation evaluation 
without criteria and high-stakes written examinations. 
These have not disappeared but have been recog-
nized not to measure all elements of performance. 
The Outcomes Project introduced competency-based 
assessment with behaviorally based standards to be 
met. This has been relatively easy to accomplish for 
Medical Knowledge and Patient Care because of the 
existence of valid tools to measure performance. It is 
less clear how to measure performance for the “meta 
competencies” of Professionalism and Communication 
beyond the “I know it when I see it” approach. With 
the introduction of the Milestones Project in the Next 
Accreditation System, the role of frequent formative 
evaluation has been introduced along with the idea 
that more evaluation is better, with less significance on 
single “high stakes” evaluations.
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Key Points
 1. There are 3 pressure systems in the anesthesia 

machine.
 2. The cylinder is attached to the anesthesia machine 

via Pin Index Safety System.
 3. The pipelines are attached to the anesthesia 

machine via Diameter Index Safety System.
 4. Chain link and proportionating systems are safety 

systems to avoid delivering hypoxic mixtures.
 5. The oxygen analyzer is the key feature in the 

anesthesia machine to avoid delivering hypoxic 
mixture.

 6. The vaporizers’ outputs are temperature depen-
dent and not affected by ambient pressure except 
for Tec 6 vaporizer (GE Healthcare, Chicago, IL) for 
desflurane.

 7. The contemporary vaporizers incorporate a 
temperature compensation device in the form of a 
bimetallic strip device.

 8. The contemporary anesthesia machines incorpo-
rate the open interface of the scavenging system 
to avoid developing barotrauma to the patient.

 9. The oxygen flush valve delivers 35 L/min with 
pressure of 45 pounds per square inch gauge 
(psig).

 10. The Aladin vaporizers (GE Healthcare, Chicago, IL) 
use magnetic strips for liquid anesthetic identifica-
tion.

 11. Standards for Anesthesia Machines and Work 
Stations:
5 2000: American Society for Testing and 

Materials (ASTM) F 1850-00, recommends the 
following standards for newly manufactured 
anesthesia machines—they must have 
monitors that measure the following param-
eters:
5 Continuous breathing system pressure
5 Exhaled tidal volume
5 Ventilatory carbon dioxide concentration
5 Anesthetic vapor concentration
5 Inspired O2 concentration
5 O2 supply pressure
5 Arterial hemoglobin O2 saturation
5 Arterial blood pressure
5 Continuous electrocardiogram (ECG)

The anesthesia workstation must have a prioritized 
alarm system.

32.1  Generic Anesthesia Machine

The pressures within the anesthesia machine can be divided 
into 3 circuits: a high pressure, an intermediate pressure, 
and a low-pressure circuit. The high-pressure circuit is 

 confined to the cylinders and the cylinders’ primary pres-
sure regulators. For oxygen, the pressure range of the high-
pressure circuit extends from a high of 2200 pounds per 
square inch gauge (psig) to 45 psig, which is the regulated 
cylinder pressure. For nitrous oxide (N2O), the high-pres-
sure circuit pressures range from a high of 750 psig in the 
cylinder to a low of 45 psig. The intermediate pressure cir-
cuit begins at the regulated cylinder supply sources at 45 
psig, includes the pipeline sources at 50–55 psig, and 
extends to the flow control valves. Second stage pressure 
regulatory may be used to decrease the pipeline supply 
pressures to the flow control valves, to even lower pressures, 
such as 14 or 26 psig within the intermediate pressure cir-
cuit. This regulator ensures a constant supply pressure to O2 
flow-control valve. Thus even if the O2 supply pressure to 
the machine decreases to less than 45–50 psig, the flow set 
on the O2 flow meter will be maintained as long as it exceeds 
14 psig. The low-pressure circuit extends from the flow con-
trol valves to the common gas outlet. The low- pressure cir-
cuit includes the flow tubes, the vaporizers, and a one-way 
check valve on most Datex-Ohmeda machines (GE 
Healthcare, Chicago, IL).

The hospital piping system provides gases to the machine 
at approximately 50 psig, which is the normal working pres-
sure of most machines. The O2 cylinder source is regulated 
from 2200 psig to approximately 45 psig, and N2O cylinder is 
regulated from 745 to 45 psig. A safety device – fail-safe valve 
is located downstream from the N2O supply. This valve shuts 
off or proportionally decreases the supply of N2O or other 
gases if the O2 supply pressure decreases.

The flow control valves represent an important land-
mark because they separate the intermediate pressure cir-
cuit from the low-pressure circuit. The low-pressure 
circuit is the part of the machine that is downstream from 
the flow control valves. A one-way check valve is usually 
present in many Datex-Ohmeda anesthesia machines; its 
purpose is to prevent back flow into the vaporizer during 
positive-pressure ventilation, thereby minimizing the 
effects of downstream intermittent pressure fluctuations 
on the inhaled anesthetic concentration. The O2 flush 
valve connects the pipeline directly to the common gas 
outlet.

32.2  Pipeline Supply Sources

The pipeline supply source is the primary gas source for the 
anesthesia machine. In most hospitals, the O2 pipeline is sup-
plied from a bulk liquid source. The pipeline inlet fittings are 
gas-specific, Diameter Index Safety System (DISS), threaded 
body fittings (. Fig. 32.1). The DISS provides threaded, non- 
interchangeable connections for medical gas lines, which 
minimize the risk of misconnection. A check valve is located 
downstream from the inlet. It prevents reverse flow of gases 
from the machine to the pipeline or the atmosphere 
(. Fig. 32.2).
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32.3  Cylinder Supply Source

Anesthesia machines have reserve E cylinders if a pipeline 
supply source is not available or if the pipeline fails. O2 tanks 
are fitted at the factory to a pressure of approximately 2000 
psig at room temperature. A full E cylinder of O2 (internal 
volume of approximately 4.8  L) at a pressure of 2000 psig 
will produce approximately 660 of gaseous O2 at atmo-
spheric pressure. The cylinder attaches to the machine 
through the hanger-yoke assembly. The hanger yoke assem-
bly orients and supports the cylinder, provides a gas-like 
seal, and ensures a unidirectional flow of gases into the 
machine. Each hanger yoke is equipped with a Pin Index 
Safety System (PISS). The PISS is a safeguard introduced to 
eliminate cylinder interchanging. Each gas or combination 
of gases has a specific pin arrangement. A check valve is 
located downstream from each cylinder. The check valve has 
several functions. First, it minimizes gas transfer from a cyl-
inder at a high pressure to one with lower pressure. Second, 
it allows an empty cylinder to be exchanged for a full one 
while gas flow continues from the other cylinder into the 
machine with minimal loss of gas. Third, it minimizes leak-
age from an open cylinder to the atmospheres if one cylin-

der is absent. The check valves may leak; therefore if a yoke 
does not have a tank hanging on it, a yoke plug should be 
inserted. This prevents leakage of gas in the event of an 
incompetent check valve, which might otherwise cause 
depletion of the O2 tank. The high-input pressure of the cyl-
inder is reduced to 45 psig by the oxygen pressure regulator. 
Failure of the pressure reduction function of a regulator can 
transmit excessively high pressure (up to 2200 psig) to the 
machine’s low-pressure system. To protect against such 
occurrences, the regulator incorporates a pressure relief 
valve in the low-pressure chamber in which excess pressures 
are vented to the atmosphere. The cylinders should be 
turned off except during the preoperative machine checking 
period or when pipeline source is unavailable, to avoid 
depletion of the cylinder (. Figs. 32.3, 32.4, and 32.5).

32.4  Safety Devices of Oxygen Supply 
Pressure Failure

The 2000 ASTM F 1850-00 standard states, “The anesthesia 
gas supply device shall be designed so that whenever O2 sup-
ply pressure is reduced to below the manufacturer specific 

Color Coded Hoses with Diameter Index Safety System (SISS)

Pipeline Wall Outlets

       . Fig. 32.1 Diameter Index 
Safety System (DISS) (Reprinted 
with permission from Brockwell 
and Andrews [1])
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minimum, the delivered O2 concentration shall not decrease 
below 19% at the common gas outlet.” If the oxygen pressure 
in the high-pressure system decreases (usually to <30 psig), 
an oxygen supply alarm is activated within 5 s.

32.5  Fail-Safe Valves

In Datex-Ohmeda machines, when the oxygen pressure in 
the machine’s high pressure system falls below 20 psig, the 
flow of N2O and all other gases to their flow-control valves is 
interrupted. This valve is an all-or-nothing valve; it opens at 
oxygen pressures of 20 psig or more and is closed at pressures 
less than 20 psig (. Fig. 32.6). The fail-safe valve in the North 
American Dräger Narkomed machines (Dräger, Lübeck, 
Germany) is called the oxygen failure protection device 
(OFPD). There is 1 OFPD for each of the gases supplied to 
the machine. As the oxygen supply pressure decreases, the 

OFPD proportionately reduces the supply pressure of each of 
the other gases to their flow-control valves. The supply of 
N2O and other gases is completely interrupted when O2 sup-
ply pressure falls below 12 ± 4 psig (. Fig. 32.7).

32.6  Flow Meter Assemblies

With traditional glass flow meter assemblies, the flow control 
valve regulates the amount of flow that enters a tapered, 
transparent flow tube known as a Thorpe tube.

32.6.1  Physical Principles of Conventional 
Flow Meters

Flow tubes are tapered, with the smallest diameter at the 
bottom of the tube and the largest at the top. The term “vari-

Pipeline inlet
matches the
hose metal fitting

Flexible
Hose

       . Fig. 32.2 Pipeline supply connections (Reprinted with permission from Brockwell and Andrews [1])
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       . Fig. 32.3 Yolk system assembly (Reprinted with permission from Brockwell and Andrews [1])
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       . Fig. 32.4 Cylinder attachment to anesthesia machine (Reprinted with permission from Brockwell and Andrews [1])
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       . Fig. 32.5 Pipeline and cylinder systems attachment to the anesthesia 
machine. Pipeline pressure is a nominal 50 psi. As gas enters the gas 
supply module the pressure is reflected on the pipeline gauge located on 
the front panel of the machine. A check valve on the cylinder side 

prevents gas from flowing out the cylinder connection when the pipeline 
gas supply is being used; and a check valve on the pipeline side when the 
cylinder is being used. The regulator will regulate the pressure from the 
cylinder to 45 PSI for O2. (© GE HealthCare. Reprinted by permission)
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       . Fig. 32.6 Safe safety valve in Datex-Ohmeda anesthesia machine
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       . Fig. 32.7 Safe safety valve in North American Dräger machine
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able orifice” designates this type of unit because the annular 
space between the float and the inner wall of the flow tube 
varies with the position of the float. The annular space is 
tubular (diameter of the space is shorter than its length) at 
low flow rates, laminar flow is present, and viscosity deter-
mines the gas flow rate (Hagen-Poiseuille Equation). The 
annular space (its diameter of the orifice is almost equal to 
its length) simulates an orifice at high flow rates, and turbu-
lent gas flow then depends predominately on the density of 
the gas (Graham’s Law). Of, note the oxygen flow meter can 
be used for helium at low flow rates as they have the same 
viscosity (. Fig.  32.8). Similarly, the nitrous oxide flow 
meter can be used for carbon dioxide at high flows as they 
have the same density.

32.6.2  Components of Flow Meter 
Assemblies

 Flow Control Valve Assembly
The assembly of the flow control valve is composed of a flow 
control knob, a needle valve, a valve seat, and a pair of valve 
steps. The assembly can receive its pneumatic input directly 
from the pipeline source (50 psig) or from a second-stage 
pressure regulator. The location of the needle valve in the 
valve seat changes to establish different orifices when the flow 
control valve is adjusted. Gas flow increases when the flow 
control valve is turned counter clockwise, and it decreases 
when the valve is turned clockwise (. Fig. 32.9).

 Safety Features
 5 The O2 flow control knob is larger and physically 

distinguishable from other gas knobs.

 5 All knobs are color coded for the appropriate gas, and 
the chemical formula or name of the gas is permanently 
marked on each.

 5 If a single gas has 2 flow tubes, the tubes are arranged 
in series and are controlled by a single flow control 
valve.

 5 The oxygen flow meter should be downstream (close to 
the patient) to other flow meters to avoid delivering 
hypoxic mixture in case of leak of the flow meters 
(. Fig. 32.10).

Contemporary anesthesia machines use several different 
types of bobbins or floats including plumb-bob floats, rotat-
ing, skirted floats and ball floats. Flow is read at the top of 
plumb bob and skirted floats and at the center of the ball on 
the ball-type floats.

Flow tubes are equipped with float stops at the top and 
bottom of the tube. The upper step stop prevents the float 
from ascending to the top of the tube and plugging the 
outlet. It also ensures that the float is visible at maximum 
flows instead of being hidden in the manifold. The bottom 
float stop provides a control foundation for the indicator 
when the flow control valve is turned off. Rib guides are 
used with ball type floats. The triangular thickening of the 
inside of the tube keeps the ball centered. The flow meters 
are calibrated at atmospheric pressure (760  mmHg) at 
room temperature (20 °C). Variations in temperature as a 
rule are slight and do not produce significant changes. 
Pressure variations affect the flow according to the follow-
ing equation:

F F x d d1 0 0 1= ( )/ ,

“Head
of float”

Equivalent
channel

Annular
space

       . Fig. 32.8 Annular space 
between the float and the inner 
wall of the flow tube. Note the 
annular space resembles the 
shape of tube at low flow rates 
and orifice at high flow rates
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Where F1 is the real flow at new pressure, F0 is the flow at sea 
level atmospheric pressure, do is the density of the gas at sea 
level atmospheric pressure, and d1 is the density of the gas at 
the new pressure. So according to this equation, the flow 
recorded at the flow meters in hyperbaric chamber is lower 
than the real flow and vice versa at low-pressure settings in 
high altitudes.

32.7  Proportioning Systems

Nitrous oxide and oxygen are interfaced mechanically or 
pneumatically so that the minimum oxygen concentration at 
the common gas outlet is between 23% and 25%, depending 
on the manufacturer.

Gas outlet
to manifold

Float stop

Tapered
float tube

Float

Float stop

Valve stops

Flow
control knob

(fluted)

Needle

Oxygen inlet
(16 PSAG)

Valve seat

       . Fig. 32.9 Oxygen flow meter 
assembly
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       . Fig. 32.10 Position of flow 
meters to avoid delivering 
hypoxic mixture

32.7.1  Datex-Ohmeda Link -25 Proportion 
Limiting Control System

In this Datex-Ohmeda system, there is a 14-tooth sprocket 
on the nitrous oxide flow control valve and a 29-tooth 
sprocket on the oxygen flow control valve. A pin on the O2 
sprocket engages a pin on the O2 flow control knob if the flow 
control valves are adjusted so that 25% concentration of O2 is 
reached. This causes the O2 and N2O flow control valves to 
turn together to maintain a minimum of 25% O2. The pro-
portioning of N2O to O2 (75–25%) is completed because the 
N2O flow control valve is supplied from a second stage regu-
lator that reduces N2O pressure to 26 psig before it reaches 
the flow control valve. The O2 flow control is supplied at a 
pressure of 14 psig from a second stage O2 regulator. This 
minimum O2 ratio device permits independent control of 
each gas as long as the percentage of O2 is above the mini-
mum. It should be rated that these devices only link 2 gases: 
nitrous oxide and oxygen (. Fig. 32.11). Administrations of a 
third gas such as helium can result in a hypoxic mixture.

32.7.2  North American Dräger Oxygen Ratio 
Monitor Controller

North American Drägers’ proportioning system, the oxy-
gen ratio monitor controller (ORMC) is used in the North 
American Dräger machine. The ORMC is a pneumatic 
oxygen- nitrous oxide interlock system designed to main-
tain fresh gas O2 concentration of at least 25% ± 3%. ORMC 
controls the fresh gas oxygen concentration to levels sub-
stantially higher than 25% at oxygen flow rates of less than 
1 L/min. ORMC limits nitrous oxide flow to prevent deliv-
ery of a hypoxic mixture. In this system, the pressure of the 
oxygen chamber controls the flow of nitrous oxide through 
the slave valve. If the pressure in oxygen falls, the opening 
in the slave valve will narrow and decrease nitrous oxide 
flow. However, if the pressure in the oxygen chamber is 
high, it will open the sleeve valve and increase nitrous oxide 
flow (. Fig. 32.12).
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       . Fig. 32.13 Oxygen flush 
valve

32.8  Oxygen Flush Valve

The oxygen flush valve allows direct communication between 
the oxygen pipeline-pressure systems to the patient circuit. 
Flow from the oxygen flush valve enters the low-pressure cir-
cuit downstream from the vaporizers and downstream from 
the Datex-Ohmeda machine outlet check valve.

Actuation of the valve delivers 100% oxygen at a rate of 
35–75 L/min to the breathing circuit. The oxygen flush valve 
is associated with several hazards. A defective or damaged 
valve can stick in a fully open position, resulting in barotrau-
mas. A valve sticking in a partially open position can result in 
awareness by the patient because the oxygen flow from the 
incompetent valve dilutes the inhaled anesthetic. Oxygen 
flushing during the inspiratory phase of positive pressure ven-
tilation can produce barotrauma in patients if the anesthesia 
machine does not incorporate an appropriately adjusted 
inspiratory pressure limiter (. Figs. 32.13 and 32.14).

32.9  Waste-Gas Scavenging Systems

The tubing for the scavenging systems has an internal diam-
eter of either 19 mm or 30 mm, compared with the 22-mm 
anesthesia circuit and ventilator tubing and the 15-mm com-
mon gas outlet and tracheal connectors. The scavenging sys-
tem interfaces with the hospital suction system to remove gas 
flow from the patient circuit.

32.9.1  Scavenging Systems

 Components
Scavenging systems classically have 5 components:
 1. The gas collecting assembly.
 2. The transfer tubing.
 3. The scavenging interface.
 4. The gas disposal assembly tubing.
 5. An active or passive disposal system.

 Gas-Collecting Assembly
The gas-collecting assemblies are the points of waste gas exit 
from the breathing circuit to the transfer tubing. Waste anes-
thetic gases are vented from the anesthesia system either 
through the adjustable pressure-limiting (APL) valve (pop- 
off valve) or through ventilator relief valve.

 Transfer Tubing
The transfer tubing carries excess gas from the gas-collect-
ing assembly to the scavenging interface. The tubing must 
have 30-mm connectors on either end, which are distinct 
from the 22-mm connectors on the breathing system tub-
ing. The tubing must be sufficiently rigid to prevent kink-
ing to minimize the chance of occlusion, or it must contain 
pressure relief in case of occlusion. Occlusion or kinking 
can increase the pressure in the breathing circuit and baro-
trauma.
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 Scavenging Interface
Closed anesthesia systems use spring-loaded valves to ensure 
that excessively high or low pressures are not applied to the 
patient circuit. Thus if the systems are not connected to nega-
tive pressure (suction), excess pressure in the interface caused 
by gas entering it from the circuit would first cause distension 
of the interface reservoir bag, then the excess would be vented 
via the position pressure-relief valve at about +5 cm H2O. In 
the event that excessive suction might be applied to the cir-
cuit, the reservoir bag would first be sucked empty, and then 
1 (Ohmeda interface) or 2 (North American Dräger closed 
interface) negative pressure-relief (pop-in) valves (−0.25 to 
−1.80 cm H2O) would open to preferentially draw in room 
air and minimize the potential application of negative pres-
sure to the patient circuit.

Many contemporary anesthesia machines contain open- 
reservoir scavenging interfaces, are valveless, and use con-
tinually open ports to provide pressure relief. Waste gas 
from the circuit is directed to the bottom of the canister, 
and the hospital suction system aspirates gas from the bot-
tom of the canister. Therefore, the vacuum rate should 
exceed the rate of waste gas flow into the chamber, and 
some room air should also be drawn into the canister 
through the relief port. This interface system depends on 

relief ports for pressure relief, so these ports should remain 
unoccluded at all times. In addition, if vacuum flow is inad-
equate, waste gas can spill out into the room through the 
relief ports.

Collectively, if the valves in a closed interface or the ports 
in an open interface become occluded, an excess of positive 
or negative pressure could develop in the circuit.

 Gas Disposal Assembly Conduit 
on Extract Flow
The gas disposal assembly conduit conducts waste gas from 
the scavenging interface to the receiving end of the gas dis-
posal system. It should be collapsible-proof and should run 
overhead if possible to minimize the chance of accidental 
occlusion.

 An Active or Passive Disposal System
An active system relies on a hospital central evacuating sys-
tem to remove gas from the scavenging system. A passive 
system simply vents the gas into a nonrecirculating heating, 
ventilation, and air conditioning system or simply through a 
hose to the building’s exterior through the wall. Of note, pas-
sive systems are less common in contemporary operating 
rooms (. Fig. 32.15).

Oxygen in from
O2 Flush Regulator

Out to Breathing
System

Oxygen in from
O2 Flush Regulator

Activated Flush Valve Non-Activated Flush Valve

       . Fig. 32.14 Oxygen flush 
valve (Reprinted with permission 
from Brockwell and Andrews [1])
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32.10  Oxygen Analyzer

According to Schreiber, “the use of an oxygen analyzer with 
an anesthesia system is the single most important measure to 
prevent hypoxia.” These analyzers (fuel cells) are specific for 
oxygen and are not fooled by other agents. They measure the 
oxygen concentration within the inspiratory limb of the 
anesthesia breathing system or within the fresh gas mixture.

32.11  Complications with the Anesthesia 
Machine

32.11.1  Hypoxia

 5 Delivery of a hypoxic gas mixture to the lungs 
(. Fig. 32.16).

 5 (Remember that the oxygen analyzer is the most 
important device to guard against delivering hypoxic 
mixture to the patient)

 5 Crossed pipe lines either before entering the machine or 
within the machine

 5 The oxygen flow-control valve or O2 piping system in 
the machine may be obstructed, preventing the flow of 
O2 to the flow-control valve.

 5 The flow-control valve bobbin or flow meter may 
become stuck because of static electricity, girt or dirt, 
and it may appear that gas is flowing from the O2 flow 
control valve even when it is not

 5 Excessive leak inside the machine, which results in loss 
of the O2 before it reaches the common gas outlet 
(remember the permissible limit leak: 150 ml/min inside 
the intermediate pressure system, and 30 ml/min in the 
low pressure system).

32.11.2  Hyperoxia

 5 A leak in a hanging-bellow ventilator → entrainment or 
injection of driving gas from the bellows housing → 
inspired O2 concentration.

32.11.3  Hypercarbia

 5 Flow from the anesthesia machine → inadequate ventila-
tion and hypercarbia (. Fig. 32.17a, b)

32.11.4  Electrical Failures

 5 The newer anesthesia machines are equipped with a 
power cord and accept an electrical input of 90–130V at 
50–60 Hz. There are 4 electrical outlets on the anesthesia 
machine into which additional equipment can be 
plugged. There is also a battery backup system consisting 
of a 12-V rechargeable battery. If AC power fails, the 
back up battery provides power only to the ventilator 
control circuits, the monitors built into the machine, and 
the alarm system. This back up system is only effective 
for 30 min.
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Scavenging
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       . Fig. 32.15 Scavenging 
System: Note the open interface 
in contemporary anesthesia 
machines (Reprinted with 
permission from Brockwell and 
Andrews [1])
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       . Fig. 32.16 Causes of hypoxia
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32.12  Vaporizers

32.12.1  Variable Bypass Vaporizers

When volatile anesthetics evaporate, their resultant saturated 
gas concentrations exceed the safety clinical standards. 
Therefore, concentrations should be diluted to safe ranges.

Variable bypass refers to carefully regulating the con-
centration of vaporizer output by diluting gas after it is 
fully saturated with anesthetic agent with a larger flow of 
gas. The vaporizer’s output concentration determined by 
the concentration control dial is the product of the ratio of 
the gas that flows through the bypass chamber and the 
vaporizing chamber, and a temperature-compensating 
device further adjusts that ratio. Vaporizer concentration 
control dials are labeled to set vaporizer output in terms of 
volume percent (v/v%), and the vaporizers are calibrated at 
sea level.

The presence of a wicking system in the vaporizing cham-
ber helps to saturate the fresh gas that is diverted to the 
chamber. The fresh gas is flowing over the liquid agent there-
fore it is called flow-over vaporizer. Of note, the vaporizer is 
agent-specific as the physical properties and clinical con-
centrations of each agent are unique, therefore the 
concentration- specific diverting ratios are agent-specific. 
The modern vaporizers are calibrated at 20 °C. Most of the 
modern variable bypass vaporizers are out-of-circuit as their 
output is introduced into the patient’s breathing circuit 
through the fresh gas, whereas if the vaporizers are located 
within the patient’s breathing circuit, they are designated as 
in-circuit or draw-over.

The evaporation of liquid anesthetic requires energy, 
which is referred to as the latent heat, which is the number 
of calories required to change 1 g of liquid into vapor with-
out change in temperature. This energy loss can lead to sig-

nificant decreases in temperature within the remaining 
liquid, which will reduce vapor pressure and subsequent 
vaporization. Therefore, vaporizers are constructed of met-
als that have relatively high thermal conductivity, which 
helps them maintain a uniform internal temperature during 
evaporation by allowing them to absorb environmental heat 
more effectively. The modern vaporizers are temperature 
compensating, therefore they are equipped with an auto-
matic temperature-compensating device that helps mainta-
ing constant vaporizer output over a wide range of operating 
temperatures by automatically altering the ratio of gas flow-
ing to the bypass and vaporizing champers. When tempera-
ture increases, the valve in the bypass opens wider to create 
a higher splitting ratio (see Appendix) so that more gas 
flows through and less gas enters the vaporizing chamber. A 
smaller volume of a higher concentration of vapor emerges 
from the vaporizing chamber; this vapor, when mixed with 
an increased bypass gas flow, maintains the vaporizer’s out-
put at a reasonable rate when temperature changes are not 
extreme.

Some older vaporizers had the temperature sensitive 
valve in the form of a gas-filled bellows linked to a valve in 
the bypass gas flow. As the temperature increased, the bel-
lows expanded, causing the valve to open more the bypass 
channel. Contemporary vaporizers use a bimetallic strip 
for temperature compensation that is incorporated into a 
flap valve in the bypass machine. This metallic strip is com-
posed of 2 metals with different coefficients of expansion, or 
change of unit length per unit change of temperature. 
Nickel and brass have been used in bimetallic strip valves 
because brass has a greater coefficient of expansion than 
nickel. As temperature increases, one surface of the flap 
expands more than the other, causing the flap to bend in a 
manner that opens the valve orifice wider, increasing the 
bypass flow.
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       . Fig. 32.17 a, b Causes of 
hypercarbia

The Anesthesia Machine



556

32

32.12.2  Factors that Influence Variable 
Bypass Vaporizer Output

ASTM standards state that the average output should not 
deviate from the concentration set by +30 or −20% or more 
than +7.5 or −5% of the maximum setting.

 Impact of Gas Flow Rate
Vaporizer output can vary with the extreme rates of gas flow-
ing through the vaporizer. The output of variable bypass 
vaporizers tends to be slightly less than the dial setting at low 
flow rates (<250  mL/min) to advance the vapor molecules 
upwardly because of the relatively high density of inhaled 
anesthetic agents. At extremely high flow rates, such as 15 L/
min, the output is less than the dial setting at high anesthetic 
concentrations. This effect is mainly due to cooling during 
rapid evaporation, incomplete mixing, failure to saturate the 
carrier gas in the vaporizing chamber, and increased resis-
tance to high gas flow.

 Impact of Temperature Change
Automatic temperature-compensating mechanisms in the 
bypass chamber maintain constant vaporizer output with 
varying temperature. Therefore, manufactures’ published 
operating temperatures range from 10 to 40 °C.

 Impact of Intermittent Backpressure
The intermittent backpressure that results from either the 
inspiratory phase of positive-pressure ventilation or use of 
the oxygen flush valve may lead to higher than expected 
vaporizer output due to retrograde transmission of pressure 
from the patient’s circuit to the vaporizer. Therefore, gas mol-
ecules are compressed in both the bypass and vaporizing 
chambers. However, when the backpressure builds suddenly 
during the expiratory phase of positive-pressure ventilation, 
vapor exits the vaporizing chamber through both its inlet 
and outlet, thereby enhancing the vapor output concentra-
tion. This effect is called the pumping effect, which is more 
pronounced at low flow rates, low dial settings, and low levels 
of liquid anesthetic in the vaporizing chamber. Moreover, the 
pumping effect is enhanced by rapid respiratory rates, high 
peak inspired pressures, and the rapid drops in pressure dur-
ing expiration.

The pumping effect can be reduced by the following 
design modifications in modern vaporizers:
 1. Small vaporizing chambers reduce the vapor volumes 

that can be discharged from the vaporizing chamber into 
the bypass chamber during the expiratory phase.

 2. Some vaporizers have a long spiral tube or labyrinth that 
serves as the inlet to the vaporizing chamber. Therefore, 
when the pressure in the vaporizing chamber is released 
the vapor does not enter the bypass channel because of 
the tube length.

 3. Some vaporizers contain a baffle system in the vapor-
izing chamber.

 4. Some machines include a one-way check valve before 
the breathing circuit inlet to minimize the pumping 
effect.

 Impact of Carrier Gas Composition
Variable bypass vaporizer output can be influenced by the 
composition of the fresh gas as a result of differences in solu-
bility of anesthetic vapors specially using nitrous oxide. 
Nitrous oxide is more soluble than oxygen in the halogenated 
liquid that results in reducing the carrier gas flow rate vapor-
izer output. However, once the anesthetic liquid becomes 
saturated with nitrous oxide, vaporizing chamber output 
increases, and a new steady state is established.

 Impact of Barometric Pressure Changes

Hypobaric Conditions
Vapor pressure is temperature dependent but influenced by 
barometric pressure. Therefore, as altitude increases and the 
barometric pressure declines, the partial pressure of the anes-
thetic agent in the variable bypass-vaporizing chamber 
remains constant despite a decline in the partial pressures of 
other constituent breathing gases and the total ambient pres-
sure. This situation results in significantly increased volume 
percent concentration of anesthetic agent within the vapor-
izing chamber and at the outlet of the vaporizer. However, 
the partial pressure output of a variable bypass vaporizer 
changes proportionally less than the volume percent concen-
trations altitude increases. Because anesthetic partial pres-
sure is the main factor to determine the anesthetic depth, 
there is no need to adjust the dial to a lower setting at higher 
altitude.

Hyperbaric Conditions
Under hyperbaric conditions there will be a significant 
decrease in anesthetic concentration (v/v %) and mild 
decrease in partial pressure output. However, the partial 
pressure of halothane increases slightly with increasing baro-
metric pressure. This effect can be explained by increased 
atmospheric density on the flow of gas through the vaporizer 
and the increased thermal conductivity of air at higher pres-
sure.

 Safety Features
Modern variable vaporizers incorporate many features that 
have minimized or eliminated many hazards with using the 
vaporizers:
 1. Agent-specific, keyed filling devices help prevent filling a 

vaporizer with the wrong agent.
 2. Vaporizers are firmly secured to a vaporizer manifold on 

the anesthesia workstation, thus reducing the vaporizer 
tipping and spillage of the liquid anesthetic to the bypass 
chamber.

 3. Interlock systems prevent the administration of more 
than one inhaled anesthetic agent.
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32.12.3  Desflurane Vaporizer

The vapor pressure of desflurane is 3–4 times that of other 
contemporary inhaled anesthetics agents (669  mmHg at 
20 °C), and it boils at 22.8 °C, which is basically room tem-
perature. Therefore, it needs a special Tec 6 desflurane vapor-
izer.
 1. At room temperature the vapor pressure of desflurane is 

almost 1 atm. Therefore, tremendous gas flow rates 
would be required to dilute the vaporizing chamber 
output to clinical concentrations (bypass flow rate of 
73 L/min would have been needed to produce 1% 
desflurane in contrast to 5 L/min or less for other 
anesthetics).

 2. Desflurane high rate of evaporation would cause 
substantial anesthetic cooling.

 3. Desflurane is more likely to boil at room temperature. 
Therefore, the output would be uncontrollable.

32.12.4  Tec 6 Vaporizer

The principle of operation of the Tec 6 is that liquid desflu-
rane is heated in chamber, or sump, to 39  °C to produce 
vapor under pressure (~ 1500 mmHg, or 2 atm absolute pres-
sure). The vapor leaves the sump via a variable pressure- 
regulating valve, the opening of which is continuously 
adjusted based on the output from a pressure transducer so 
that the pressure of the desflurane vapor entering the rotary 
valve in the user-controlled concentration dial is the same as 
the pressure difference generated by the fresh gas inflow from 
the anesthesia machine flow meters into a fixed restrictor 
(10 cm/H2O/L/min). Therefore according to Poiseuille’s law 
for laminar flow, the flow will be proportional to the pressure 
difference across the resistance. The concentration dial and 
rotary valve control the quantity of desflurane vapor added to 
the fresh gas flow so that what emerges from the vaporizer 
outlet is the dialed-in concentration of desflurane. In the Tec 
6, unlike other vaporizers, no fresh gas enters the desflurane 
sump. In addition, the manufacturer calibrates the Tec 6 with 
100% oxygen as fresh gas.

 Effects of Changes in Altitude on Output
At high altitude, if ambient pressure is 500, 7% desflurane (1 
MAC) creates partial pressure of only 35 mmHg in contrast 
to 53 mmHg at sea level, which is only 0.66 of the minimum 
alveolar concentration (MAC) partial pressure (PMAC1). The 
PMAC1 is the partial pressure exerted by the MAC volume 
concentration, which is the main determinant factor for the 
depth of anesthesia. Therefore, at higher altitude for this 
decrease in potency output, a higher concentration (10.4%) 
of 500  mmHg renders a desflurane partial pressure of 
52 mmHg. Conversely, at higher ambient pressures, a lower 
concentration dial setting would be indicated to create the 
same potency output.

32.13  New Advances in the Vaporizers 
and Circuits

32.13.1  Datex-Ohmeda Aladin Cassette 
Vaporizer

 5 The Aladin™ cassette system is unique and electronically 
controlled. The vaporizer consists of a permanent 
internal control unit housed within the anesthesia 
delivery unit (ADU) and interchangeable Aladin agent 
cassette that contains anesthetic liquid.

 5 The cassettes are color coded for each anesthetic agent. 
They are also magnetically coded so that the ADU can 
identify which anesthetic cassette has been inserted.

 5 The heat of the S/5 ADU cassette vaporizer is the 
electronically controlled flow control valve located in 
the vaporizing chamber outlet. This valve is controlled 
by a central processing unit (CPU) (. Figs. 32.18 and 
32.19).

 5 The CPU receives input from every source in the ADU 
system. Therefore, the carrier gas effect has minimal 
effect on the output of the vaporizer contrary to the 
traditional ones (. Fig. 32.20).

 5 The one-way check valve protects against backflow of 
agent into the bypass chamber.

 5 Vaporization of desflurane is a challenging task if the 
room temperature is greater than the boiling point of 
desflurane (22.8 °C).

 5 At higher temperatures when the sump pressure exceeds 
the pressure in the bypass chamber, the one-way valve in 
the vaporizing inlet shuts, preventing carrier gas from 
entering the vaporizing chamber. The carrier gas then 
passes straight through the bypass chamber.

 5 Under these conditions, the electronically controlled 
flow control valve meters in the appropriate flow of pure 
desflurane vapor.

 5 The S/5 ADU has a fan that forces warmed air from an 
agent-heating resistor across the cassette to raise its 
temperature to counteract the heat loss due to latent heat 
of vaporization.

32.13.2  Maquet Injection-Type Vaporizer

The Maquet vaporizer (Maquet Critical Care AB, Solna, 
Sweden) is an electronically controlled, injection-type vapor-
izer that is used exclusively with Maquet Flow-i anesthesia 
workstations. Gas from the anesthesia machine is used to pres-
surize an anesthetic liquid storage container. Pressurization 
of the reservoir provides the force to drive liquid anesthetic 
agent through the vaporizer injector and minimizes evapora-
tion of the agent within the chamber. Liquid anesthetic agent 
is injected into a heated vaporizing chamber under micro-
processor control in a pulsed and intermittent manner, and it 
rapidly evaporates. The total amount of anesthetic injected at 
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any given interval is based on the desired anesthetic concen-
tration and the fresh flow through the vaporizer.

32.13.3  The New Circle System Designs

 Dräger Narkomed 6000 and Fabius GS
This system has many differences from the traditional Dräger 
system (. Figs. 32.3 and 32.4):

 1. The piston ventilator is electrically powered, electroni-
cally controlled with fresh gas decoupling.

 2. Decoupling system: In the traditional circle system, 
the tidal volume delivered to the patient’s lung is the 
sum of the volume from the ventilator and fresh gas 
that enters the circle. This system has fresh gas decou-
pling (FGD) that diverts the fresh gas to the reservoir 
bag during the inspiratory phase. During the expiratory 
phase, the decoupling valve opens, allowing the accumu-
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       . Fig. 32.19 Aladin cassette vaporizer (Reprinted with permission from Brockwell and Andrews [1])
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lated fresh gas in the reservoir bag to be drawn into the 
circle system to refill the piston ventilator’s chamber or 
descending bellows.

The advantage of circle system FGD is the decreased risk of 
barotraumas because the system isolates the fresh gas from 
coming into the system from the patient while the ventilator’s 
exhaust valve is closed (. Figs. 32.21 and 32.22).

The disadvantages include:
 1. The bellows or piston of circle system with FGD refills 

under shift negative pressure, so it might create negative 
pressure in a patient’s airways. To solve this problem, a 
relief valve that opens below a preset value, such as −2 
cmH2O, to entrain room air into the patient’s circuit. If 
this goes undetected, the entrained atmospheric gases can 
lead to awareness or hypoxia due to dilution of inhalation 
anesthetic or lowering of enriched oxygen concentration.
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       . Fig. 32.20 Aladin cassette 
vaporizer performance. It is 
minimally affected by carrier gas 
contrary to the traditional ones
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 2. If the reservoir bag is removed or has a significant leak, 
room air may enter the breathing circuit that can lead to 
awareness or hypoxia.

 3. Significant pollution of the operating room can occur 
due to the escape of inhalation anesthetics or nitrous 
oxide from an ill-fitted or leaking reservoir bag.

32.14  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which of the following is FALSE regarding the 

pressures within the anesthesia machine?
 1. There are 3 circuits: a high pressure, intermediate 

and a low-pressure circuit.
 2. The pressure range in the high-pressure circuit for 

oxygen extends from a high of 2200 to 45 psig.
 3. The pressure range in the high-pressure circuit 

for nitrous oxide ranges from a high of 1500 to 
45 psig.

 4. The low pressure circuit extends from the flow 
control valves to the common gas outlet

 2. Which of the following is TRUE regarding the 
cylinder supply source for anesthesia machines?
 1. A full E cylinder of oxygen has a pressure of 4000 

psig at room temperature.
 2. A full E cylinder of oxygen will produce 

approximately 660 L of gaseous oxygen.

 3. The Diameter Index Safety System (DISS) 
prevents cylinder interchanging.

 4. The cylinder attaches to the machine through 
the hanger-yoke assembly allowing bidirectional 
flow of gases into the machine.

 3. Which of the following is TRUE regarding the 
pipeline supply sources?
 1. The gas-specific pipeline inlet fitting system is 

called the Pin Index Safety System (PISS).
 2. The pipeline supply source is the backup gas 

source for the anesthesia machine.
 3. The gas pressure in the pipeline source is  

50 psig.
 4. There is a check valve downstream from the inlet 

preventing flow of gases from the pipeline to the 
machine.

 4. Which of the following is TRUE regarding the oxygen 
flush valve?
 1. Actuation of the valve delivers 100% oxygen at 

15 L/min.
 2. It allows direct communication between the 

oxygen pipeline-pressure system to the patient 
circuit.

 3. Oxygen flushing during the expiratory phase of 
positive pressure ventilation can produce 
barotrauma.

 4. A valve sticking in the closed position can result 
in awareness under anesthesia.
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 5. What is the oxygen pressure required to keep the 
fail-safe valve open?
 1. 10 psig
 2. 20 psig
 3. 50 psig
 4. 100 psig

 6. Which of the following is TRUE of modern 
temperature compensating vaporizers?
 1. Vaporizers are constructed of metals with low 

thermal conductivity in order to maintain a 
uniform internal temperature.

 2. The bypass valve closes smaller as temperature 
increases.

 3. Energy gained during the evaporation of liquid 
anesthetic can lead to significant increases in 
temperature within the remaining liquid.

 4. The vaporizer can compensate for changes in 
temperature over the range of 10–40 °C.

 7. Which of the following is true of very low flow  
rates (<250 mL/min) and very high flow rates 
(>15 L/min)?
 1. The output of variable bypass vaporizers tends 

to be less than the dial setting at very low flow 
rates and very high flow rates.

 2. The output of variable bypass vaporizers tends 
to be greater than the dial setting at very low 
flow rates and at very high flow rates.

 3. The output of variable bypass vaporizers tends 
to be greater than the dial setting at very low 
flow rates and less than the dial setting at very 
high flow rates.

 4. The output of variable bypass vaporizers tends 
to be less than the dial setting at very low flow 
rates and greater than the dial setting at very 
high flow rates.

 8. Why does desflurane require a special vaporizer 
compared to isoflurane and sevoflurane?
 1. Desflurane vaporizes very slowly.
 2. Desflurane cools rapidly with vaporization.
 3. Desflurane has a high boiling point.
 4. Desflurane has low potency.

 9. Under which condition is the “pumping effect,” or 
the change of pressure affecting the output of the 
vaporizer, enhanced?
 1. High flow rates
 2. Low amount of liquid anesthetic in the 

vaporizing chamber
 3. Low peak inspiratory pressures
 4. High dial settings

 10. In a variable bypass vaporizer, the splitting ratio (R) 
is dependent on which of the following?
 1. Minimum alveolar concentration of the agent
 2. Saturated vapor concentration of the agent
 3. Concentration of oxygen
 4. Fresh gas flow

 v Answers
 1. C. The pressures within the anesthesia machine can 

be divided into 3 circuits: a high pressure, an 
intermediate pressure, and a low-pressure circuit 
(answer A). The high-pressure circuit is confined to 
the cylinders and the cylinders’ primary pressure 
regulators. For oxygen, the pressure range of the 
high-pressure circuit extends from a high of 2200 
pounds per square inch gauge (psig) to 45 psig, 
which is the regulated cylinder pressure (answer B). 
For nitrous oxide (N2O), the high-pressure circuit 
pressures range from a high of 750 psig, not 1500 psig, 
in the cylinder to a low of 45 psig (answer C). The 
intermediate pressure circuit begins at the regulated 
cylinder pressure sources at 45 psig, and includes the 
pipeline sources at 50–55 psig, and extends to the 
flow control valves. The low-pressure circuit extends 
from the flow control valves to the common gas outlet 
(answer D). The low- pressure circuit includes the flow 
tubes, the vaporizers, and a one-way check valve on 
most Datex-Ohmeda machines.

 2. B. A full E cylinder of oxygen is approximately 2000 
psig at room temperature (answer A) and will 
produce approximately 660 L of gaseous oxygen 
(answer B.). The cylinder attaches to the machine 
through the hanger- yoke assembly. Each hanger 
yoke is equipped with a Pin Index Safety System 
(PISS), which prevents cylinder interchanging, not 
the DISS (answer C.). The hanger yoke assembly also 
supports the cylinder, provides a gas-like seal, and 
ensures a unidirectional flow of gases into the 
machine (answer D.)

 3. C. The hospital piping system provides gases to the 
machine at approximately 50–55 psig, which is the 
normal working pressure of most machines. The 
pipeline inlet fittings are gas-specific, Diameter Index 
Safety System (DISS), threaded body fittings, not PISS 
(answer A). The pipeline supply source is the primary 
gas source for the anesthesia machine (answer B). 
The gas cylinder source functions as the backup gas 
source should the pipeline fail. The check valve 
downstream from the pipeline inlet functions to 
prevent reversal of flow from the machine to the 
pipeline or the atmosphere (answer D).

 4. B. The oxygen flush valve allows direct 
communication between the oxygen pipeline-
pressure system to the patient circuit. Actuation of 
the valve delivers 100% oxygen at a rate of 35–75 L/
min to the breathing circuit (answer A). The oxygen 
valve is associated with several hazards. A defective 
or damaged valve stuck in a fully open position will 
result in barotrauma. A valve sticking in a partially 
open position can result in awareness under 
anesthesia due to the oxygen flow from the 
incompetent valve dilute the inhaled anesthetic 
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agent (answer D). Oxygen flushing during the 
inspiratory phase of positive pressure ventilation can 
produce barotraumas if the anesthesia machine does 
not incorporate an appropriately adjusted inspiratory 
pressure limiter (answer C).

 5. B. The fail-safe valve opens at oxygen pressure of 20 
psig or more and is closed at pressures less than 20 
psig. The fail-safe valve is synonymous to a 
pressure-sensor shut off valve. In the North American 
Dräger Narkomed machines, it is called the oxygen 
failure protection device (OFPD). It is an all-or-nothing 
valve that interrupts the flow of N2O and all other 
gases when the oxygen pressure falls below 20 psig.

 6. D. Answer A is false: Vaporizers are constructed of 
metals with high thermal conductivity in order to 
maintain a uniform internal temperature. Answer B is 
false: The bypass valve opens wider as temperature 
increases. Answer C is false: Energy is lost during the 
evaporation of liquid anesthetic, which leads to a 
decrease in temperature of the remaining liquid (this 
is the concept of latent heat of vaporization).

 7. A. At very low flow rates, there is not enough 
turbulence to advance the vapor molecules upward 
because of the relatively high density of inhaled 
anesthetic agents. At very high flow rates, there may 
be cooling during rapid evaporation, incomplete 
mixing, failure to saturate the carrier gas in the 
vaporizing chamber, and increased resistance to high 
gas flow, all of which lead to a less than expected 
concentration of vapor.

 8. B. Desflurane has a very high vapor pressure 
(669 mmHg) at room temperature compared to 
isoflurane (238 mmHg) and sevoflurane (157 mmHg), 
which causes it to vaporize quickly (answer A). 
Desflurane has a high latent heat of vaporization; 
therefore, it cools rapidly as it is evaporated (answer 
B). Desflurane has a low boiling point (22.8 °C) at 
atmospheric pressure compared to isoflurane 
(48.5 °C) and sevoflurane (58.5 °C) (answer C). 
Desflurane is less potent than isoflurane and 
desflurane, but this has no role of influence on the 
construction of the vaporizer (answer D).

 9. B. The “pumping effect” is more pronounced at low 
flow rates (answer A), low levels of liquid anesthetic 
in the vaporizing chamber (answer B), high peak 
inspiratory pressures (answer C), low dial settings 
(answer D), rapid respiratory rates, and rapid drops in 
pressure during expiration.

 10. B. When fresh gas enters a variable bypass vaporizer, 
the flow is directed into the vaporizing chamber and 
the bypass channel. The ratio of flow between these 
2 paths is the splitting ratio (R). It is equal to 
[(S/F)-1]/1-S, where S is the saturated vapor 
concentration of the agent, and F is the fractional 
concentration of the agent.

 Appendices

 Splitting Ratios

Leigh has published a mathematical derivation of the split-
ting ratio (R) and a formula for calculating the splitting ratio 
for a given fractional concentration (F) of agent:

R S F S= ( ) -éë ùû -/ /1 1

Where S is the saturated vapor concentration of the agent (as 
a fractional concentration).

Thus, for 1% isoflurane:

F S and= =0 01 0 31. , . ,

R = ( ) -éë ùû - = =0 31 0 01 1 1 0 31 30 0 069 44 1. / . / . / . :

The fractional concentration of agent (F) produced by a given 
splitting ratio (R) is:

F S R S= -( ) +éë ùû/ 1 1

Thus, for sevoflurane (S = 0.21) in a vaporizer set to a split-
ting ratio of 12:1:
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 Anesthesia Apparatus Checkout 
Recommendations, 1993

 Emergency Ventilation Equipment
 1. Verify Backup Ventilation Equipment Is Available and 

Functioning

 High Pressure System
 2. Check Oxygen Cylinder Supply

 (a) Open O2 cylinder and verify at least half full (about 
1000 psi)

 (b) Close cylinder
 3. Check Central Pipeline Supplies

 (a) Check that hoses are connected and pipeline gauges 
read about 50 psi.

 Low Pressure System
 4. Check Initial Status of Low Pressure System

 (a) Close flow control valves and turn  vaporizers off.
 (b) Check fill level and tighten vaporizers filler caps.

 5. Perform Leak Check of Machine Low Pressure System
 (a) Verify that the machine master switch and flow 

control valves are OFF.
 (b) Attach “Suction Bulb” to common (fresh) gas outlet
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 (c) Squeeze bulb repeatedly until fully collapsed.
 (d) Verify bulb stays fully collapsed for at least 10 s
 (e) Open one vaporizer at a time and repeat “c” and “d” 

as above.
 (f) Remove suction bulb, and reconnect fresh gas hose.

 6. Turn on Machine Master Switch and All Other 
Necessary Electrical Equipment.

 7. Test Flow Meters
 (a) Adjust flow of all gases through their full range, 

checking for smooth operation of floats and 
undamaged flow tubes.

 (b) Attempt to create a hypoxic O2/N2O mixture and 
verify correct changes in flow and/or alarm.

 Scavenging System
 8. Adjust and Check Scavenging System

 (a) Ensure proper connections between the scavenging 
system and

 (b) both APL (pop-off) valve and ventilator relief valve.
 (c) Adjust waste gas vacuum (if possible).
 (d) Fully open APL valve and occlude Y-piece.
 (e) With minimum O2 flow, allow scavenger reservoir 

bag to collapse completely and verify that absorber 
pressure gauge reads about zero.

 (f) With the O2 flush activated, allow the scavenger 
reservoir bag to distend fully, and then verify that 
absorber pressure gauge reads <10 cm H2O.

 9. Calibrate O2 Monitor
 (a) Ensure monitor reads 21% in room air.
 (b) Verify low O2 alarm is enabled and functioning.
 (c) Reinstall sensor in circuit and flush breathing 

system with O2.
 (d) Verify that monitor now reads greater than 90%

 10. Check Initial Status of Breathing System
 (a) Set selector switch to “Bag” mode.
 (b) Check that breathing circuit is complete, undam-

aged and unobstructed.
 (c) Verify that CO2 absorbent is adequate
 (d) Install breathing circuit accessory equipment (e.g., 

humidifier, PEEP valve) to be used during the case.
 11. Perform Leak Check of the Breathing System

 (a) Set all gas flows to zero (or minimum).
 (b) Close APL (pop-off) valve and occlude Y-piece.
 (c) Pressurize breathing system to about 30 cm H2O 

with O2 flush.
 (d) Ensure that pressure remains fixed for at least 10 s.
 (e) Open APL (pop-off) valve and ensure that pressure 

decreases.

 Manual and Automatic Ventilation Systems
 12. Test Ventilation Systems and Unidirectional Valves

 (a) Place a second breathing bag on Y-piece.
 (b) Set appropriate ventilator parameters for next 

patient
 (c) Switch to automatic ventilation (Ventilator) mode.

 (d) Fill bellows and breathing bag with O2 flush and 
then turn ventilator ON.

 (e) Set O2 flow to minimum, other gas flows to zero.
 (f) Verify that during inspiration bellows delivers 

appropriate tidal volume and that during expira-
tion bellows fills completely.

 (g) Set fresh gas flow to about 5 L/min.
 (h) Verify that the ventilator bellows and simulated 

lungs fill, and empty appropriately without 
sustained pressure and end expiration.

 (i) Check for proper action of unidirectional valves.
 (j) Exercise breathing circuit accessories to ensure 

proper function.
 (k) Turn ventilator OFF and switch to manual 

ventilation (Bag/APL) mode.
 (l) Ventilate manually and assure inflation and 

deflation of artificial lungs and appropriate feel of 
system resistance and compliance.

 (m) Remove second breathing bag from Y-piece.

 Monitors
 13. Check, Calibrate, and/or Set Alarm Limits of All 

Monitors
 5 Capnometer
 5 Oxygen Analyzer
 5 Pulse Oximeter
 5 Respiratory Volume Monitor (Spirometer)
 5 Pressure Monitor with High and Low Airway 
Alarms

 Final Position
 14. Check Final Status of Machine

 (a) Vaporizers off
 (b) APL valve open
 (c) Selector switch to “Bag”
 (d) All flow meters to zero
 (e) Patient suction level adequate
 (f) Breathing system ready to use
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Key Points
 1. Pressure = force/area. This may be measured by 

electronic and non-electronic means and forms the 
basis of many measurements in anesthesia.

 2. Dalton’s Law of Partial Pressures states that in a 
mixture of non-reacting gases, the total pressure 
exerted is equal to the sum of the partial pressures 
of the individual gases.

 3. The ideal gas laws describe the relationship 
between pressure, temperature, and volume of an 
ideal gas. The ideal gas laws may be combined into 
the ideal gas equation, which may be written as 
PV = nRT, where P = pressure, V = volume, 
n = number of moles, R = ideal gas constant and 
T = temperature.

 4. Medical gas cylinders come in standard sizes and 
have a color nomenclature that denotes the 
contents of the cylinder. Gas from a medical gas 
cylinder is usually delivered via pressure-reducing 
valves in order to reduce the cylinder pressure 
from, for oxygen, around 2000 pounds per square 
inch (PSI) to a more safe and usable 50 PSI.

 5. Temperature is a measure of heat energy and 
reflects whether an object may transfer heat to or 
from another object. Temperature may be mea-
sured via electronic or non-electronic means.

 6. Different inhalational anesthetic agents have 
different solubilities. This varies with temperature 
and pressure, which is why anesthetic vaporizers 
are designed to maintain a constant temperature 
and pressure. This solubility affects their speed of 
onset, offset, and potency.

 7. Laminar gas and fluid flow is governed by the 
Hagen- Poiseuille equation. A change in conditions 
or surroundings may alter the flow making it 
turbulent, which is much less efficient.

 8. The humidification of inspired gases is extremely 
important and may be achieved in a number of 
ways in the intubated patient.

 9. Doppler shift of sound is used in a variety of 
medical applications, including ultrasound. The 
principle states that the frequency of an emitted 
sound will change if the origin of the sound moves 
in relation to the observer.

 10. Newer medical alarm systems are becoming 
“smarter,” and will trigger based on a number of 
preset variables resulting in context-sensitive 
warnings or even the ability to integrate with other 
systems to generate a response; e.g., page the 
attending physician.

Goals and Objectives
The principal goals and objective of this chapter are to under-
stand the following concepts and their application to anes-
thesiology and clinical medicine:
5 The kinetic theory of gases
5 Pressure and its measurement
5 Units of pressure measurement and their conversion
5 Vapor pressure
5 The ideal gas law
5 Boyle’s law
5 Charles’ law
5 Dalton’s law
5 Henry’s law
5 Fick’s law of diffusion
5 The van der Walls effect
5 Laplace’s law
5 The Bernoulli effect
5 Venturi devices
5 Relationship between pressure, flow, and resistance
5 Hagen-Poiseuille’s law
5 Laminar versus turbulent gas flow
5 Helium/oxygen mixtures
5 Flowmeter design
5 The Doppler Principle and its clinical application

33.1  Pressure

33.1.1  Definition

Pressure is force per unit area, and in the case of gases is the 
result of the kinetic properties of gas molecules as they strike 
the walls of their container or as they strike the sensor of a 
measuring device (. Fig. 33.1). The International System of 
Units (SI) unit of pressure is the pascal (Pa). A pascal is 
defined as a pressure of 1 newton (N) acting over an area of 1 
square meter. A newton is defined as the force that will cause 
an object of 1 kg mass to accelerate at a rate of 1 meter per 
second per second:

N kg m s= - -1 2

Gravity will cause a 1  kg object to accelerate at a rate of 
9.81 kg m−1 s−2; therefore the force of gravity on a 1 kg object 
will be 9.81 N. This is referred to as a kilogram weight. One 
newton is therefore equal to 1/9.81 kg weight, which is 102 g 
weight.

Therefore the pressure of 1 Pa is equal to a force of 102 g 
m−2. This is clearly a very small amount of pressure, so the 
unit of pressure commonly used is the kilopascal (kPa), not 
the pascal.
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Discussions about physics in anesthesia may be confus-
ing because of a variety of pressure units used in the clinical 
literature:

 5 Atmospheres (atm)
 5 bar
 5 mmHg
 5 cm H2O
 5 pascals (Pa)
 5 PSI (pounds per square inch)

5 N/m2

 5 dynes/cm2

In order for the reader to relate to these different units, atmo-
spheric pressure at sea level may be written as:

1 1 01 760 1 033 101

14 7 101 325
2

2

atm bar mm Hg cm H O kPa

PSI N m

= = = =
= =

. ,

. , / ==1 013 250 2, , /dynes cm

American engineers often use PSI units. Scientists often use 
Pascal units (SI). Clinicians often use mmHg for blood pres-
sures and cm H2O for airway pressures and positive end- 
expiratory pressure (PEEP) levels (and sometimes for central 
venous pressure reports).

33.1.2  Pressure Measurement

Historically, pressure has commonly been measured using a 
column of liquid. Your more venerable colleagues will be famil-
iar with using a manometer tube to measure central venous 
pressure (CVP). This consisted of a flexible tube that was filled 
with saline before being attached to a central venous line. The 
other end was attached to the bottom of an open topped glass 
tube, again filled with saline. The glass tube or manometer had 
gradations of centimeters marked on the side and when the “0” 
was placed at the height of the heart, the CVP could be mea-
sured off the side of the manometer (. Fig. 33.2).

A similar mechanism may be used to measure higher 
pressures, and mercury would often be used for this range of 
pressure, as mercury is 13.6 times denser than water. It is easy 
to see that a 100 cm column of water could be represented by 

a 73.6 mm column of mercury—a much more manageable 
height. One atmosphere would be represented by 760 mm of 
mercury and this was put to good use in early barometers 
(. Fig. 33.3).

An alternative to a column of fluid is the Bourdon gauge, 
which is an aneroid gauge (from the Greek a-neros meaning 
without liquid). This type of aneroid gauge is based on the 
principle of a metallic tube uncoiling when the internal pres-
sure increases, which then moves a needle through a series of 
levers and gears (. Fig. 33.4).

A pressure measurement may be displayed in a number 
of ways and the following are all common within medicine 
and anesthesia:

 5 Absolute pressure is “zero-referenced” with respect to a 
perfect vacuum, and thus is equal to gauge pressure plus 
atmospheric pressure.

 5 Gauge pressure is “zero-referenced” with respect to 
ambient air pressure (atmospheric pressure), and thus is 
absolute pressure minus atmospheric pressure.

 5 Differential pressure is the difference in pressure 
between 2 points.

Large scale

Area

Pressure

Opposing force

Small scale

mass = m

V1 V2

Force

       . Fig. 33.1 The concept of pressure illustrated on microscopic (left) 
and macroscopic (right) scales (Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 2017. All Rights Reserved)

       . Fig. 33.2 A glass manometer

1 bar
(100 kPa)

760 mm

Mercury

Vacuum

       . Fig. 33.3 An early barometer
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For the most part, the anesthesiologist can disregard atmo-
spheric pressure and therefore use gauge pressure readings 
that are relative to atmospheric pressure. Gas cylinder, blood 
pressure, and ventilator pressure readings are all gauge pres-
sure readings.

To look at these readings in the clinical context, a full 
oxygen cylinder has a gauge pressure reading of 137  bar. 
Atmospheric pressure is approximately 1  bar, therefore the 
absolute pressure is the sum of gauge pressure and atmo-
spheric pressure, equaling 138 bar.

33.1.3  Dalton’s Law of Partial Pressures

When a mixture of nonreacting, pure gases are placed in a 
sealed container, the pressure that each exerts on the walls of 
the container is proportional to the percentage that that gas 
makes of the whole mixture.

For example, if a cylinder of Entonox® (a medical gas 
mixture of 50% O2 and 50% N2O; manufactured by BOC 
Healthcare, Manchester, UK) is at a pressure of 100 kPa, the 
oxygen will exert a partial pressure of 50 kPa and the nitrous 
oxide also will exert a partial pressure of 50 kPa.

This is summarized by Dalton’s law of partial pressures 
which states that:

 » In a mixture of non-reacting gases, the total pressure 
exerted is equal to the sum of the partial pressures of the 
individual gases.

The formulaic representation of this law is:

P P P P P Ptotal a b c d n= + + + + +

A good representation of this equation is to see how Dalton’s 
law of partial pressures applies to air (. Fig. 33.5).

33.1.4  Medical Gas Cylinders

Medical gases may be delivered in cylinders of various sizes 
(. Table  33.1) made of aluminum, stainless steel, or other 
nonreactive material. Medical grade oxygen is also com-
monly delivered as a liquid by tanker and stored in an insu-
lated, pressurized container on the hospital site. All medical 
gases are produced by stringently licensed manufacturers 
ensuring 99.995% purity.

Although medical gas cylinders are made from strong 
materials, they should be handled with care as an explosion 
may not be prevented when dropped on a concrete floor. 
Cylinders should be stored upright, indoors, protected from 
the weather, and at a constant temperature. Manufacturers 
regularly examine and test cylinders resulting in faulty cylin-
ders being withdrawn from service. An internal test of all 
cylinders is carried out periodically using an endoscope.

       . Fig. 33.4 The internal construction of a bourdon tube gauge (dial 
and indicator needle removed). Note the curved brass tube that 
slightly straightens out with pressurization, eventually rotating the 
indicator needle (Source: Yegor Chernyshev at English Wikipedia. 
Image licensed under CC BY-SA 3.0 via Creative Commons)

20.9 kPa
3.03 psi

78.1 kPa
11.32 psi

0.97 kPa
0.14 psi

1.28 kPa 0.05 kPa 101.3 kPa
14.69 psi0.007 psi0.18 psi

O2 N2 Ar H2O CO2 AIR

       . Fig. 33.5 A representation of 
how Dalton’s law of partial 
pressures applies to air
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Color coding is used to identify the contents of gas cylin-
ders; however, color coding varies throughout the world. An 
International Organization for Standardization (ISO) standard, 
ISO 32, covers colors of cylinders for medical gases but not all 
countries use this standard. In the United States, for example, 
color coding is not regulated by law. The common color codes 
for medical gas cylinders are displayed in . Fig. 33.6.

On the top of the cylinder is an identification label giving 
details of contents, pressures, volumes, and any hazard warn-
ings. Seated in the neck of the cylinder is the valve that closes 
the cylinder and ensures that the contents do not leak. This 
valve also allows a secure fit for refilling and for attachment 
to the yoke that may then deliver oxygen directly to the 
patient or to the anesthesia machine for delivery.

On the face of the cylinder valve is a series of small holes 
below the outlet for the gas (. Fig. 33.7, top left). These accept 
a reciprocal pin system, called the Pin Index Safety System 

(PISS), on the yoke (. Fig. 33.7, top right). The position of 
the holes and matching pins are specific to a particular gas 
cylinder, thereby helping to ensure that the correct gas is con-
nected to the correct yoke.

On larger cylinders a bull nose connection system is used 
(. Fig. 33.7, bottom left and right) with a variety of male and 
female connections as well as right and left hand threads in 
order to reduce the possibility of wrong connections.

33.1.5  Pressure-Reducing Valve

A pressure-reducing valve is used to control the pressure to 
which a patient or piece of medical equipment is exposed 
when connected to a medical gas cylinder. Oxygen at 137 bar 
will severely damage an anesthesia machine and likely kill a 
patient if not regulated.

The most common type of pressure-reducing valve in 
anesthesia is the single stage reducing valve (. Fig. 33.8).

In this valve, the inlet gauge is measuring the gauge pres-
sure of the cylinder, in the case of oxygen, 137 bar when full. 
This pressure places a force on the diaphragm, which is dis-
placed. A connecting rod from the diaphragm closes the 
poppet valve reducing flow from the cylinder, thereby regu-
lating outlet pressure. The outlet pressure can be altered by 
relaxing or compressing the spring that is resisting dia-
phragm movement. This is done by turning the pressure 
adjustment handle. This valve is often incorporated as part of 
the yoke of the anesthesia machine in order to reduce cylin-
der gauge pressure to a working pressure that is safe for the 
equipment.

A 2-stage reducing valve may be found in certain gas deliv-
ery systems, such as an Entonox demand valve (. Fig. 33.9).

       . Table 33.1 Sizes of commonly used medical gas cylinders

Size Capacity 
(L)

Pressure 
(psi)

Tare weight 
(kg)

Valve type

B 200 1900 2.27 Pin index

D 400 1900 3.4 Pin index

E 660 1900 5.4 Pin index

F 1360 1900 14.5 Bull nose

G 3400 1900 34.5 Bull nose

H 6900 2200 53.2 Bull nose

M 3450 2200 29.0 Bull nose

Gas USA ISO

Oxygen (O2) Green White

Air Yellow White / Black

Carbon dioxide (CO2) Gray Gray

CO2 and O2 Gray / Green Gray / White

Helium (He) Brown Brown

He and O2 Brown /

Green

Brown /

White

Nitrous Oxide (N2O) Blue Blue

Cyclopropane (C3H6) Orange Orange

Ethylene (C2H4) Red Violet

Nitrogen Black Black

       . Fig. 33.6 Color coding of 
USA and ISO medical gases
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This 2-stage valve usually has the second stage set so that 
gas only passes when the pressure is below atmospheric; i.e., 
when the patient draws on the mouthpiece. Firemen and air-
line pilots also use this type of valve in their respective 
breathing apparatus.

33.1.6  Pressure Transducers

A transducer is a piece of equipment that allows energy to be 
converted from one form into another. In the terms of a modern 

pressure transducer, the energy is converted from pressure to 
electrical energy and this is then displayed on a monitor, via 
software that converts the current to a displayed pressure read-
ing. The conversion of energy takes place most frequently due to 
a strain gauge, which is a very small foil pattern on an insulating 
flexible backing, adhered to a flexible diaphragm that is dis-
torted when exposed to pressure. The strain gauge is therefore 
also distorted and this results in a tiny but measurable change in 
its resistance. The change in resistance is usually measured using 
a circuit called a Wheatstone bridge, which, following amplifica-
tion, offers sufficient sensitivity to be clinically usable.

       . Fig. 33.7 Top: Cylinder valve and receiving yoke showing pin index system. Bottom: Bull nose connection system used on larger cylinders
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One of the more common uses of a pressure transducer in 
anesthesia practice is the measurement of arterial blood pres-
sure. The transducer is part of the arterial line and is exposed 
to the arterial pressure waveform via saline filled tubing. The 
resulting waveform and blood pressure values are displayed 
on a digital monitor.

33.2  Temperature

33.2.1  Definitions

Temperature is a measure of heat energy and defines whether 
an object will transfer heat energy to another object or, indeed, 
receive heat energy from another object. Heat is generated by 
an increase in the mean energy of the molecules that make up 

the object. As heat energy is applied to an object, its tempera-
ture obviously increases. If the object is then divided in 2, 
both parts will still have the same temperature (the same aver-
age kinetic energy of its constituent components), however, 
each half now has half of the heat energy of the original object.

There are 3 commonly used temperature scales: 
Fahrenheit, Celsius, and Kelvin. Americans and Europeans 
use the Fahrenheit and the Celsius scales respectively, with 
temperatures measured in degrees Fahrenheit (°F) or degrees 
Celsius (°C). The degree Kelvin (°K) is the SI unit of tempera-
ture and is used by the scientific community. The Kelvin scale 
is an absolute, thermodynamic temperature scale using as its 
null point absolute zero, the temperature at which all thermal 
motion ceases in the classical description of thermodynam-
ics. On the Fahrenheit scale, water freezes at a temperature of 
32 °F and boils at 212 °F (at 1 atmosphere pressure). Absolute 
zero on this scale is not at 0  °F, but at −459  °F.  Using the 
Celsius scale the freezing point of water is 0 °C and the boil-
ing point is 100  ° C, while, absolute zero corresponds to a 
temperature of −273.15 °C. The relationship between the dif-
ferent scales is as follows:

° °= ´ -( )C F5 9 32/

° °=F C9 5 32/ +

° °=C K - 273 15.

° °=K C + 273 15.

33.2.2  Temperature Measurement

Many methods are available for measuring temperature. The 
best way of classifying them is to divide them into those that 
use non-electrical methods and those that use electrical 
methods of measurement. Those that use non-electrical 
methods include the mercury or alcohol-filled glass ther-
mometer, the bimetallic strip thermometer, and the Bourdon 
gauge thermometer. Electrical methods use 1 of 3 basic prin-
ciples: the resistance thermometer, the thermistor, and the 
thermocouple. Infrared thermometers are also commonly 
used to record the temperature of hospital patients and also 
in the community. All of the electrical methods produce 
extremely small changes and employ a Wheatstone bridge 
circuit to make these small changes measurable.

The glass thermometer consists of a glass tube filled with 
mercury or some other liquid where a temperature increase 
causes the liquid to expand. The reading is then taken from 
the maximum point that the fluid has reached. A maximum 
reading thermometer has a small metal marker above the 
level of the mercury. Once the mercury has cooled and there-
fore contracted back down the thermometer, the metal 
marker remains at its maximum position and therefore indi-
cates the maximum temperature reached. Mercury has his-
torically been used in medical practice; however, this has 
almost been completely removed due to its toxicity. Alcohol 
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       . Fig. 33.8 Single-stage pressure reducing valve
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       . Fig. 33.9 Two-stage pressure reducing valve
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sometimes replaces mercury in thermometers for measuring 
very low temperatures due to mercury solidifying at 
−39 °C. Alcohol, however, boils at 78.5 °C, so cannot be used 
in the higher ranges that mercury may be used.

A bimetallic strip thermometer uses 2 metals whose 
coefficients of linear expansion are different and are fixed 
together such that the composite bimetal assembly bends in 
proportion to temperature. If this is placed in a coil design, 
the deflection is amplified and a needle may be placed at the 
distal end of the strip causing a deflection on a scale.

A Bourdon gauge thermometer uses the principle of 
expansion of gases with increasing temperature (Charles’ 
law). The scale of the gauge displays temperature, but is truly 
a reflection of pressure.

The resistance thermometer consists of a length of fine 
coiled wire, often platinum, whose resistance increases lin-
early with temperature (. Fig. 33.10).

A thermistor (“thermal resistor”) is an electrical resistor 
whose resistance varies inversely with temperature 
(. Fig. 33.10). It is usually based on a bead of a metal oxide.

A thermocouple consists of 2 dissimilar conductors in 
contact and is based on the principle that a junction of 
 dissimilar metals will produce a temperature-dependent 

electric potential—a phenomenon known as the thermoelec-
tric, or Seebeck, effect (. Fig. 33.11).

Temperature sensing chips (integrated circuit sensors) 
are popular in many applications because of their low cost, 
high degree of linearity, and relatively high voltage outputs.

Infrared thermometers determine the temperature of an 
object from a portion of the thermal radiation (“blackbody 
radiation”) emitted by the object. Contact with the object is 
not needed.

33.3  Gas Physics

33.3.1  Kinetic Theory of Gases

On the microscopic scale, gases are modeled by the kinetic 
theory of gases. This model assumes that the molecules have 
very small sizes relative to the distance between them and that 
the molecules are in constant, random motion (. Fig. 33.12) 
related to their kinetic energy, which is given by

e mv= ½ 2

where m is the mass of the molecules and v is its velocity.
The molecules frequently collide with each other and 

with the walls of the container holding the gas molecules. 
Like all molecules, gas molecules have physical properties of 
mass, velocity, momentum, and energy. At the macroscopic 
level these properties are related to properties of density, 
pressure, and temperature. The temperature of a gas is related 
to the mean kinetic energy of the gas; the higher the tem-
perature, the greater the molecular motion.

33.3.2  Gas Laws

Air is a gas at standard temperature and pressure, and it is 
therefore important to understand the laws that govern its gas-
eous behavior. Gases are usually described in terms of pres-
sure, volume, and temperature. Pressure is most often 
quantified clinically in terms of mmHg, cmH2O, kPa, or bar, 
volume in ml, and temperature in degrees Celsius or Kelvin. 
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       . Fig. 33.10 Resistance changes based on temperature
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       . Fig. 33.11 The Seebeck effect

       . Fig. 33.12 Constant random motion of gas molecules (Reprinted 
with permission, Cleveland Clinic Center for Medical Art & Photography 
© 2017. All Rights Reserved)
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Perhaps the most important law of gas flow in airways is the 
Ideal (or Perfect) Gas Law, which can be written as:

PV nRT=

where
 5 P = pressure of gas (Pascals or mmHg)
 5 V = volume of gas (m3 or cm3 or ml)
 5 n = number of moles of the gas in volume V
 5 R = gas constant (8.3143 J g-mol−1 K−1, assuming P in 

Pascals, V in m3)
 5 T = absolute temperature (in Kelvins or K, 

273.16 K = 0 °C)

The ideal gas law is the equation of state of a hypothetical 
ideal gas. It is a good approximation to the behavior of many 
gases under many conditions and is derived from Avogadro’s 
law, Boyle’s law, and Charles’ law.

Avogadro’s Law Avogadro stated that equal volumes of all ideal 
gases at the same temperature and pressure contain the same 
number of molecules. One mole is the quantity of a substance 
containing the same number of particles as there are in 0.012 kg of 
12C.  This number is 6.023  ×  1023 molecules and is called 
Avogadro’s number. One mole of an ideal gas takes up 22.4 litres 
at standard temperature and pressure (STP). STP may be defined 
as a temperature of 273.16 K at 1 atmosphere (760 mmHg).

Boyle’s law, which is the First Ideal Gas Law, states that, 
at a constant temperature, the product of pressure and vol-
ume is equal to a constant (. Fig. 33.13); that is:

P V Constant at constant T´ ( )=

Hence, P is proportional to 1/V. Gases do not obey Boyle’s 
law at temperatures approaching their point of liquefaction 
(the state where the gas becomes a liquid). A simple applica-
tion of Boyle’s law is the calculation concerning the contents 
of a cylinder of oxygen. If a 10 litre cylinder of oxygen is at a 
pressure of 137 bar (13,700 kPa), then this same quantity of 
gas at atmospheric pressure (100 kPa) will occupy 1370 litres.

Charles’ law states that, at a constant pressure, volume is 
proportional to temperature; that is, V is proportional to T 
(at constant P). See . Fig. 33.14.

Gay-Lussac’s law states that, at a constant volume, pressure 
is proportional to temperature; that is, P ∝ T (at constant V):

P T k/ = 3

When a gas obeys both Charles’ law and Boyle’s law, it is said 
to be an ideal gas and obeys the Ideal Gas Law, PV = nRT, as 
previously described.

The aforementioned laws mandate the input or removal of 
heat energy to the system, however, the state of a gas can be 
altered without adding energy into the system. This is called 
an adiabatic process and is defined as a thermodynamic pro-

PV = k1

       . Fig. 33.13 Boyle’s law (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2017. All Rights Reserved)
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(Reprinted with permission, 
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cess during which no energy is transferred as heat across the 
boundaries of the system. An example of this is the rapid com-
pression of a gas. This will cause a rise in temperature, requir-
ing cooling. This is particularly relevant with respect to 
anesthesia. When an oxygen cylinder connected to the back of 
an anesthetic machine is turned on rapidly, the rapid compres-
sion of the gases in the connecting pipes and gauges causes an 
increase in temperature, with the consequent risk of fire.

We may also make use of this adiabatic process with an 
instrument called the Cryoprobe. This is an instrument that has 
an extremely cold tip, as low as −70 °C, and is used in dermatol-
ogy, gynecology and ophthalmic surgery in order to rapidly 
freeze tissues. The principle of the Cryprobe is to allow the release 
and therefore rapid expansion of a gas, typically nitrous oxide or 
carbon dioxide, in the tip of a handheld probe. The rapid expan-
sion of the gas causes a large fall in temperature as the energy to 
overcome the attraction between the molecules of the gas has to 
come from the kinetic energy of the molecules themselves.

33.3.3  Non-ideal Gases: The Van Der  
Waals Effect

Ideal gases are assumed to have no forces of interaction. Real 
gases, however, have intermolecular attraction, resulting in a 
weak force of attraction. This is called a Van Der Waals Force 
and requires that the ideal gas law be written as:

P
an

V
V nb nRT+ - =

2
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Where:
 5 P = pressure of gas (pascals or mmHg)
 5 V = volume of gas (m3 or cm3 or ml)
 5 n = number of moles of the gas in volume V
 5 R = gas constant (8.3143 J g-mol−1 K−1 assuming P in 

pascals, V in m3)
 5 T = absolute temperature (K)
 5 a, b = physical constants for a given gas

The terms a and b for a given gas may be found in physical chem-
istry textbooks and other sources. This formulation, provided by 
van der Waals, accounts for intermolecular forces fairly well.

33.3.4  Critical Temperature  
and Critical Pressure

Critical temperature is defined as the temperature above 
which a gas cannot be liquefied, regardless of the pressure 
applied to the gas.

For example, when preparing medical gases, oxygen will 
always be a gas at room temperature as its critical tempera-
ture is −119 °C. However, when a nitrous oxide cylinder is 
filled, there is a pressure at which the nitrous oxide is lique-
fied at room temperature; this is because the critical tempera-
ture of nitrous oxide is 36.5 °C.

The critical pressure of a gas is the vapor pressure exerted 
by a substance at its critical temperature.

The terms “critical temperature” and “critical pressure” 
apply to a single gas. When there is a mixture of gases, there 
is a temperature at which the gases may separate into their 
constituent components. This is termed the “pseudocritical 
temperature.” This is clinically important as Entonox may 
separate into oxygen and nitrous oxide at a cylinder tempera-
ture of −5.5 °C, which when opened may deliver a hypoxic 
mixture to a patient. The pseudocritical temperature of 
Entonox at pipeline pressure (50 PSI) is −30 °C, therefore it 
normally has no risk of separation in hospital pipelines.

33.3.5  Diffusion of Gases

Diffusion describes the process of the movement of mole-
cules through a layer or surface. Clinically, diffusion of gases 
through a membrane is most applicable to gas flow across 
alveolar membranes. The most commonly used relation to 
govern diffusion is Fick’s first law of diffusion, which states 
that the rate of diffusion of a gas across a barrier is propor-
tional to the concentration gradient for the gas. Fick’s law 
may be expressed mathematically as:

 
Flux D= -

D
D

C

X  
where the Flux is the number of molecules/cm2/s crossing 
the membrane, Δ(Delta)C is the concentration gradient 
(molecules/cm3), Δ(Delta)X is the diffusion distance (cm), 
and D is the diffusion coefficient (cm2/s) whose value is gen-
erally inversely proportional to the gas’s molecular weight as 
well as intrinsic properties of the membrane.

Since gases partially dissolve when they come into con-
tact with liquid, Henry’s law becomes important in some 
instances. It states that the mass of a gas dissolved in a given 
amount of liquid is proportional to the partial pressure of the 
gas in the gas phase in contact with the liquid at constant 
temperature.

The varying size of gas molecules also affects the rate of 
diffusion. This is described by Graham’s law, which states 
that the rate of diffusion of a gas is inversely proportional to 
the square root of its molecular weight.

Summarizing diffusion, it can be said that diffusion is pro-
portional to tension gradients and also solubility. The mem-
brane across which diffusion is occurring also has an effect, 
depending on area, thickness, and constituents. Molecular 
size is important, with larger molecules diffusing slower than 
smaller molecules and liquids diffusing slower than gases.

33.3.6  Solubility Coefficients

When a volume of liquid and gas is placed in a sealed con-
tainer, some gas molecules will dissolve in the liquid by diffu-
sion and some molecules of the liquid will evaporate into the 
gas to form a vapor. Evaporation is the process whereby 
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atoms or molecules in a liquid state gain sufficient kinetic 
energy to overcome the surface tension and become a gas. 
Eventually, this will reach a state of equilibrium, where there 
is the maximum amount of gas dissolved and maximum 
amount of liquid evaporated, at a constant temperature. At 
this point, the solution is termed a “saturated solution” and 
the partial pressure exerted by the vapor is termed the “satu-
rated vapor pressure.”

Vapor pressure describes the partial pressure contrib-
uted by various liquids. When a liquid’s vapor pressure equals 
atmospheric pressure, a liquid boils. The concept of vapor 
pressure is important in the design of anesthetic vaporizers. 
The vapor pressure of a liquid increases with its temperature. 
The vapor pressure of current anesthetic inhalational agents 
is shown in . Table 33.2.

Temperature and pressure both have direct effects on the 
amount of gas dissolved in a liquid. If the pressure of the gas 
above the liquid doubles, then, at equilibrium, there will be 
twice the amount of gas molecules dissolved in the liquid. 
This is defined by Henry’s law, which states that at a constant 
temperature the amount of a given gas dissolve in a given 
liquid is directly proportional to the partial pressure of the 
gas in equilibrium with the liquid. As a general property, a 
warmer liquid will hold less dissolved gas, hence the bubbles 
appearing in line of saline after going through a fluid warmer.

The solubility of a gas is also described in terms of the 
volume of gas dissolved in 1 l of solvent at STP. In anesthesia, 
the Ostwald Solubility Coefficient is used, which defines the 
volume of gas that dissolves in 1 unit volume of the liquid at 
the temperature concerned. Because this solubility coeffi-
cient is independent of pressure, it takes into account the fact 
that whilst there is twice the amount of molecules of gas dis-
solved if the pressure of the gas is doubled, the volume that 
that amount of dissolved gas would occupy is the same at that 
pressure, due to Boyle’s law. Hence 0.01 l of nitrogen dis-
solved at atmospheric pressure (100 kPa) will occupy 0.05 l at 
200 kPa. This is a problem for divers as the pressure of their 
inspired air increases by 1 atmosphere for approximately 
every 10 m of depth. If the diver resurfaces too quickly, the 
nitrogen dissolved in their blood and tissues at above atmo-
spheric pressure can form bubbles as it expands with decreas-
ing pressure causing pain, confusion, seizures, coma, and 
death if seriously affected.

33.3.7  Pressure, Flow, and Resistance

The laws of fluid mechanics dictate an intricate relationship 
among pressure, flow, and resistance. Pressure is defined as a 
force per unit area and, as mentioned previously, is usually 
measured clinically as mmHg or cmH2O. However, it is most 
commonly measured scientifically in pascals (newtons force 
per square meter).

Flow (or the rate of flow) is equal to the change in pres-
sure (pressure drop or pressure difference) divided by the 
resistance experienced by the fluid. For example, if the flow is 
100 ml/s at a pressure difference of 100 mmHg, the resistance 
is 100 mmHg/100 ml/s = 1 mmHg/ml/s. In laminar flow sys-
tems only, the resistance is constant, independent of the flow 
rate.

An important relation that quantifies the relationship of 
pressure, flow, and resistance in laminar flow systems 
(. Fig.  33.15) is given by the Hagen-Poiseuille (or simply, 
Poiseuille) equation. Poiseuille’s law states that the fluid flow 
rate through a horizontal straight tube of uniform bore is 
proportional to the pressure gradient and the fourth power of 
the radius and is related inversely to the viscosity of the gas 
and the length of the tube. This law, which is valid for laminar 
flow only, may thus be stated as:

DP
L

r
= ´

8
4

m
p

Flow

where μ(mu) is the fluid viscosity (poise [g/cm s]) and L is 
the length of the tube (cm).

When the flow rate exceeds a critical velocity (the flow 
velocity below which flow is laminar), the flow loses its 
laminar parabolic velocity profile, becomes disorderly, 
and is termed turbulent (. Fig. 33.16). The point at which 

       . Table 33.2 Saturated vapor pressure of various anesthetic 
agents

Vapor pressure (kPa) at 20 °C

Halothane 32.3

Isoflurane 33.2

Sevoflurane 22.7

Desflurane 89.2

N2O 5200

       . Fig. 33.15 Laminar Flow (Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 2017. All Rights 
Reserved)

       . Fig. 33.16 Turbulent Flow (Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 2017. All Rights 
Reserved)
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this occurs may be calculated using Reynold’s Number. 
This is a dimensionless number that helps predict when 
fluid flow becomes turbulent. The formula may be written 
as:

Reynold s Number
Density Velocity Diameter of Tube

Visco

’ Re( ) =
× ×

ssity

When Re  <  2000, laminar flow is more likely and when 
Re > 2000, turbulent flow is more likely. When turbulent flow 
exists, the relationship between pressure drop and flow is no 
longer governed by the Hagen-Poiseuille equation. Instead, 
the pressure gradient required (or the resistance encoun-
tered) during turbulent flow varies as the square of the flow 
rate.

 Laminar Flow
When flow is low velocity and through long narrow tubes, it 
tends to be more orderly and streamlined and to flow in a 
straight line. This type of flow is called laminar flow. Laminar 
flow is directly proportional to the driving pressure. During 
quiet breathing, laminar flow exists from the medium-sized 
bronchi down to the level of the bronchioles. During exer-
cise, when the air flow is more rapid, laminar flow may be 
confined to the smallest airways.

 Turbulent Flow
When air flows at higher velocities, especially through an air-
way with irregular walls, flow is generally disorganized, even 
chaotic, and tends to form eddies. This is called turbulent 
flow, and is found mainly in the largest airways, like the tra-
chea (. Fig. 33.17).

33.3.8  Flow Through an Orifice

Flow through an orifice (defined as a tube whose length is 
smaller than its radius) is always somewhat turbulent. 
Clinically, airway obstructing conditions such as epiglottitis or 
inhaled obstructions are often best viewed as breathing 
through an orifice. Under such conditions, the approximate 
flow across the orifice varies inversely with the square root of 
the gas density. This is in contrast to laminar flow conditions, 
where gas flow varies inversely with gas viscosity. The viscos-
ity values for helium and oxygen are similar, but their densities 
are very different (. Table 33.3). . Table 33.4 provides useful 
data to allow comparison of gas flow rates through an orifice.

 Helium-Oxygen Mixtures
The low density of helium allows it to play a significant clini-
cal role in the management of some forms of airway obstruc-
tion. The usual available mixtures of helium and oxygen are 
20% O2: 80% He and 30% O2: 70% He. These mixtures are 
usually administered by a non-rebreathing face mask in 
patients who face an increased work-of-breathing effort 
because of the presence of airway pathology (e.g., edema or a 
mass) but in whom endotracheal intubation is preferably 
withheld at this time.

Turbulent flow
Transitional flow

Laminar flow

Locations of flow patterns

       . Fig. 33.17 Types of flow under relaxed breathing conditions 
(Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography © 2017. All Rights Reserved)

       . Table 33.3 Viscosity and density differences of anesthetic 
gases

Viscosity@ 300 K Density@ 20 °C (g/L)

Air 18.6 μ(mu)Pa × s 1.293

Nitrogen 17.9 μ(mu)Pa × s 1.250

Nitrous oxide 15.0 μ(mu)Pa × s 1.965

Helium 20.0 μ(mu)Pa × s 0.178

Oxygen 20.8 μ(mu)Pa × s 1.429

       . Table 33.4 Relative gas flow rates through an orifice

% Density (g/L) Relative flow

Air 100 1.293 1.0

Oxygen 100 1.429 0.96

Helium (He) 100 0.179 2.68

He-oxygen 20/80 1.178 1.048

He-oxygen 60/40 0.678 1.381

He-oxygen 80/20 0.429 1.73

Adapted from Rudow et al. [1]
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 Clinical Vignette
Rudow et al. [1] provide the following story: A 78-year-old 
woman with both breast cancer and ophthalmic melanoma 
developed airway obstruction from a thyroid carcinoma that 
extended into her mediastinum and compressed her trachea. 
She had a 2-month history of worsening dyspnea, especially 
when positioned supine. On examination, inspiratory and 
expiratory stridor was present. Noted on the chest X-ray were 
a large superior mediastinal mass and pulmonary metastases. 
A solid mass was identified on a thyroid ultrasound scan. 
Computed tomography revealed a large mass at the thoracic 
inlet and extending caudally. Clinically, the patient was 
exhausted and in respiratory distress.

Almost instant relief was obtained by giving the patient a 
mixture of 78% He: 22% O2, with improvements in measured 
tidal volume and oxygenation. Later, a thyroidectomy was carried 
out to relieve the obstruction. Here, anesthesia was conducted by 
applying topical anesthesia to the airway with awake laryngos-
copy and intubation performed in the sitting position. Once the 
airway was secured using an armored tube, the patient was given 
a general anesthetic with an intravenous induction. Following the 
surgery, extubation occurred without complication.

33.3.9  Laplace’s Law

One consideration that is important in anesthesia is Laplace’s 
law for a sphere. It states that, for a sphere with a single air-
liquid interface (e.g., an alveolus), the equation relating the 
transmural pressure difference, surface tension, and sphere 
radius is:

 
P

T

R
=

2

 
Where:

 5 P = transmural pressure difference (dynes/cm2)  
[1 dyne/cm2 = 0.1 Pa = 0.000751 torr]

 5 T = surface tension (dynes/cm)
 5 R = sphere radius (cm)

The key point in Laplace’s law is that the smaller the sphere 
radius, the higher the transmural pressure. However, real (in 
vivo) alveoli do not obey Laplace’s law because of the action 
of pulmonary surfactant, which acts to decrease the surface 
tension disproportionately to that which is predicted using 
physical principles. When pulmonary surfactant is missing 
from the lungs, the lungs take on the behavior described by 
Laplace’s law, making the alveoli collapse on themselves and 
then being almost impossible to reinflate. This is why surfac-
tant is so important clinically.

33.3.10  The Bernoulli Effect and  
the Venturi Principle

The fall in pressure at points of flow constriction (where the 
flow velocity is higher) is known as the Bernoulli effect and is 

due to an increase in kinetic energy across the narrowing. As 
the kinetic energy increases, so the potential energy must fall 
as the total energy of the system must remain constant. 
Consequently, pressure falls and this is demonstrated in the 
. Fig. 33.18.

This phenomenon is used in apparatus employing the 
Venturi principle; for example, gas nebulizers, Venturi flow-
meters, and some oxygen face masks. If an opening is placed 
at the narrowing, the lower pressure due to the Bernoulli 
effect sucks in (entrains) air to mix with oxygen. It also can be 
used as a source of laboratory suction.

33.3.11  Flowmeters

Many flowmeters are just disguised pressure gauges employ-
ing a flow restrictor or orifice with a known resistance 
(. Fig. 33.19).

Flow is determined from pressure using the following 
relationship:

Flow Pressure Resistance= ´

Flow

P1 P2 P1

       . Fig. 33.18 The Venturi principle
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Known resistance

       . Fig. 33.19 A pressure gauge calibrated to display flow (Reprinted 
with permission, Cleveland Clinic Center for Medical Art & Photography 
© 2017. All Rights Reserved)
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Modern anesthesia machines that display flow rates as a figure 
on a screen may also employ this relationship between pressure 
and flow—the flow may be derived using a pressure transducer 
measuring the pressure in a tube with a fixed, known resistance.

Flowmeters in many anesthesia machines and oxygen 
delivery systems employ a sapphire ball or similar indicator 
in a Thorpe tube, which is wider at the top than at the bot-
tom. The higher the flow, the higher the ball rises. Flow is 
read at the center of the ball (. Fig. 33.20).

The flow is controlled using a needle valve, which creates 
a variable resistance that may be adjusted by the user 
(. Fig. 33.21).

33.4  Humidification

33.4.1  Definitions

Humidity commonly describes the amount of water vapor (the 
gaseous state of water) in the air. There are 2 measurements of 
humidity of interest to clinicians: A absolute humidity and rela-
tive humidity.

Absolute humidity is the absolute water content of air at 
a given temperature expressed in grams per cubic meter. 
Relative humidity, conventionally expressed as a percentage, 
describes the existing absolute humidity in relation to the 
maximum possible for that temperature. Note that humid air 
is less dense than dry air because a molecule of water 
(MW = 18) has less mass than either a molecule of nitrogen 
(MW = 28) or a molecule of oxygen (MW = 32).

33.4.2  Measurement

Humidity is measured using a hygrometer, which has a num-
ber of designs and principles. In the metal-paper coil-type 
hygrometer, water vapor is absorbed onto a salt-impregnated 
paper strip attached to a metal coil, causing the coil to change 
shape. In capacitive hygrometers, the effect of humidity on the 
dielectric constant of a material is measured, while in resistive 
hygrometers, the change in electrical resistance of a material 
due to humidity is measured. The measurement of humidity 
using these electrical devices only measures absolute humid-
ity, and a separate temperature sensor is needed to calculate 
relative humidity. Yet other devices use the measured temper-
ature of condensation (the dew point) to determine humidity.

33.4.3  Clinical Uses

When breathing, the upper respiratory tract naturally 
humidifies air to a humidity of 34  g/m3. If this process is 
bypassed by an endotracheal tube, then dry air will desiccate 
the lower airways resulting in dry and tenacious sputum 
forming plugs that may block bronchi.

In order to humidify the gases in an anesthetized patient, 
a heat and moisture exchange (HME) filter is commonly 
used. This small filter is attached at the patient end of the 
circle and contains a small block of paper, sponge, foam, or 
similar material that is impregnated with a hygroscopic sub-
stance. When warm, moist air passes through this filter dur-
ing expiration, the air is cooled and moisture forms on the 
filter. This moisture then evaporates and is returned to the 
patient during inspiration.

Physiotherapists use humidification to treat patients. This 
is often done by using a water bath that heats saline causing 
evaporation. The patient then breathes in this humidified gas 
via a delivery system. A much greater level of humidity may 
be achieved using an ultrasonic plate that vibrates causing 
the release of very fine droplets as a vapor when either a liq-
uid is dropped onto the plate, or the plate vibrates under the 
surface of a liquid.

33.5  The Principle of Doppler Ultrasound

The Doppler effect describes how the frequency of a sound, 
and therefore perceived pitch, changes as the origin of the 
sound passes the observer. This occurs due to the manner in 
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       . Fig. 33.20 Design of a standard flowmeter (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 
2017. All Rights Reserved)

Needle valve creates
controllable resistance

       . Fig. 33.21 Cross section of a needle valve (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 
2017. All Rights Reserved)

Physical Measurements in Anesthesia



580

33

which sound is propagated. Sound waves are regions of high 
and low pressure that are generated by a source and that 
travel through air at STP at a fixed speed (approximately 
340  m/s). If the source moves toward the observer of the 
sound, then the distance between the high pressure points in 
the sound wave will reduce, reducing the wavelength, which 
results in a perceived increase in frequency. The reciprocal is 
true as the sound source moves away from the observer, 
resulting in an increased wavelength, and lower frequency.

This principle is used in Doppler ultrasound. This is com-
monly used as an ultrasonic blood flow detector in vascular 
medicine. A vibrating crystal in a handheld probe is placed 
on the skin over a peripheral artery. The crystal produces 
very high frequency ultrasound waves. The movement of red 
blood cells toward the probe head causes the reflection of the 
ultrasound waves and a slight change in pitch of the reflected 
wave. Whilst no quantitative values can be measured, the 
change in pitch is converted to an audible sound that the 
observer can then use to make an assessment of blood flow 
within the artery.

33.6  Medical Alarms

Microcomputer technology has revolutionized the design of 
patient monitors for use in modern hospital operating rooms 
(ORs) and intensive care units (ICUs). Until recent years, 
separate monitors existed for tracking blood pressure, the 
electrocardiogram (EKG), arterial oxygen levels, etc. Each 
monitor had its own alarm system with its own default alarms 
conventions, but all alarms tended to sound the same, as 
manufacturers all used similar piezoelectric acoustical 
devices to provide audio warning signals. The result was an 
unintegrated, awkward system of monitors often designed 
such that when an alarm sounded the user had to visually 
scan all the monitors to establish the source of the alarm.

Aware of these difficulties, manufacturers of anesthesia 
machines and patient monitors set about to design integrated 
patient monitoring systems, where all alarms are routed 
through a common operator interface to facilitate alarm rec-
ognition and management. A number of exciting develop-
ments such as redundant signal methods or “smart alarms” 
have now been introduced either commercially or experi-
mentally, with considerable potential to improve patient 
safety.

Despite all these developments, many anesthesiologists 
working in the “clinical trenches” have become quite cynical 
about many of the developments in clinical alarm technol-
ogy, regarding them as more nuisances to deal with rather 
than as contributions to patient care. For example, many 
anesthesiologists note that because they are usually more-or- 
less permanently situated near the patient’s head, they are 
able to keep an eye on the patient on a moment-to-moment 
basis, so that they are usually aware of any clinical deteriora-
tion before an alarm sounds, with the result that when the 
alarm does sound, dealing with the alarm (e.g., silencing it, 
etc.) may distract the anesthesiologist from his or her efforts 

to treat the patient (e.g., administering drugs to restore the 
patient’s blood pressure into the normal range).

Of course, an important counter-argument to this line of 
thought is that anesthesiologists do not always maintain 
100% vigilance, especially when fatigued or distracted, so 
that alarms may notify him or her of any life-threatening 
conditions that may have escaped their notice. This argument 
may be especially true in the ICU setting, where a physician 
will be caring for many patients.

The potential value of alarms notwithstanding, a high 
level of frustration exists among health-care workers about 
clinical alarm designs. Of all the complaints presented by cli-
nicians about current alarm technology, unquestionably the 
high rate of false alarms would be first on their list. For exam-
ple, even small amounts of patient movement can introduce 
artifact into the patient’s electrocardiogram, pulse oximeter 
signal, blood pressure signal, and other monitored variables. 
Quite often the artifact is not recognized to be artifact by the 
alarm management software, resulting in the false annuncia-
tion of some alarm condition. So common and so frustrating 
is this situation that many of my colleagues globally disable 
all alarms to allow them to focus on caring for the patient 
rather than dealing with false alarms.

(Note that the “alarm policy engine” in some advanced 
alarm designs may not allow some alarms to be disabled 
under ANY circumstances. A good example is an alarm sig-
naling a low concentration of oxygen in the gas mixture with 
which the patient’s lungs are being ventilated. This would be 
an appropriate alarm policy setting since false alarms are rare 
for the oxygen concentration signal and low oxygen levels 
can quickly lead to brain damage).

Edworthy and Meredith [2] reviewed many of the issues 
of alarm design from the perspective of cognitive psychology, 
with an emphasis on the construction of effective alarm 
sounds. They point out that there may be circumstances 
where excessive use of auditory warnings may be counter- 
productive, while the principle of “urgency mapping” 
(involving a graded series of alarms with increasing perceived 
urgency levels) may be helpful to produce ergonomically 
sensible alarm systems.

In a study by Kestin et al. [3], 50 patients undergoing anes-
thesia were monitored to determine the frequency of false 
alarms. They found that 75% of all the alarms overall were spu-
rious, 22% represented a change above the upper alarm limits, 
but only 3% corresponded to patient risk situations. With elec-
trocardiogram (ECG) alarms the situation was worse, with 
81% of the alarms being spurious, 19% representing a change 
above the upper alarm limits, and 0% representing a patient 
risk situation. Similar results were obtained with blood pres-
sure alarms, and heart rate alarms from pulse oximeters.

A similar study by Lawless [4] reviewed the false alarm 
problem in a pediatric ICU. During a 7-day period ICU staff 
recorded the type and number of alarms, categorizing them 
as false, significant, or due to staff manipulations. Of 2176 
alarm soundings, 68% were false, 26.5% were due to staff 
manipulations, while only 5.5% were significant. Of interest, 
the pulse oximeter was the largest alarm source (44%), with 
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ventilators (31%) and electrocardiograms (24%) being other 
common alarm sources. By contrast, only 1% of alarms were 
from the capnometer, a device that measures expired carbon 
dioxide levels from the lung.

As already noted, not infrequently, anesthesiologists dis-
able alarms at the beginning of a case to avoid false alarms 
and other alarm-related difficulties. McIntyre [5] conducted 
a retrospective study in which he asked the question, “Have 
you ever deliberately deactivated an audible alarm device at 
the start of a case?” The majority (57%) of respondents 
replied “Yes.”

These and other studies tend to support 2 points. First, 
most alarms (fortunately) do not signify a potentially critical 
medical event. (In fact, in a study by O’Carroll [6] only 8 of 
1455 alarms related to such events, while Kestin et  al. [3] 
found that only 3% of alarms represented life-threatening 
events.) Secondly, poorly performing alarm systems may 
hinder, rather than help, the delivery of clinical care [2, 7], 
especially in environments where noise pollution may be 
problematic [8].

33.6.1  “Smart” Alarm Systems in 
Computerized Medical Equipment

In recent years, a number of developments in clinical alarm 
technology have been introduced commercially or experi-
mentally with considerable potential to improve patient 
safety. These developments have been influenced by new 
concepts in ergonomics and cognitive engineering, as well as 
by comments from real-world practitioners. Examples of 
important developments include:
 1. Prioritized alarms; e.g., low-, medium- and high-priority 

alarms with associated audio and video characteristics 
designed to convey a sense of urgency.

 2. Cascading alarms – alarms that increase in severity over 
time if the original problem is not fixed.

 3. Psychoacoustically optimized auditory alarms that are 
nonstartling but convey a sense of how urgent the alarm is.

 4. “Smart” alarms (knowledge-based alarms) that combine 
expert systems’ techniques with alarm technology either 
to provide more informative alarms, or to reduce the 
frequency of false alarms, or to provide clinicians with 
initial suggestions about how to deal with the problem 
behind the alarm.

 5. “Integrated” alarm systems, where monitoring devices 
are all connected to a central alarm management system 
that controls both the audio alarm pattern, and any 
information displayed (usually on a video display).

33.6.2  Integrated Alarms

One problem with the addition of numerous separate patient 
monitoring devices in the operating room is the existence of 
a variety of different alarm devices, all with similar audio 
characteristics that may make it difficult to readily determine 

the source. This and related problems has been a motivating 
factor is the development of so-called “integrated” alarm sys-
tems. The key idea behind integrated alarms is that all moni-
toring devices are connected to a central management system 
that controls both the audio alarm pattern and any informa-
tion displayed (usually on an electronic display). The alarm 
characteristics (sound intensity, sound pattern, etc.) in turn 
depend on the assigned alarm priority (high, medium, low) 
based on national, and/or international standards (e.g., ISO 
9703).

Without doubt, the development of integrated monitor-
ing systems is a significant clinical development, and as such 
continues to be the result of important standards efforts 
across the globe. Nevertheless, some limitations of such inte-
grated alarm systems have become apparent, at least with 
some designs. Two case reports illustrate the point:

Jones et  al. [9] describe a critical anesthetic accident 
related to the use of an integrated alarm system where a 
patient accidentally received a hypoxic gas mixture, but the 
problem was not immediately recognized because of the exis-
tence of a single audible alarm sounding to signal the exis-
tence of 3 alarm conditions—one being of primary 
importance (low oxygen concentration) and the other 2 
being a result of the first condition (low patient oxygen levels 
and high heart rate). The authors make suggestions to 
improve the design of integrated alarm systems and note that 
“A hierarchical system of sound pattern, and repetition may 
convey an appropriate degree of urgency and minimize the 
obtrusiveness of alarms that are less serious.” [9].

A similar case report was presented by Chui and Gin [10] 
where an anesthetic circuit disconnect was not immediately 
recognized because of the nature of the integrated alarm sys-
tem in handling multiple alarm conditions. The following 
commentary by the authors is noteworthy:

 » We think that the integrated alarm system… contributed 
partly to the mishap. After the sounding of a warning 
alarm, the system will not provide further audible signals 
despite triggering by other monitors… We believe that 
certain modifications to the alarm system may be 
desirable. The warning system should change either its 
pitch, or its loudness to warn against continuous 
sounding of the alarm. The integrated alarm system 
should also either change the prevailing audible signals 
if there is further triggering of the warning alarms. 
Anaesthetists should be aware that allowing the audible 
warning system to sound continuously has the same 
effect as disabling all the audible alarms. [10]

33.6.3  Smart Alarms

Active consideration to so-called “smart alarms” has arisen 
in recent times by clinicians, manufacturers, and national 
societies, all of whom are interested in providing meaningful 
alarm systems with increased reliability. Such alarms may be 
capable of making decisions without operator intervention 
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by utilizing a priori knowledge (and are thus sometimes 
called “knowledge-based alarms”). Such alarm designs, for 
example, may offer the ability to change alarm priority with 
elapsed time (“cascading” alarms), or to suppress secondary 
alarms that are the consequence of a primary alarm condi-
tion. Yet other smart alarm designs may suggest either a diag-
nosis (or differential diagnosis) compatible with a set of 
variables, or suggest an operator intervention to learn more 
about how to handle the situation.

With respect to making management suggestions, some 
experimental smart alarm systems offer a context-sensitive 
display triggered by an alarm. For instance, if a patient devel-
ops bradycardia, it might suggest giving atropine, calling for 
the crash cart, and checking for low oxygen levels in the 
patient. It could even page the responsible physician to inform 
him of the change in the patient’s condition. Note, however, 
that if the information offered is artifact, this hurts rather 
than helps the situation. (Such problems have been known to 
occur with smart alarm system in the aviation environment.)

Technical developments in progress at the moment are 
leading to the eventual complete interconnection and com-
puter control of ICU and operating room devices such as the 
anesthesia workstation, the patient monitor, the pulse oxim-
eter, and even drug infusion pumps. Most of these efforts are 
centered on the so-called “Medical Information Bus” 
(Institute of Electrical and Electronics Engineers [IEEE] 
Standard 1073). In particular, the ability to regulate infusion 
pumps from a central control point offers obvious potential 
advantages when many infusion pumps are used, as is com-
mon in the ICU or cardiac surgery environment. However, a 
less appreciated potential benefit of such an arrangement is 
that it may allow for automated initial management of certain 
hazardous clinical conditions. For example, it is common-
place to use infusions of dopamine, and sodium nitroprus-
side during and after cardiac surgery. However, not 
infrequently the anesthesiologist may momentarily forget 
that a drug infusion is running, and may forget to turn off an 
existing nitroprusside infusion as their first response to the 
management of a hypotensive episode, or forget to discon-
tinue an existing dopamine infusion in order to treat an epi-
sode of hypertension. The ability to control infusion pumps 
from a central controlling station offers the potential to pro-
vide early warning about such events.

For example, as noted earlier, this arrangement might 
allow for “smart” alarms to suggest to the anesthesiologist, for 
example, to discontinue a nitroprusside infusion when a low 
blood pressure alarm has been triggered. It would even be 
possible to automatically discontinue the offending infusion if 
no manual response were detected within a given time period. 
Indeed, the concept of “smart alarms” could even be extended, 
for example, to have automatic initiation of a drug to support 
the blood pressure should the crisis not be resolved in a timely 
manner. Along the same lines, smart alarms could even be 
designed to automatically “call for help” should certain clini-
cal crises not be resolved in an acceptable time period.

As exciting as these concepts are, however, experience 
with complex systems suggest that skepticism and even para-

noia remain appropriate. Designers must remember that 
automatic computer interventions can occur in error.

33.6.4  Alarm Glossary

 5 Alarm. A signal indicating the occurrence of a condition 
(new onset or duration beyond a maximum time limit) 
that requires an intervention by the operator.

 5 Threshold alarms. An alarm that triggers when a 
variable exceeds (or drops below) a fixed threshold.

 5 Redundant alarms. An alarm arrangement that uses 
collateral information.

 5 Collateral information. A second source of information 
that can serve to reduce the frequency of false alarms in 
a monitored variable (such as heart rate) by introducing 
redundancy into the system.

 5 Integrated alarms. An arrangement that connects 
together a number of separate alarm systems into a 
common information display arrangement with alarm 
prioritization and visual and auditory enunciators.

 5 Cascading alarms. An alarm arrangement where the 
severity of an alarm condition increases over time when 
the precipitating event is not eliminated.

 5 “Smart” alarms (knowledge-based alarms) Alarm 
systems that are capable of decision making; for exam-
ple, to allow for context-sensitive alarm prioritization or 
to suppress alarms that are the consequence of a primary 
alarm.

 5 Low-priority alarm. A signal indicating the need for 
operator awareness.

 5 Medium-priority alarm. A signal indicating that a 
prompt operator response is required.

 5 High-priority alarm. A signal indicating that an imme-
diate operator response is required.

33.7  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Identify the TRUE statement regarding pressure:

 A. The pressure within a full medical gas cylinder 
may be safely applied directly to a patient

 B. Airway pressures are commonly quoted in kPa or 
bar

 C. Absolute pressure is gauge pressure minus 
atmospheric pressure

 D. A pressure transducer creates a large (>3 V) 
voltage when exposed to pressure

 E. A 2-stage pressure reducing valve may be used in 
patient demand inhalational device; e.g., for 
Entonox delivery

 2. Identify the FALSE statement concerning Dalton’s 
Law of Partial Pressures:
 A. Dalton’s Law of Partial Pressure applies to all 

gases, regardless of their physical or chemical 
properties
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 B. In a cylinder of Entonox (50% O2 and 50% N2O), 
the partial pressure exerted by each of the 2 
constituent gases is equal

 C. The partial pressure of O2 in air at STP is 
approximately 21 kPa (156 mmHg)

 D. For the law to be true, the gases must be 
non-reacting.

 E. The sum of all of the partial pressures will equal 
the total pressure of the gas

 3. Identify the FALSE statement concerning the Ideal 
Gas Law:
 A. Boyle’s law states that pressure is proportional to 

volume
 B. The volume of gaseous oxygen in a compressed 

cylinder may be calculated using Boyle’s law
 C. Charles’ law states that, at a constant pressure, 

volume is proportional to temperature
 D. At a constant volume, pressure is proportional to 

temperature
 E. The Ideal Gas Law applies only to ideal gases; 

corrections when intermolecular forces and other 
factors come into play may sometimes be 
needed.

 4. Identify the TRUE statement regarding medical gas 
cylinders:
 A. An oxygen cylinder valve must be greased before 

attaching to an anesthetic machine
 B. All cylinders are endoscoped by the 

manufacturer at each filling
 C. Medical gas cylinders should never be taken into 

an MRI scanner
 D. The pressure in a full nitrous oxide cylinder is 

138 bar
 E. Oxygen cylinders in the United States are painted 

green despite white being the color designated 
by the International Standards Organization (ISO 
32:1977)

 5. Which if the following is TRUE regarding 
temperature:
 A. A glass thermometer can only be filled with 

mercury
 B. Absolute zero (−273.15 °C) is the lowest possible 

temperature
 C. A typical thermistor’s resistance increases linearly 

with temperature
 D. Infrared thermometers are used to measure a 

patient’s rectal temperature
 E. Tympanic membrane temperature 

measurements require contact with the tympanic 
membrane

 6. Which if the following is TRUE regarding solubility:
 A. At 20 °C desflurane has a higher saturated vapor 

pressure than halothane
 B. Temperature and pressure have no effect on the 

amount of gas dissolved in a liquid

 C. As a general principle, a warmer liquid will hold 
more dissolved gas

 D. When a diver undergoes decompression, the 
dissolved oxygen forms bubbles, which can 
cause the symptoms of “the bends”

 E. When a liquid’s vapor pressure equals 
atmospheric pressure, the liquid freezes

 7. Which if the following is FALSE regarding rate of 
diffusion of a gas across a membrane:
 A. Graham’s law may be applied to the process that 

occurs in the lung alveoli.
 B. It is proportional to the tension gradient 

(difference in partial pressure of the gas across 
the membrane)

 C. It is inversely proportional to the thickness of the 
membrane the gas passes through.

 D. It is proportional to its solubility and inversely 
proportional to the square root of its molecular 
weight (Graham’s law).

 E. Graham’s law describes the rate at which a 
dissolved gas diffuses across a membrane given 
certain properties of the membrane such as 
membrane thickness and membrane surface 
area.

 8. The Venturi principle may be used in the following 
except:
 A. Internal operation of ventilators (pneumatic 

control systems)
 B. Suction generators
 C. Defibrillator operation
 D. Waste gas scavenging
 E. Venturi-type oxygen masks

 9. Which of the following is TRUE of humidifiers:
 A. A heat-moisture exchanger (HME) uses an active 

process for humidifying expired air
 B. Some HMEs are designed to reduce patient 

exposure to pathogens
 C. A cold water bath can provide humidification 

greater than that seen in the normal upper 
trachea.

 D. Use of ultrasonic nebulizers to deliver asthma 
medications are far more effective than 
metered-dose inhalers used with spacers.

 E. Normal humidity in the upper trachea is 90 g/m3

 10. Which of the following is TRUE concerning the 
Doppler shift principle:
 A. When the wavelength of a sound wave shortens, 

the perceived pitch will decrease
 B. The Doppler shift is due to a change in the 

velocity of the sound
 C. Ultrasound waves can be heard
 D. An ultrasonic blood flow detector can quantify 

blood flow (volume over time)
 E. This principle is commonly used to monitor fetal 

wellbeing
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 v Answers
 1. E. The pressure in a full gas cylinder is very high 

indeed (well over 500 psi) and would cause severe 
barotrauma if applied directly to a patient. Airway 
pressures are usually quoted in cm H2O, however, 
other units may be applied. Absolute pressure is the 
sum of gauge and atmospheric pressure. Pressure 
transducers do not create a voltage. They work by 
altering their resistance or capacitance under 
pressure. A 2-stage pressure reducing valve is 
exactly the process for delivery of a cylinder stored 
gas to a patient. The same system is used to deliver 
oxygen to firefighters and pilots.

 2. A. Dalton’s Law of Partial Pressures only applies to an 
ideal gas and this gas should have components that 
are non-reacting. The partial pressure of each 
component is calculated by taking the percentage of 
that component of the total pressure exerted by the 
gas. So a 50/50 mix of 2 gases will exert the same 
partial pressure as each component will exert 50% of 
the total pressure. Oxygen will exert a partial pressure 
of 20.8 kPa at STP as a component of room air.

 3. A. Boyle’s law states that pressure is inversely 
proportional to volume; i.e., the greater the 
pressure, the less the volume. This gas law may be 
used to calculate total volume of a compressed gas; 
i.e., a size E O2 cylinder containing 4.78 l of gas at a 
pressure of 138 bar will expand to fill 660 l of volume 
at atmospheric pressure (1 bar). The ideal gas law 
tends to fail at lower temperatures or higher 
pressures, when intermolecular forces and 
molecular size become important.

 4. E. Exposing grease or oil to high-pressure oxygen is 
a fire risk and may produce an explosion. Medical 
gas cylinders are endoscoped at testing, usually at 
intervals of every 5–10 years. Some gas cylinders are 
made from aluminum and are therefore MRI 
compatible (not being ferromagnetic); however, this 
should always be checked prior to entering an MRI 
room. A full nitrous oxide cylinder will have an 
internal pressure of 44 bar until the tank is almost 
empty. This is due to nitrous oxide being a liquid 
under pressure as it is usually stored below its 
critical temperature. In the US, O2 cylinders are 
painted green despite white being the color 
designated by the International Standards 
Organization (ISO 32:1977).

 5. B. A glass thermometer may also contain alcohol; 
this is commonly used to measure lower scale 
temperatures in the laboratory. Absolute zero is 
indeed the lowest possible temperature. A 
thermistor’s resistance decreases in a non-linear 
fashion with increasing temperature. Infrared 
thermometers can be used to measure temperature 
rapidly and non-invasively but not in the rectal area. 
Rectal thermometry is often poorly tolerated, 
especially in children, since the thermometer is 

inserted just over 1 cm into the rectum and left in 
place for approximately 10 s. Tympanic membrane 
temperature measurements do not require contact 
with the tympanic membrane; they sense 
(transduce) the infrared radiation coming from the 
ear drum.

 6. A. At 20 °C, desflurane has a higher saturated vapor 
pressure (669 mmHg) than halothane (243), 
sevoflurane (157), isoflurane (238) or enflurane (172). 
As a result of its high vapor pressure, desflurane 
boils at a mere 22.8 °C. Temperature and pressure 
have a direct effect on the amount of gas dissolved 
in a liquid. A warmer liquid will generally hold less 
dissolved gas. This can be demonstrated by looking 
at the IV fluid leaving a line warmer. The symptoms 
of the “bends” is caused by bubbles of nitrogen (not 
oxygen) coming out of solution during rapid 
decompression and lodging in blood vessels. When 
a liquid’s vapor pressure equals atmospheric 
pressure, the liquid boils (not freezes).

 7. E. Graham’s law may indeed be applied to the 
process that occurs in the lung alveoli. According to 
Fick’s law, the diffusion rate of a gas across a 
membrane is proportional to the difference in 
partial pressure, proportional to the area of the 
membrane and inversely proportional to the 
thickness of the membrane. Graham’s law states that 
the rate of diffusion of a gas is inversely proportional 
to the square root of its molecular weight and 
proportional to its solubility. Fick’s law (not Graham’s 
law) describes the rate at which a dissolved gas 
diffuses across a membrane given properties of the 
membrane such as membrane thickness and 
membrane surface area.

 8. C. All of these devices except the defibrillator may 
use the vacuum created by a Venturi to allow them 
to work.

 9. B. An HME passively (not actively) humidifies 
inspired air using the moisture deposited on a 
membrane during expiration. Some HMEs are 
indeed designed to reduce patient exposure to 
pathogens, such as with the use of bactericidal 
membranes. A cold-water bath produces an 
absolute humidity of 33 g/m3, compared to the 
normal humidity of the upper trachea, which is 44 g/
m3. Ultrasonic nebulizers use high frequency 
vibration to produce extremely small, highly stable 
droplets, but recent data suggest that metered-dose 
inhalers with spacers may be as efficacious as 
nebulizers for asthma treatment.

 10. E. When the wavelength of a sound shortens, the 
frequency, and therefore perceived pitch will 
increase. This is due to the speed of sound being 
constant in a set medium; i.e., in air at STP the speed 
of sound is ~340 m/s. Human ears cannot hear 
ultrasound waves. An ultrasonic blood flow detector 
converts the reflected ultrasound signal into an 

 A.J. Cartwright and D.J. Doyle



585 33

audible sound, which can be appreciated by the 
user. This is qualitative, not quantitative. A fetal 
heart monitor commonly uses the same technology 
to assess fetal heart rate during pregnancy and 
labor.
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Key Points
 5 Ideal features for a breathing system include 

reliable delivery of various concentrations of 
oxygen, effective removal of carbon dioxide, low 
resistance to breathing with minimal dead space, 
efficient use of gases, and conservation of heat 
and humidity in the airways.

 5 Mapleson circuits have the advantage of being 
able to provide positive pressure ventilation with 
a relatively simple and portable design. The 
disadvantages of Mapleson circuits include poor 
conservation of gases, heat, and humidity.

 5 The circle system improves the shortcomings of 
the Mapleson system with significant improve-
ments in the ability to conserve gases, heat, and 
humidity. This comes at the expense of making a 
significantly more complex system that is not 
portable.

 5 The carbon dioxide absorber converts carbon 
dioxide into calcium carbonate. This allows the 
rebreathing of gases in the circle system.

 5 Compound A is produced when the strong base in 
the carbon dioxide absorber removes hydrogen 
fluoride from sevoflurane. It is a nephrotoxin in 
rats and has unclear clinical significance in 
humans.

 5 Carbon monoxide is produced by desiccated carbon 
dioxide absorbers. The risk is greatest with desflu-
rane and first-start cases Monday morning. This 
occurs since the anesthesia machine is less likely to 
be used during the weekend and the carbon 
dioxide absorber can dry out when not in use.

34.1  Introduction

One of the first breathing systems was developed by Barth in 
1907 for the use of nitrous oxide to provide anesthesia. It 
consisted of a nitrous oxide cylinder, a valve, and a reservoir 
bag. The valve could be adjusted to allow complete rebreath-
ing from the reservoir bag to breathing completely from the 
atmosphere, or somewhere in between. This system allowed 
some degree of control of the amount of nitrous oxide and 
oxygen delivered to the patient. The next step in the develop-
ment of breathing systems occurred when Magill and 
Rowbothom designed a single lumen endotracheal tube. This 
led to the development of the “Magill’s circuit” (Mapelson A 
circuit). Additional breathing systems were developed with 
the goal of designing one that was reliable and efficient for 
both spontaneous and controlled ventilation.

Requirements for breathing systems:
 5 Delivery of oxygen can be reliably delivered to the 

patient at the desired concentration and easily adjusted
 5 Effectively removes carbon dioxide
 5 Low resistance to breathing
 5 Minimal amount of dead space

Desirable features:
 5 Efficient use of gases
 5 Humidification of gases
 5 Conservation of heat
 5 Portable
 5 Simple, sturdy and compact design that allows easy 

testing and troubleshooting of the components
 5 Ability to remove waste anesthesia gases to prevent 

pollution of the operating room

Even with today’s modern anesthesia machine, no breathing 
system is able to achieve all of the desirable features listed 
above and for this reason different breathing systems are 
used for different settings.

34.2  Classification of Breathing Systems

As more breathing systems were designed, multiple authors 
tried to develop classification systems based on the amount 
of rebreathing, presence of a carbon dioxide absorber, and 
the presence or absence of unidirectional valves. A common 
and relatively simple classification system is shown in 
. Table 34.1.

34.3  Non-rebreathing Systems

34.3.1  Insufflation

The term insufflation refers to a breathing system that is not 
in contact with the patient but instead blows oxygen and the 
anesthesia gases across a patient’s face. There are 2 common 
methods where insufflation is used in modern practice. The 
first is in pediatric patients who will not allow the placement 
of an intravenous line or the application of an oxygen face 
mask to their face. In this case the oxygen mask is held near 
the patient’s face and when they breath in, they inhale the 
oxygen and the anesthesia gases that are supplied by the mask. 
The other example of insufflation is during cataract surgery 

       . Table 34.1 Classification of breathing systems

Reservoir Rebreathing Example

Open No No Open Drop

Semi- 
Open

Yes No Non-rebreather 
circuit

Semi- 
Closed

Yes Partial Circle system with 
flows of 2 L/min

Closed Yes Complete Circle system with 
flows just sufficient 
to replace uptake 
of oxygen
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and procedures performed typically under conscious seda-
tion or monitored anesthesia care (MAC) when the patient’s 
face is fully covered with the surgical drapes. Frequently oxy-
gen tubing is then placed under the drapes to blow oxygen at 
high flows near the patient’s face to minimize the rebreathing 
of carbon dioxide. The disadvantage of insufflation is positive 
pressure ventilation cannot be done and the concentration of 
oxygen delivered is variable even at high flow rates.

34.3.2  Open-Drop Anesthesia Systems

In modern medicine, open-drop anesthesia systems are no 
longer in use, but since they were one of the earliest methods 
for providing anesthesia, they deserve a brief description. 
These were the primary methods for administering ether or 
chloroform anesthesia to patients. They consisted of a face 
mask with a gauze-covered opening where a highly volatile 
anesthetic was then dripped onto the gauze. When the patient 
inhaled, the flow of air through the gauze caused the liquid 
volatile anesthetic to become a gas. The depth of anesthesia 
was controlled by the amount of volatile anesthetic liquid 
applied to the gauze. The major disadvantage of this system is 
the patient had to be breathing spontaneously and there was 
no way to monitor the concentration of volatile anesthetic 
the patient was inspiring.

34.3.3  Mapleson Circuits

The development of the Mapleson circuits attempted to over-
come the major shortcomings of the insufflation and open- 
drop systems. Compared to previous breathing systems, the 
Mapleson circuits had the following advantages:

 5 Ability to deliver a reliable concentration of oxygen and 
volatile anesthetics

 5 Provide positive pressure ventilation
 5 Ability to scavenge waste gases
 5 Portable and relatively simple design

Since there are no unidirectional valves or CO2 absorbers, 
the CO2 is eliminated by fresh gas flows that flush the CO2 
into the atmosphere or scavenger via the pop-off valve. The 
Mapleson circuits are classified based on the location of the 
following parts as seen in . Fig. 34.1:

 5 Fresh gas inlet – Supplies oxygen, air, and volatile 
anesthetics to the system

 5 Reservoir bag – Acts as a reservoir for the gases and a 
method for creating positive pressure

 5 Pop-off valve/Adjustable pressure relief valve – 
Allows the release of excess gases from the system. 
Closing of the valve allows increasing levels of pressure 
to be achieved

 5 Face mask

Although the Mapleson circuits all have the same compo-
nents, the comparison of the circuits and the amount of CO2 

rebreathing that occurs can be complex. Rebreathing that 
occurs for each circuit is affected by the position of the pop- 
off valve in relationship to the fresh gas input and the reser-
voir tubing and bag. Each type of Mapleson system has 
different levels of fresh gas flows required to prevent rebreath-
ing. In addition, each class of circuit responds differently to 
spontaneous versus controlled ventilation in relation to the 
fresh gas flows required to prevent rebreathing.

Mapleson A (see . Fig. 34.1) is considered the most effi-
cient circuit for spontaneous ventilation but is not recom-
mended for controlled ventilation due to the need for 
unpredictably high fresh gas flows required to prevent 
rebreathing. By changing the position of the pop-off valve 
and the fresh gas inlet the system becomes a Mapleson D (see 
. Fig.  34.1), which is significantly more efficient for con-
trolled ventilation. This is because the fresh gas flushes the 
exhaled gases away from the patient and toward the pop-off 
valve. The Bain circuit is a modified Mapleson D system that 
incorporates the fresh gas inlet tubing inside the larger 

Mapleson system
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       . Fig. 34.1 a-f Mapleson system. FGF fresh gas flow, P patient
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 corrugated breathing tube. This decreases the size of the sys-
tem and allows warming of the inspired gases by the exhaled 
gases. A major disadvantage of Bain circuit is if the fresh gas 
inlet tubing is disconnected or kinked, this will lead to sig-
nificant rebreathing of exhaled gases.

 Efficiency of Mapleson Circuits
Spontaneous Ventilation  A > DFE > CB

Controlled Ventilation DFE > BC > A
(Refer to . Fig. 34.1 for the different Mapleson circuits by 

letter.)
While the Mapleson systems were a significant improve-

ment from previous breathing systems, the major disadvan-
tage remained to be poor conservation of heat and humidity. 
In addition, the minimum flows required to prevent rebreath-
ing are typically 5–10 L/min for an adult.

34.3.4  The Circle System

The circle system was designed to overcome some of the 
limitations of the Mapleson circuits. Through the rebreathing 
of exhaled gases humidity and heat are maintained. Since the 
exhaled gases are rebreathed, this leads to a conservation of 
volatile anesthetics, oxygen, and air. These advantages have 
resulted in the circle system being the ventilation system 
used in all modern anesthesia machines. While the oxygen, 
nitrogen, and the volatile anesthetics are rebreathed, CO2 
absorbers chemically neutralize the CO2 so there is no 
rebreathing of CO2. However, to achieve these results the 
complexity of the breathing system was substantially 
increased. As shown in . Fig. 34.2 the necessary components 
of a circle system include:

 1. CO2 absorber
 2. Unidirectional valves
 3. Fresh gas inlet
 4. Y-connector
 5. Adjustable pressure relief valve (“pop-off valve”)

 Carbon Dioxide Absorber
To prevent rebreathing of carbon dioxide, a carbon dioxide 
absorber is an essential part of any circle system. The absorber 
is able to convert carbon dioxide gas to calcium carbonate. In 
addition, the reaction leads to the production of heat and 
water:

CO H O H CO2 2 2 3+ ®  
H CO NaOH Na CO H O Heat2 3 2 3 22 2+ ® + +

Na CO Ca OH CaCO NaOH2 3 2 3 2+ ( ) ® +

Soda lime is the most commonly used agent to absorb carbon 
dioxide. It is capable of absorbing 23 L of CO2 per 100 g of 
soda lime. It is important to note that for the reaction to 
occur water is necessary to begin the reaction, but as the 
reaction continues each molecule of CO2 leads to the net pro-
duction of 1 molecule of H2O.  Since the carbon dioxide 
absorber requires water to start the reaction, they are pack-
aged by the manufacturer with 14–19% water content.

As the absorber is exhausted, hydrogen ions accumulate. 
To monitor the pH an indicator dye (ethyl violet) is added to 
the absorber granules, which causes the white absorber gran-
ules to turn purple as they are exhausted. If an exhausted 
carbon dioxide absorber is not used for a time, the granules 
may return to the original white color. However, the absorber 
is still exhausted and cannot absorb additional carbon 

Circle system

Inspiratory
valve

T-pieceY-piece

Inspiratory limb

Expiratory limb

Bag

Pop-off or APL valve

CO2 absorber

Fresh gas
inflow

Expiratory
valve

Oxygen
sensor

       . Fig. 34.2 Circle system
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 dioxide. All modern anesthesia machines monitor the 
inspired and expired carbon dioxide. With a properly func-
tioning carbon dioxide absorber, inspired carbon dioxide 
should be zero and the absorber should be changed once the 
inspired carbon dioxide is present. If it is not possible to 
replace the carbon dioxide absorber, high flows (>5 L/min) 
can effectively wash out the carbon dioxide from the system.

The absorber granules are capable of absorbing and 
releasing volatile anesthetic gases. This is clinically relevant 
when the absorber canisters are changed during a surgical 
case. When this occurs, the new absorber canister will absorb 
the volatile anesthetic in the anesthesia machine and the 
depth of anesthesia will decrease temporarily. The other 
clinically significant scenario is in patients at risk of malig-
nant hyperthermia. In these patients if an anesthesia machine 
is used that had previously been used with volatile anesthet-
ics, then the patient may be exposed to volatile anesthetics. 
Since this could trigger an episode of malignant hyperther-
mia, a new carbon dioxide absorber should be used.

 Unidirectional Valves
In a circle system, unidirectional valves are essential to main-
tain the flow of gases in the correct direction. This is impor-
tant to prevent rebreathing of the expired gases with carbon 
dioxide present. There are 2 valves in the system. During 
inspiration the inspiratory valve opens and the expiratory 
valve closes. During expiration the expiratory valve opens 
and the inspiratory valve closes. The most common malfunc-
tion of the unidirectional valves is incomplete closure—usu-
ally due to a warped valve. If this occurs, then rebreathing of 
carbon dioxide is possible and hypercapnia can result.

 Fresh Gas Inlet
One of the advantages of the circle system is the rebreathing 
of oxygen and volatile anesthetic gases. However, due to the 
uptake of oxygen and volatile gases by the patient there must 
be continuous addition of oxygen and volatile gases to the 
circle system. This occurs via the fresh gas inlet. When add-
ing gases to the system, it is important to remember that 
gases from the fresh gas inlet will be diluted by the gases 
already in the circuit. For example, a typical circle system in 
a modern anesthesia machine will have a volume of 7 L. If the 
fresh gas inlet is at low flows (<1 L/min), there can be a sig-
nificant difference between the concentration of volatile 
gases coming from the vaporizer via the fresh gas inlet and 
the concentration delivered to the patient. This is most appar-
ent during induction and emergence from anesthesia. To 
compensate for the dilution effect, a high flow rate (>5  L/
min) can be used.

 Adjustable Pressure Relief Valve (“Pop-Off 
Valve”)
As previously mentioned, higher fresh gas flows can be used 
to speed changes in the concentration of volatile anesthetics 
in the circuit. The adjustable pressure relief valve will vent off 
the excess gases from the circle system to maintain a set vol-
ume. The adjustable pressure relief valve is also used to adjust 

the pressure in the system during positive pressure ventila-
tion. During spontaneous ventilation, the adjustable pressure 
relief valve should be fully open to minimize the pressure to 
which the patient is exposed.

 Order of Components in the Circle System
To optimize the efficiency of the circle system, the compo-
nents of the circle system are arranged in the following order, 
starting from the patient during expiration:

 5 Expiratory limb of circuit going to the expiratory 
unidirectional valve.

 5 After the expiratory unidirectional valve, the adjustable 
pressure relief valve is next and it is positioned before 
the carbon dioxide absorber. The result is the excess 
exhaled gas is vented away before it goes through the 
absorber. This conserves the absorber since the excess 
gas does not need to have the carbon dioxide removed.

 5 After the carbon dioxide absorber is the fresh gas inlet. 
This positioning allows the newly supplied gas to bypass 
the adjustable pressure relief valve and the carbon 
dioxide absorber. Therefore, all of the new gases are 
directly supplied to the patient.

 5 The inspiratory unidirectional valve is next, and then gas 
moves through the inspiratory limb of the circuit where 
it delivers gases to the patient.

 Dead Space
Dead space is defined as ventilation that does not reach the 
alveoli and therefore is not effective in exchanging oxygen 
and carbon dioxide. As the dead space increases, the tidal 
volumes must increase to maintain a given carbon dioxide. 
Due to the unidirectional valves in the circle system, the dead 
space begins at the Y-piece where the inspiratory limb joins 
with the expiratory limb. Therefore, increasing the length of 
the circle system does not increase the amount of dead space.

 Disadvantages of the Circle System
While the circle system has many advantages compared to 
the Mapleson breathing system, there are a few disadvan-
tages:

 5 Complexity – The circle system is more complicated and 
it requires frequent maintenance and daily machine 
checks to ensure the essential components are function-
ing properly.

 5 Size – The circle system is significantly larger and less 
portable.

 5 Breathing Resistance – Due to the unidirectional valves 
and the carbon dioxide absorber, there is more resis-
tance. However, even in a premature infant a circle 
system can be used.

 Circle System with High vs. Low Flows
One of the significant advantages of the circle system is the 
ability to run low fresh gas flows due to the rebreathing of 
exhaled gases. The rebreathing of exhaled gases can lead to 
significant differences in the concentration of volatile anes-
thetic between the fresh gas inlet and the gas delivered to the 
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patient. One example where this is clinically significant is 
during induction of anesthesia. During this time there is 
rapid uptake of volatile anesthetics and the expired gases 
have minimal amounts of volatile anesthetics. If low fresh gas 
flows are used, then even if high concentrations of volatile 
gases are delivered via the fresh gas inlet the gases will be 
significantly diluted by the larger volume of exhaled gases 
from the patient. This will result in a delay in induction of 
anesthesia. The same is true during emergence from anesthe-
sia. If low flows are used, then the expired volatile anesthetics 
will continue to circulate in the breathing system even if 
volatile anesthetics are no longer being delivered via the fresh 
gas inlet. Therefore, to speed induction and emergence from 
anesthesia high flows (>5 L/min) are typically used.

With low fresh gas flows it is also essential to monitor the 
concentration of the inspired oxygen concentration that is 
delivered to the patient. This is because with low flows the 
majority of the gases will be rebreathed. During ventilation the 
oxygen is absorbed while the nitrogen is not. With time the 
concentration of nitrogen will increase and potentially a 
hypoxic mixture of gases can be delivered to the patient. With 
higher flows this does not occur because the excess volume of 
gas is vented from the system via the pop-off valve and the 
concentration of the inspired gases more closely matches the 
gases from the fresh gas inlet. This also applies to nitrous oxide. 
Initially during induction the nitrous oxide is absorbed and 
the concentration of oxygen is maintained. However, as the 
absorption of nitrous oxide slows, the nitrous oxide will accu-
mulate in low fresh gas flows and a hypoxic mixture can also be 
delivered. For these reasons it is essential to monitor the con-
centration of oxygen and anesthetics that are being delivered 
to the patient with a gas analyzer when using a circle system.

34.3.5  Closed Circle System

In a closed circle system the fresh gas flows of oxygen are 
matched with the uptake of oxygen by the patient. If done 
correctly, then no excess gases are vented via the pop-off 
valve. A closed circle system maximizes the advantages of the 
circle system, which include conservation of gases, humidity, 
and heat. However, a closed circle system exacerbates the 
problems listed previously for low fresh gas flows. Delivery of 
volatile anesthetics is particularly difficult with a closed circle 
system due to the changing uptake of the volatile anesthetics 
as the patient progresses from induction to maintenance of 
anesthesia. Due to the extremely low fresh gas flows (0.2–
0.3 L/min) it is difficult to rapidly change the concentration of 
oxygen or volatile anesthetics in the breathing circuit. For 
these reasons, closed circle systems are not frequently used in 
clinical practice.

34.3.6  Use of Circle Systems in Neonates

Several adaptations have been made to the circle system to 
decrease the work of breathing for neonates. For adult cir-

cuits the dead space begins at the y-piece, which joins the 
inspiratory and expiratory limbs of the circuit. The dead 
space consists of the Y-piece, the endotracheal tube, and the 
airways down to the level of the alveoli. In an adult, the total 
amount of dead space represents only a small amount of the 
total tidal volume. However, in pediatrics, and especially 
neonates, the dead space can represent a significant portion 
of the tidal volume. To minimize the dead space a septum can 
be added to the y-piece and then the volume of the y-piece is 
no longer part of the dead space. The pediatric circuit also 
consists of narrower and more rigid corrugated tubing to 
minimize the compliance of the system.

34.3.7  Potential Complications 
with the Circle System

 Compound A
The carbon dioxide absorber consists of a strong base that 
can lead to the removal of hydrogen fluoride from the volatile 
anesthetics. With sevoflurane this can lead to the production 
of compound A. In rats it has been shown to be a nephro-
toxin, but in humans it has an unclear significance. After a 
prolonged exposure of high levels of compound A in other-
wise healthy volunteers, there is a transient albuminuria. To 
minimize exposure to compound A, it is recommended to 
use a minimum fresh gas flow of 2 L/min. This will allow a 
continuous washout of compound A from the circle system.

 Production of Carbon Monoxide
The use of desiccated soda lime in the carbon dioxide 
absorber can lead to the production of significant quantities 
of carbon monoxide. The risk of carbon monoxide produc-
tion varies for the different agents:

desflurane isoflurane sevoflurane> >>

Since this only occurs with desiccated soda lime, there is a 
higher incidence of carbon monoxide production with the 
use of old soda lime during the first case of the day. As the 
soda lime is used to remove carbon dioxide, water is pro-
duced by the reaction. This rehydrates the desiccated soda 
lime and subsequent surgical cases have a lower incidence of 
carbon monoxide exposure. The highest risk is on Monday 
morning after the anesthesia machines were not used over 
the weekend. For the same reason, anesthesia machines at 
offsite locations where the anesthesia machines are only used 
infrequently also have a high risk of exposure to carbon 
monoxide. Any time the fresh gas flows are left on at high 
flows and the machine is not connected to a patient, there is 
a risk of drying out the soda lime. If the fresh gas flows are left 
on overnight when the anesthesia machine was not in use, 
the soda lime should be replaced. If carbon monoxide is pro-
duced, then the use of low fresh gas flows will lead to an accu-
mulation of carbon dioxide in the system. The risk of carbon 
monoxide production with new soda lime is low because it 
arrives pre-hydrated from the manufacturer.
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 Malfunction of Unidirectional Valves
The valves consist of a horizontal ceramic disc that rests on 
the valve seat. As gas flows through, the disc is lifted up. When 
the flow reverses, the disk is pushed down and it seals the 
valve and prevents reversal of flow. The most common mal-
function of the valve is due to warping of the disc or improper 
seating of the disc. When this happens to either valve, the 
result is rebreathing of exhaled gases and potentially hyper-
capnia. The expiratory valve is exposed to the moisture in the 
exhaled gases and is the most common valve to malfunction.

34.3.8  Manual Resuscitator Bag “Ambu Bag”

Common uses for the Ambu bag, which is shown in 
. Fig. 34.3, include transport of patients and emergency ven-
tilation when a ventilator is not available or is not function-
ing properly. The advantages include a small and easily 
portable ventilation system. It has few moving parts and is 
extremely reliable. Components of an Ambu bag include a 
self- expanding bag, reservoir tubing, oxygen source, and a 
non- rebreather valve.

The Ambu bag can be either connected to an endotra-
cheal tube or used with a face mask to provide positive pres-
sure ventilation. The self-expanding bag is used to create 
positive pressure. Since it is a self-expanding bag it can be 
used without an oxygen source, unlike the Mapleson circuits 
that require compressed gas to expand the reservoir bag. 
With the use of high flow oxygen (>8 L/min) close to 100% 
oxygen can be delivered to the patient. Unlike the circle sys-
tem, there is no rebreathing of gases and therefore it has 
similar disadvantages to the Mapleson circuits.

34.4  Conclusion

Breathing systems have come a long way since the creation of 
open-drop anesthesia. An optimal breathing system would 
include a simple, reliable, portable system that can also make 

efficient use of the gases with conservation of heat and mois-
ture. So far no current breathing systems have been able to 
achieve all the desired characteristics. The Mapleson systems 
are primarily used where a portable breathing system is 
required or in locations where a circle system is not available. 
A circle system is typically the optimum system, assuming 
portability is not needed. However, with all the advantages of 
the circle system comes a significant increase in complexity. 
This leads to the need for more frequent maintenance and 
constant monitoring of the inspired gases to ensure a safe 
delivery of the desired gases to the patient.

34.5  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
1.  The following are all characteristics of Mapleson 

circuits EXCEPT:
 A. Ability to provide positive pressure ventilation
 B. Ability to scavenge waste gases
 C. Portable
 D. Contains a carbon dioxide absorber

2. A disadvantage of the Mapleson system is:
 A. Complex design
 B. Poor conservation of heat
 C. High level of resistance during expiration
 D. Unable to provide high concentrations of 

oxygen
3.  All are necessary components of a circle system 

except:
 A. Carbon dioxide absorber
 B. Self-inflating reservoir bag
 C. Unidirectional valves
 D. Adjustable pressure relief valve

4.  For the carbon dioxide absorber to work, the 
following are necessary:
 A. Water
 B. Heat
 C. Hydrochloric acid
 D. Sodium hydroxide

5.  The following can occur after the carbon dioxide 
absorber is changed:
 A. Increase in concentration of carbon dioxide
 B. Decrease in concentration of oxygen
 C. Decrease in concentration of volatile anesthetics
 D. Decrease in concentration of water content

6.  If the unidirectional valves malfunction in the circle 
system the following can occur:
 A. Hypercapnia
 B. Hypocapnia
 C. Hypoxia
 D. Increased concentration of volatile agents

7.  Increasing the length of the circuit tubing in a circuit 
system will increase the amount of dead space
 A. True
 B. False

       . Fig. 34.3 Ambu bag
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8.  Which of the following are NOT TRUE about 
compound A?
 A. Produced by the removal of hydrogen fluoride 

from sevoflurane
 B. Is a nephrotoxin in rats
 C. With sevoflurane fresh gas flows of at least 1 L/

min are recommended
 D. Prolonged exposure in humans leads to transient 

albuminuria
9.  The following is true about the production of 

carbon monoxide by the soda lime carbon dioxide 
absorber:
 A. Sevoflurane is more likely to produce carbon 

monoxide compared to desflurane.
 B. It is most likely to occur during surgeries lasting 

greater than 6 h.
 C. It occurs when the soda lime is exhausted and 

cannot absorb additional carbon dioxide .
 D. It is most likely to occur during the first case of 

the day.
 10. All of the following breathing circuits require 

compressed gas (typically oxygen) to function 
properly except:
 A. Ambu bag
 B. Circle system
 C. Mapleson circuit
 D. Insufflation

 v Answers
1.  D. The essential components of a Mapleson circuit 

include a fresh gas inlet, reservoir bag, pop-off valve, 
and a face mask. This provides the ability to provide 
positive pressure ventilation. The pop-off valve is 
where the exhaled gases are vented and this allows a 
scavenger system to be connected to the circuit. This 
is done if the Mapleson circuit is used with volatile 
anesthetics to prevent the contamination of the 
patient care area. Since the Mapleson system consists 
of only a few lightweight components it is highly 
portable. A carbon dioxide absorber is not included 
in the components of a Mapleson system but is 
instead found in the circle system.

2.  B. The advantages of the Mapleson system include a 
relatively simple and portable design. Compared to 
other ventilation systems, including the circle system, 
a Mapleson system has very low resistance during 
exhalation. If pure oxygen is supplied to the system 
in adequate flows (>5 L/min), then the patient will 
receive close to 100% oxygen. Since the Mapleson 
system does not recirculate the exhaled gases as 
occurs in the circle system, this leads to a loss of heat 
and moisture.

3.  B. The following are all necessary components of a 
circle system including: carbon dioxide absorber, 
unidirectional valves, fresh gas inlet, reservoir bag, 
and adjustable pressure relief valves. In the circle 
system the reservoir bag is soft plastic and only 

expands if the pressure relief valve is closed and gas 
fills the bag. An example of a self-inflating reservoir 
bag occurs in an Ambu bag.

4.  A. For absorption to take place the following reaction 
occurs:

 CO H O H CO2 2 2 3+ ®  
 H CO NaOH Na CO H O Heat2 3 2 3 22 2+ ® + +  
 

Na CO Ca OH CaCO NaOH2 3 2 3 2+ ( ) ® +
 

 The first step in the reaction is the combination of 
carbon dioxide with water. For this reason when the 
carbon dioxide absorber is packaged by the 
manufacturer, it includes 14–19% water. This allows 
the absorber to immediately start working once it is 
placed in the circle system. Once the reaction is 
underway, for every molecule of carbon dioxide 
that combines with a molecule of water, the end 
result is the production of 2 molecules of water. This 
allows water to be available for the next reaction to 
occur. The most likely reason that water is not 
present is if the fresh gas flows were left on 
overnight when a patient is not connected to the 
circle system. The fresh gas flows have no water 
present, and if exposed to the absorber for several 
hours, this can lead to the depletion of water. If this 
occurs, then the absorber should be replaced.

5.  C. When the carbon dioxide absorber is replaced, it 
begins working immediately so the concentration of 
carbon dioxide will be either unchanged or it will 
begin to decrease if the previous absorber was 
exhausted. The absorber does not absorb oxygen so 
the oxygen concentration will be unchanged. Since 
the absorber is saturated with water from the 
manufacturer, the water content in the circuit will likely 
be unchanged or increase slightly. When the absorber 
is replaced, it will absorb the volatile anesthetics if 
present and the depth of anesthesia for the patient will 
decrease temporarily. The absorber quickly becomes 
saturated with volatile anesthetics and then the depth 
of anesthetics will remain constant.

6.  A. The purpose of the unidirectional valves is to 
ensure that the gases move through the circuit in 
only 1 direction. When there is a malfunction in 1 of 
the valves, it allows the gases to move in both 
directions. This will lead to rebreathing of the 
exhaled gases and hypercapnia will develop. 
Hypoxia would be unlikely because the exhaled 
gases still have oxygen present and even with 
rebreathing the patient will still receive sufficient 
oxygen. Malfunctioning valves will have no impact 
on the concentration of the volatile agents.

7.  B. False. Due to the unidirectional valves in the circle 
system, the gases are only able to move in 1 
direction. Therefore, no matter how long the circuit 
is, the dead space begins at the y-piece that joins 
the expiratory limb and the inspiratory limb with the 
endotracheal tube.
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595 34

8.  C. Compound A is produced by the removal of 
hydrogen fluoride from sevoflurane by the carbon 
dioxide absorber. Rats exposed to compound A show 
signs of renal injury and healthy humans develop a 
transient albuminuria. Due to the potential for renal 
injury in humans, it is recommended to run fresh gas 
flows of at least 2 L/min to minimize the buildup of 
compound A in the circle system.

9.  D. The production of carbon monoxide is greatest 
with desflurane than isoflurane and sevoflurane has 
the lowest risk. It occurs when the soda lime is 
desiccated. As soda lime removes carbon dioxide, it 
leads to the production of water. So longer surgeries 
have a lower risk of carbon monoxide production. 
An exhausted absorber does not produce carbon 
monoxide. The first case of the day has the highest 
risk of having desiccated soda lime, especially if the 
fresh gas flows were left on when the anesthesia 
machine was not in use. This leads to the first case of 

the day having the highest risk of carbon dioxide 
production.

 10. A. The circle system and the Mapleson circuit both 
require a compressed gas source to fill the reservoir 
bag since the bag is not self-expanding. For 
insufflation there is nothing in contact with the 
patient, but it works by blowing oxygen toward the 
patient’s face. The Ambu bag is the only system with 
a self-inflating reservoir bag; this allows it to be used 
with or without a compressed gas source.
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Key Points
 5 It is crucial to understand the physical principles 

and functioning of the monitoring devices, in order 
to interpret the results and know their limitations.

 5 Solubility of all gases increases with a fall in 
temperature of the solvent and thus lowers its 
partial pressure.

 5 Oxygen, because of its unpaired electron in the 
outer orbit, is “paramagnetic” or attracted toward 
a magnetic field, while most other gases used in 
anesthesia are “diamagnetic” or repelled from a 
magnetic field.

 5 Molecules with 2 or more dissimilar atoms absorb 
infrared (IR) radiation and different molecules 
have distinct IR absorption spectra.

 5 Although, the transducer must be set at the level 
of the heart (4th intercostal space, mid-axillary 
line) to measure the blood pressure accurately, it 
is not crucial for zeroing the transducer.

 5 The amount of heat energy required to humidify 
the inspired gas is 5 times greater than that 
needed to warm it to body temperature.

 5 A capacitor is an electrical component that can 
store energy and it forms the most important 
component of a defibrillator.

35.1  Introduction

As an anesthesiologist, one is surrounded by equipment that 
monitors vital signs, measures blood gases and anesthetic 
agents, and devices that are used to keep our patients safe. It 
is crucial to understand the physical principles and function-
ing of these devices, in order to interpret the results and 
know their limitations.

35.2  Blood Gas Measurement

During “blood gas” analysis the parameters that are directly 
measured are pH, PO2, and PCO2, while the bicarbonate 
level is calculated from the pH and the PCO2 using the 
Siggard- Anderson nomogram.

35.2.1 Electrodes

The Polarographic (Clark) Oxygen electrode can measure 
partial pressure of oxygen in blood or a gas sample. It consists 
of a platinum cathode and a silver/silver chloride anode 
immersed in a potassium chloride solution and separated 
from the blood by an oxygen-permeable Teflon membrane, 
which allows the oxygen tension in the blood to equilibrate 
with the electrolyte solution. The electrode is maintained at 
37 °C (. Fig. 35.1).

When a voltage of 700 mV is applied across the electrodes 
the following reactions occur:

 5 Cathode: O2 + 2H20 + 4e− = 4OH−

 5 Electrolyte: KCl + OH− = KOH + Cl−
 5 Anode: Ag + Cl− = AgCl + e−

The amount of electrons that are taken up at the cathode is 
proportional to the oxygen tension and this current can be 
processed and displayed as PO2.

The pH (Sanz) electrode works on the principle that an 
electrical potential develops across a glass membrane, which 
is proportional to the pH difference across it. The pH elec-
trode consists of 2 “half ” cells: a glass electrode and a refer-
ence electrode. The glass electrode is an Ag/AgCl electrode 
system enclosed in a glass membrane and maintaining a con-
stant pH within itself, while the reference electrode is a Hg/
HgCl electrode, which comes in contact with the blood sam-
ple through a semi-permeable membrane. The chloride solu-
tion acts as the bridge between the 2 electrodes. The whole 
system is maintained at 37 °C. Current flows from the refer-
ence electrode through the semi-permeable membrane 
through the sample in the measuring chamber and to the 
glass electrode. Depending on the pH of the sample, the 
potential will develop across the glass membrane, which will 
be displayed in pH units. The potential output is 60 mV per 
pH unit (. Fig. 35.2).

The CO2 (Severinghaus) electrode is similar to the pH 
electrode with the electrode in contact with a sodium bicar-
bonate solution and separated from the blood sample by a 
Teflon semipermeable membrane. CO2 from the blood sam-
ple diffuses across the membrane and reacts with the bicar-
bonate solution to form H+, which is measured by the pH 
electrode:

CO CO HCO2 2 2 3
3+ ++ -H O H H� � �� � � � � �� � �

The amount of H+ produced is proportional to the PCO2 in 
the blood. Similar to the pH electrode, the whole system is 
maintained at 37 °C.

35.2.2  Hypothermia and Blood Gas

Solubility of all gases increases with a fall in temperature of 
the solvent and thus lowers its partial pressure. Therefore, 
hypothermia increases the solubility of O2 and CO2, and con-
sequently lowers the PO2 and PCO2. The PCO2 decreases by 
approximately 2 mmHg and PO2 decreases by approximately 
5 mmHg per °C below 37 C. Hypothermia also changes the 
pH; for every °C drop in temperature the pH increases by 
0.015 units.

Since, the analysis of the blood sample occurs at 37 °C, in 
a hypothermic patient the PO2 and PCO2 values would be 
artificially high. The result can be corrected for the patient’s 
temperature. This becomes especially important in signifi-
cantly hypothermic patients, such as during cold cardiopul-
monary bypass or deep hypothermic circulatory arrest.
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 pH-STAT
Historically, it was thought that in a hypothermic patient 
undergoing cardiopulmonary bypass, a reduced PCO2 would 
result in cerebral vasoconstriction and ischemia. Therefore, 
CO2 was added to the oxygenator to maintain a temperature- 
corrected PCO2 of 40 mmHg (5.3 kPA) and a pH of 7.4. The 
advantage of this was increased cerebral blood flow allowing 
better oxygen delivery. However, there was concern that it 
could lead to micro-embolization and loss of autoregulation.

 α(Alpha)-STAT
Hypothermia reduces the efficacy of the bicarbonate and the 
phosphate buffers and the amino acids (alpha imidazole ring 
of histidine) become the primary buffer. During hypother-
mia, pH increases because of low H+ (decreased dissocia-
tion), but electro-neutrality is maintained as there is less 
available OH−. This is more physiological. The advantages are 
maintenance of cerebral autoregulation and normal cellular 
transmembrane electro-neutrality. The resultant alkalosis 
better preserves protein function and enzyme activity. 

Therefore, proponents of α(alpha)-stat maintain uncorrected 
PCO2 and pH at normal levels. The α(alpha)-stat method is 
the more acceptable and standard approach.

35.3  Respiratory and Anesthetic Gas 
Measurement

35.3.1  Paramagnetic Oxygen Analyzer

Oxygen, because of its unpaired electron in the outer orbit, is 
“paramagnetic” or attracted toward a magnetic field, while 
most other gases used in anesthesia are “diamagnetic” or 
repel from a magnetic field. Historically, 2 spheres, connected 
together to look like a dumb-bell, filled with nitrogen (a dia-
magnetic gas) were suspended in a magnetic field. In the 
resting stage the dumb-bell would try to move away from the 
magnetic field. However, when oxygen-containing gas was 
passed around it, the oxygen being attracted to the magnetic 
field would move the dumb-bell toward the magnetic field, 

Voltage supply

Galvanometer

Platinum cathode

Ag/AgCl anode

KCl electrolyte solution

Teflon membrane

       . Fig. 35.1 Clark-type oxygen 
electrode
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depending on the concentration of oxygen. This movement 
could be electronically extrapolated as the concentration of 
oxygen. However, the construction of modern analyzers has 
fewer moving parts, but still uses the same principle 
(. Fig.  35.3). A highly sensitive pressure transducer mea-
sures the pressure difference between 2 streams of gas: the 
“sample” and the “reference.” Further downstream to the 
transducer, both the gases pass through a common channel, 
across which a “pulsed” electromagnetic field is generated at 
around 100 Hz. When the magnetic field is applied, oxygen 
molecules are attracted toward it, causing a low pressure 
upstream. The pressure difference between the 2 streams, 
which is measured by the transducer, would be proportional 
to the difference in oxygen concentration. The electric output 

from the transducer displays it as volume percentage of oxy-
gen in the sample gas. Of all the gases the anesthesiologists 
encounter, nitric oxide is the only other gas that is also para-
magnetic.

35.3.2  Fuel Cell (Galvanic Cell)

The fuel cell is similar to the Clark polarographic electrode 
except that it generates its own voltage without any external 
power source. It consists of a gold cathode and a lead anode 
immersed in potassium hydroxide solution. Oxygen from 
the gas sample is reduced at the cathode to form OH-, which 
moves to the anode to form electrons, thus generating a 
potential difference. The current generated is proportional to 
the concentration of oxygen in the sample:

 5 Cathode: O2 + 2H2O + 4e− → 4 OH−

 5 Anode: 2Pb + 4(OH−) → 2PbO + 2H2O + 4e−

35.3.3  Infrared Spectrophotometry

Absorption spectroscopy is the fundamental principle used 
in capnography, pulse oximeter, and most anesthetics gas 
monitors. Molecules with 2 or more dissimilar atoms absorb 
infrared (IR) radiation and different molecules have distinct 
IR absorption spectra. The absorbance peak of CO2 and N2O 
are between 4 and 5 μm and that of the anesthetic gases are 
between 8 and 13 μm. According to the Beer- Lambert law, 
the amount of IR radiation absorbed is directly proportional 
to the concentration of the molecule and the distance trav-
elled in the medium.

In a gas analyzer, a source emits IR radiation, which is 
passed through a chamber containing the sample gas and 
also a reference chamber and focused on an IR photo sensor. 
The amount of absorbed radiation is proportional to the con-
centration of the gas. Numerous readings per minute provide 
a continuous waveform of gas concentration during the 
respiratory cycle. There are 2 types of IR technology available 
today: (1) the “Blackbody Radiation,” which produces a 
broad spectrum and filter is used to obtain specific wave-
lengths of radiation; and (2) the “Microstream,” which gener-
ates IR emissions at specific wavelength that matches the 
absorption spectrum of the gas to be monitored.       . Fig. 35.2 pH (Sanz) electrode

       . Fig. 35.3 Pulsed-field 
paramagnetic oxygen analyzer
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 Limitations of Infrared Spectroscopy
Oxygen, nitrogen, helium, xenon, and argon do not absorb 
IR radiation and cannot be measured by this technique. The 
absorption spectra of CO2 and N2O overlap and presence of 
N2O broadens the CO2 absorption spectrum (collision 
broadening), leading to a falsely elevated value. Water vapor 
absorbs IR and can interfere with measurement of CO2 and 
anesthetic agents. Hydro-fluoro-alkanes, used as propellants 
in inhalers, have an absorption spectrum similar to halo-
thane and can interfere with measurement of volatile agents.

35.3.4  Pulse Oximeter

The conventional pulse oximeter consists of 2 light-emit-
ting diodes, a photocell detector, and a microprocessor 
with a visual display unit. The light-emitting diodes emit 
light at wavelengths of 660 nm (red) and 940 nm (infrared), 
since these give a better separation of absorbance. At 
940  nm the light absorbance of oxy-hemoglobin is one-
and-a-half times more than that of deoxy-hemoglobin, 
while at 660 nm the deoxy-hemoglobin absorbs 10 times as 
much as oxy- hemoglobin (. Fig. 35.4). At 805 nm, both the 
deoxy- hemoglobin and the oxy-hemoglobin absorb equally 
and this is called the “isobestic” point. The ratio (R) of 
absorbance at 660 and 940 nm bear a linear relationship to 
oxygen saturation. At high O2 saturations, this ratio is less 
than 1. At approximately 85% saturation this ratio is equal 
to 1. The values for R can be mathematically calculated 
down to saturations of 0%, but these are not accurate clini-
cally.

The main purpose of the pulse oximeter is to detect the 
amount of HbO in the arterial blood. However, at the finger-
tip, light is also absorbed by other tissue and venous blood. 
An ingenious concept is incorporated into modern pulse 
oximeters. With each pulse there is a surge of arterial blood 
across the measuring point and the amount of light absorbed 
would increase, cyclically. The pulse oximeter emits and ana-
lyzes light signals at a very rapid rate (400–600/s) and this 

can detect the peaks and troughs of the arterial pulse wave. If 
the light absorption at the trough (which includes all the tis-
sue absorbers) is subtracted from the light absorption at the 
peak, then in theory the remaining is the absorption due to 
the added volume of arterial blood only. The ratio of the 
absorbance of the pulsatile to that of the non-pulsatile at both 
the wavelengths is calculated.

Even though traces of carboxyhemoglobin (COHb) and 
methemoglobin (MethHB) may be present normally, the 
pulse oximeter assumes the presence of only oxyhemoglobin 
and reduced hemoglobin. Significant levels of COHb or 
MethHB can causes error in pulse oximeter readings. Since 
the COHb absorbs the red light very similarly to HbO and 
does not absorb the infrared, the pulse oximeter tends to read 
higher values in presence of COHb. Methemoglobin absorbs 
both red and infrared waves equally and therefore the absor-
bance ratio, R, is 1. Therefore, the pulse oximeter tends to 
shift the SpO2 towards 85%. Other factors that interfere with 
the pulse oximetry reading are dark-colored nail polishes, 
dyes (methylene blue and indigo-cyanine green), high biliru-
bin levels, tremors or movement of the hand, vasoconstric-
tion, and ambient light. If the signals from the finger are low, 
alternative sites—such as ear lobe, ala of the nostril, or, in 
neonates, the foot or the palm—could be used. Pulse oxime-
ter probes used during magnetic resonance imaging (MRI) 
have a fiberoptic system as the wires in a standard probe 
would generate heat in the radio-frequency environment and 
can cause burns.

 Co-oximeter
A Co-oximeter is a device that measures the blood concen-
tration of carboxyhemoglobin (COHb), methemoglobin 
(MethHb), oxyhemoglobin (HbO2), and reduced hemoglo-
bin (HHb) using a sample of the arterial blood. A non- 
invasive Co-oximeter (Masimo Rainbow® Pulse 
Co-oximeter; Masimo Corp., Irvine, CA), which looks 
similar to the usual pulse oximeter, is currently available. It 
uses multiple frequencies of light to calculate the saturation 
of carboxyhemoglobin, methemoglobin, oxyhemoglobin 

       . Fig. 35.4 Absorption 
spectrum of different forms of 
hemoglobin, according to 
wavelength of light
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(SpO2), and total hemoglobin. It also measures the oxygen 
content (SpOC), the perfusion index, and the pleth variabil-
ity index:
5 Fractional Saturation: HbO/(Hb + HbO + MethHb + 

COHb) (needs a Co-oximeter)
 5 Functional Saturation: HbO/(Hb + HbO) (pulse 

oximeter)

35.3.5  Mass Spectrometry

The concentration of a gas in a mixture can be measured by 
its mass-charge ratio. The sample of gas is passed through 
an ionizing chamber where an electron gun ionizes the 
molecules. These charged molecules are then accelerated 
through a magnetic field before striking a detector plate. 
The charged gas molecules are deflected by the magnetic 
field depending on their mass, and create a series of peaks 
on the detector plate. The position of these peaks identifies 
the gas and their height corresponds to the concentration. 
The mass spectrometer is very accurate but tedious and 
expensive, and is mainly used for research or monitoring 
gas samples from numerous operating rooms. The gas sam-
ple cannot be returned to the patient as the molecules are 
ionized.

35.3.6  Raman Scattering

When an electromagnetic radiation collides with a gas mol-
ecule, it normally scatters with the same energy, and this is 
known as Rayleigh scattering. This is how we see things even 
though they do not emit light of their own. However, occa-
sionally collision of electromagnetic wave energizes the mol-
ecule and when it returns to its resting state, it emits the 
energy at a wavelength characteristic of the particular mole-
cule. This is known as Raman scattering. This scattered light 
can be filtered out from the Rayleigh scattering and analyzed 
to identify the specific gas and its concentration. An intense 
beam of LASER is passed through a sample chamber and the 
Raman scattering is measured on a photodetector. This tech-
nique is fast and accurate and can be used to measure a num-
ber of gases. This technique is used to identify gases on 
distant planets.

35.3.7  Piezoelectric Absorption

Quartz crystal when placed in an electric field oscillates at a 
characteristic natural frequency. However, when such 
 crystals are coated with oil, volatile anesthetic would dissolve 
in the lipid layer and increase the mass of the crystal, altering 
the frequency of oscillation. The change in frequency reflects 
the change in mass, which is proportional to the concentra-
tion of gas in the sample. The response time is fast, but it 
cannot differentiate between the gases.

35.4  Intra-arterial Blood Pressure 
Monitoring

The intra-arterial blood pressure (IABP) measurement system 
consists of a column of fluid connecting the arterial system to 
a pressure transducer. The arterial pressure wave transmits 
through the fluid column and vibrates the diaphragm of the 
transducer, which then converts it into an electrical signal.

35.4.1  Sine Wave

A wave is the movement of energy through a medium. Sine 
wave is the simplest waveform and can be considered as the 
path taken by a point around a circle and mathematically 
defined by function y = sin x. It is described by its “ampli-
tude”—maximum displacement; and its “frequency”—num-
ber of cycles per second. Sine waves of differing amplitude 
and frequency can combine to form a complex wave. 
Conversely, a complex wave like the arterial pressure wave-
form can be broken down into multiple component wave-
forms. The arterial pressure wave would have a “fundamental” 
wave, with a frequency equal to the pulse rate (1–3 Hz) and 
a series of “harmonic” waves, with frequencies in multiples 
(up to 8–10 times) of the fundamental frequency (~24 Hz). 
The process of analyzing a complex wave into its constituent 
sine waves is known as Fourier analysis (. Fig. 35.5).

35.4.2  Natural Frequency and Resonance

Every material when struck oscillates at its “natural” fre-
quency and this depends on physical properties of the mate-
rial, such as density and thickness and also of the adjacent 
material. If an external force or a waveform, with a frequency 
similar to the natural frequency, is applied, the material 
would oscillate at its maximal amplitude and this is known as 
“resonance.” Therefore, if the natural frequency of the IABP 
monitoring system is close to the frequency of any of the 
components of an arterial waveform, it would vibrate exces-
sively and distort the signal. Since the range of pulse rate usu-
ally seen clinically is 60–180/min or 1–3  Hz, the natural 
frequency of the arterial pressure transducer should be 
greater than 8–10 times the fundamental frequency. Most 
commercially available systems have a natural frequency of 
around 200 Hz. However, the natural frequency of the system 
can be reduced by the addition of 3-way taps, long tubing, 
presence of air-bubbles and clots and it is increased by using 
shorter and wider arterial cannula and tubing.

35.4.3  Damping

The arterial pressure monitor, in addition to having a high natu-
ral frequency, also needs an appropriate damping  coefficient 
(zeta or ζ). Damping can be construed as the force that brings 
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the transducer system back to its resting stage after the oscil-
lation in order to detect the next wave. Therefore a critical 
damping is essential for proper functioning of the system, and 
overdamping or underdamping would adversely affect the 
measurement. Underdamping leads to large amplitude oscil-
lations and factitiously high systolic and low diastolic pres-
sure readings, although the mean arterial pressure may be 
accurate. On the contrary, in an overdamped system, the 
oscillations are subdued and blunted and it reads an errone-
ously low systolic and a high diastolic pressure, while the 
mean pressure reading would remain unchanged. In an IABP 
measuring system, damping is increased by factors that 
impede fluid flow in the system, namely density of the fluid, a 
compliant tubing and narrowing (kinks, vasospasm) or 
obstruction (clots, air bubbles), which are very similar to the 
factors that lower the natural frequency. The optimal damp-
ing coefficient of 0.7 provides the balance between rapid 
response and accuracy.

35.4.4  “Fast Flush” Test

The IABP monitoring system uses a flushing system, wherein a 
bag of heparinized-saline, pressurized to 300 mmHg infuses at 
2–4 ml/h through the fluid-filled tubing to maintain the patency 
of the cannula. This system can also be used to perform the “fast 
flush” test to calculate the natural frequency and the damping 
coefficient of the system. A short burst of flush is applied and the 
pressure waves on the monitor are analyzed. The square wave 
corresponds to the exposure of the transducer to the 300 mmHg 
pressure of the flushing system. This is followed by sharp waves 
oscillating at the natural frequency of the system and it can be 
calculated by dividing the screen speed by the wavelength of the 
resonant waves. Therefore, the closer the oscillation cycles, the 
higher the natural frequency. Similarly, the ratio of the ampli-
tudes of the second to the first post-flush waves (amplitude ratio) 
can be used to derive the damping coefficient from standard 
nomograms. A low amplitude ratio corresponds to a high damp-
ing coefficient, or the system comes to rest quickly (. Fig. 35.6).

       . Fig. 35.5 A complex “arterial” 
waveform, which can be broken 
down into multiple, component 
sine waves (fundamental and 
harmonic). This analysis is known 
as Fourier analysis

       . Fig. 35.6 Fast flush test
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 Clinical Significance
Although the desired technical requirements for arterial 
pressure monitoring are a natural frequency greater than 
25 Hz and a damping coefficient of 0.7, these conditions are 
rarely met in routine clinical practice. Most catheter-tubing 
transducer systems are underdamped (damping coefficient 
of 0.15–0.45) and have an acceptable natural frequency of 
12–25 Hz. If the fn of the system is less than 7 Hz, it is unac-
ceptable and if the fn is greater than 24 Hz, damping will have 
minimal effect on the arterial wave recording.

35.4.5  Transducer

Transducers convert one form of energy into another and the 
pressure transducers used for IABP monitoring converts 
pressure into electrical signal that can be measured and dis-
played. The arterial pressure wave transmits down the fluid 
column and displaces the diaphragm of the transducer. This 
displacement is measured using a strain gauge, which is 
based on the physical principle that the resistance of a wire 
increases when it is stretched and decreases when com-
pressed. Therefore, the pressure exerted by the arterial pulse 
wave on the diaphragm would compress and stretch the wire 
attached to the diaphragm and the change in resistance of the 
wire can be measured precisely by incorporating it as one of 
the limbs of a “Wheatstone bridge.”

 Wheatstone Bridge
Wheatstone bridge is a circuit designed to measure an 
unknown resistance. Current is passed through 2 parallel cir-
cuits, each with 2 resistances in series. A galvanometer con-
nects the 2 circuits in the middle to detect any flow of current 
between the circuits (. Fig.  35.7). The resistances can be 
adjusted so that no current flows through the galvanometer 
and the bridge is said to be balanced, and at this stage the 
ratio of the resistances is:

R R R1 2 3/ /= Rx

So if Rx is the resistance attached to the diaphragm and it 
changes with oscillation of the diaphragm, the adjustable 
resistance R2 can be electronically tuned to balance the 
bridge and the change in resistance required would reflect 
the change in pressure and can be electronically dis-
played.

 Practical Points
 5 Zeroing – The transducer must be exposed to the 

atmosphere and calibrated to read zero before it is 
exposed to the arterial pressure. Note that the level of 
the transducer is not crucial for zeroing.

 5 Levelling – The transducer must be set at the level of the 
heart (4th intercostal space, mid-axillary line) to measure 
the blood pressure accurately. This is the “phlebostatic” 
axis (. Fig. 35.8). If not, the hydrostatic pressure of the 
column of blood would cause error. A 10 cm error in 

level would result in 7.5 mmHg difference in pressure. 
However, if one is interested in monitoring the pressure 
of the cerebral circulation (eg, in a patient undergoing 
shoulder surgery in beach-chair position or cervical 
spine/craniotomy in sitting position), the transducer 
should be placed at the level of the tragus.

Battery

R1

G

R3

R – Resistances
G – Galvanometer

R2

ba

Rx

       . Fig. 35.7 The Wheatstone bridge. Current passes from point “a” to 
point “b” through 2 parallel circuits: (1) R1 and R2, and (2) R3 and Rx. A 
galvanometer (G) connects these circuits in the middle. The resistances 
can be adjusted so that no current flows through G, at which point the 
bridge is said to be balanced. When the bridge is balanced, then R1/
R2 = R3/Rx. If Rx (resistance attached to the diaphragm) changes, the 
adjustable resistance R2 can be electronically tuned to balance the 
bridge, which would indicate the change in Rx

Phlebostatic axis

       . Fig. 35.8 The transducer should be at the level of the heart 
(phlebostatic axis)
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35.5  Noninvasive Blood Pressure 
Measurement

The basic tenet of noninvasive blood pressure (NIBP) mea-
surement is occlusion of an artery (usually brachial) using a 
pneumatic cuff and recording the return of pulse distal to it 
when the pressure in the cuff is released. The return of distal 
pulse can be detected by digital palpation, auscultation of 
“Korotkoff ” sounds using a stethoscope, detection by 
Doppler ultrasound probe or automatically by oscillometric 
principles. The pressure in the cuff can be measured by a liq-
uid (mercury) filled manometer, an aneroid gauge or an elec-
tronic pressure transducer.

35.5.1  Korotkoff Sounds

When a sphygmomanometer cuff applied over the upper arm 
is inflated and gradually deflated, a series of 5 distinct sounds 
can be auscultation over the brachial artery, as described by 
Nikolai Korotkoff in 1905. The first clear snapping sound 
coincides with the systolic pressure, which increases in inten-
sity (2nd sound) to a crescendo (3rd sound) before becoming 
muffled (4th sound) and finally disappears (5th sound) when 
the cuff pressure falls below the diastolic pressure.

35.5.2  Oscillometry

In an automatic NIBP monitor, a microprocessor inflates the 
pneumatic cuff to occlude the artery and then deflates it in a 
stepwise manner. As the pneumatic cuff deflates and the arte-
rial flow returns, the vessel wall starts to vibrate and this is 
detected by the sensors on the cuff. The mean arterial pressure 
is the point of maximum oscillation and is most accurately 
measured. The systolic and the diastolic pressures are calcu-
lated as the rapid rise and fall of the oscillations, respectively.

Although, these devices are simple and convenient to 
operate, inappropriate cuff size (over-reading with small 
cuff), limb movement, external pressure over the cuff, and 
arrhythmias can lead to inaccuracies in measurement.

35.6  Continuous Noninvasive Arterial 
Pressure (CNAP)

Continuous measurement of the arterial pressure, using a tiny 
pneumatic cuff to wrap around a finger and an infrared pleth-
ysmography to measure blood volume and flow in the finger, 
was first described by Jan Penaz, a Czech physiologist, in 1973.

35.6.1  Vascular Unloading Technique

An infrared plethysmography technology can be used to 
measure the flow and volume of blood in the finger, which 
changes with each pulsation (increasing during systole and 

decreasing during diastole). However, if a cyclical, external 
pressure is applied to the artery in the finger then the blood 
flow and volume can be kept constant. This is the basic prin-
ciple of “vascular unloading” or volume clamp technique 
(. Fig. 35.9). The cuff pressure, which mirrors the pressure 
inside the artery, can be displayed as the arterial pulse pres-
sure. The added advantage of this technique is the analysis of 
the pulse pressure variation, which is used for “goal-directed” 
fluid management. This technique provides a continuous 
reliable measurement of arterial pressure, but it needs 
repeated calibration. The arterial pressure varies with the 
changes in vascular tone, which is dependent on the sympa-
thetic tone and use of vasoactive drugs, and also there is a 
physiological difference between the pressures measured 
from more proximal arteries.

35.6.2  Arterial Tonometry

A pressure transducer, placed over a superficial artery 
(radial), senses the pressure exerted by the pulse and displays 
it as an arterial wave form.

35.7  Auto-transfusion Devices

The technique of transfusing patients with their own blood 
has reduced the need for allogenic blood transfusion and 
thus reduces its associated risks. This is either achieved by 
perioperative donation or blood salvage during surgery.

35.7.1  Preoperative Autologous Donation

Patients can donate a unit of their blood weekly, up to 3 or 
more times, prior to surgery depending on their physical sta-
tus and hematocrit. Anemia, which limits donation, can be 
corrected by erythropoietin or iron supplements. The 
donated blood is stored similar to other donated blood.

       . Fig. 35.9 Continuous non-invasive arterial pressure monitoring by 
volume clamp method. Cross-sectional view of the inflatable cuff 
around the finger. The cuff pressure is adjusted 1000 times each second 
to keep the diameter of the finger arteries constant (volume clamping). 
Continuous recording of the cuff pressure results in real-time finger 
pressure waveform
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35.7.2  Acute Normovolemic Hemodilution

During the early stage of the intraoperative period, 2–4 units 
of blood can be withdrawn from the patient and replaced 
with an equivalent volume of crystalloids. The goal is to 
dilute the hematocrit to 27–30%, depending on the patient’s 
medical status. The donated blood is stored in the operating 
room in normal blood donation bags with anticoagulant and 
transfused back into the patient at the end of the surgery.

35.7.3  Intraoperative Blood Salvage

The technique of collecting blood lost during surgery, pro-
cessing it and transfusing it back to the patient can be con-
sidered during surgery with significant blood loss (liver 
transplantation, spinal instrumentation, major trauma, and 
cardiac). It is contraindicated if contamination with pus, 
feces, amniotic fluid, or malignant cells is suspected. The 
Cell Saver® (Haemonetics Corp., Braintree, MA) collects 
the blood via suction and mixes it with anticoagulant. This 
is then centrifuged to separate the red cells, which are then 
washed with saline and collected in bags ready to be trans-
fused back into the patient. The potential problem is dilu-
tional coagulopathy as platelet and clotting factors are 
removed during the process. Some surgeries (cardiac and 
orthopedic), are associated with more blood loss postoper-
atively than during the operative period and could benefit 
by using this technique in the postoperative period.

35.8  Body Warming Devices

Loss of body heat occurs in the perioperative period irre-
spective of the type of anesthesia. There are several mecha-
nisms by which heat transfers from a warmer body to its 
surroundings, causing hypothermia.

35.8.1 Mechanism of Heat Loss

 1. Redistribution – During the initial operative period, 
there is redistribution of heat from the core to the 
surface, depending on the temperature gradient, room 
temperature, body exposure, and extent of vasodilatation 
due to sympathetic tone and effect of anesthesia.

 2. Radiation – Heat transfers by infrared radiation between 
2 objects that are not in contact. This is the mechanism 
of maximum heat loss during the perioperative setting.

 3. Convection – Convection is the transfer of heat from the 
body to moving air or liquid, and it depends on the 
speed of the moving fluid and the difference between the 
body and the ambient temperature.

 4. Conduction – Transfer of heat between bodies in 
contact occurs by conduction, and it depends on the 
temperature difference and the area of contact between 
the two.

 5. Evaporation – Conversion of water into vapor needs 
energy, even though there is no rise in temperature, and 
the amount of energy needed depends upon the tem-
perature of water. This energy is known as latent heat of 
vaporization (“massic enthalpy of evaporation”), and is 
taken from the body surface, thereby decreasing the 
temperature of the body. This type of heat loss occurs 
from the skin, the respiratory tract, and the open 
wounds. The amount of vaporization is inversely propor-
tional to the relative humidity of the gas in contact with 
the surface and the area of exposure.

35.8.2 Strategies to Minimize Heat Loss

Perioperative hypothermia is associated with increased post-
operative morbidity and the various strategies that are used 
to minimize loss of body heat could be divided into 3 broad 
categories:

Insulation
Stagnant air is a good insulator and can be trapped next to 
the patient’s body by using insulating covers such as surgical 
drapes, cotton blankets, and conductive plastic sheets. Since 
heat loss is proportional to the exposed skin surface, this pas-
sive insulation can limit heat loss. Care should be taken not 
to use material that can develop static electricity, such as 
wool or ordinary plastic.

Active Warming Devices
Heat can be supplied to the patient by different devices. 
Although very efficient in maintaining the body temperature, 
it may be associated with potential problems such as skin 
burns, increased heat loss through radiation, and possibility 
of infection.

 (a) Forced Air Warmers – These are the most commonly 
used devices, wherein an electric heater blows warm 
air through an air blanket that is draped over the 
patient’s exposed body surface. A thermostat 
controls the temperature of the air. These devices 
can increase the body temperature by approximately 
0.75 °C/h.

 (b) Heating Mattress – An underbody mattress that is 
electrically heated, or has circulating warm water or 
air, has the advantage that it can cover a large area 
irrespective of the operative site. However, in a lean 
or an emaciated patient, the contact may happen 
only over bony prominences with compression of 
the cutaneous vessels. At these points there is 
potential for burns as the poor circulation may delay 
the dissipation of heat. Underbody forced air 
warmers are effective in neonatal and pediatric 
patients.

 (c) Radiant Heaters – Overhead infrared radiant heaters 
are effective in maintaining body temperature in 
certain situations where whole body exposure is 
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needed, such as in the trauma bay and neonatal 
resuscitation. Although, it has a thermostat con-
trolled by a temperature probe placed over the 
patient, care should be taken to maintain the 
recommended distance from the patient. Another 
disadvantage is discomfort to the operating team.

Internal Warming Devices
Warming of intravenous fluids and blood, and ventilation 
with warm and humidified gases is an effective way to 
decrease perioperative hypothermia.
 (a) Fluid Warmer – Infusion of 1 L of crystalloid at 20 °C 

can decrease the body temperature by 0.25 °C. 
Thermostat-controlled water baths circulate warm water 
through the outer channel of coaxial intravenous (IV) 
infusion tubing with the IV fluid going through the 
inner channel.

 (b) Humidification of the Inspired Gas Mixture – Use of 
advanced airway devices reduces the surface area 
available to warm and humidify the inspired gas 
mixture. Since the inhaled anesthetic gases are cold and 
dry, heat is needed to warm and humidify them. The 
amount of heat energy required to humidify the inspired 
gas is 5 times greater than that needed to warm it to 
body temperature.
(i) Heat loss from warming 1 L of inspired gas  

(20–37 °C):
Volume × Specific heat × Temperature
1 × 1.2 J/L/°C × 17 °C = 20.4 J

(ii) Heat loss from humidifying 1 L of inspired gas at 
37 °C:
Volume × Water required × Specific heat
1 × 44 mg/L × 2.4 MJ/kg = 105.6 J

Humidification can be achieved by ultrasonic heated 
humidifiers that actively add water vapor into inspired gases 
or the passive heat and moisture exchange (HME) filters. 
The active humidifiers are more commonly used in intensive 
care units during prolonged ventilation, while HME filters 
are the ones commonly used during the intraoperative 
period. HMEs are made from hygroscopic paper filter 
encased in a plastic case. The other advantage of humidify-
ing the inspired gases is reduction of bronchial mucosal 
drying and preservation of ciliary function.

35.9  Temperature Measurement

Significant changes in body temperature occurs in an anes-
thetized patient and this could be due to anesthetic-
induced cutaneous vasodilatation, infusion of large 
volumes of cold fluids, loss of body heat due to exposure, 
alteration of thermoregulatory mechanism, or induced 
hypothermia. Measurement of body temperature forms 
part of the standard American Society of Anesthesiologists 
(ASA) monitoring.

There are a variety of technologies available to measure 
temperature. These are based on changes in property of 
material due to changes in temperature:
 1. Thermistor – The resistance to passage of current 

through a metal oxide increases exponentially as the 
temperature decreases and this change in resistance can 
be measured and presented as temperature. A thermistor 
consists of a small bead of metal (manganese, nickel, 
iron) oxide that is fused into a wire with a source of 
current and a means to measure this current. The 
advantage of a thermistor is small size, rapid response, 
sensitivity, and relatively inexpensive.

 2. Thermocouple – At the junction of 2 dissimilar metals 
(thermocouple) there is a potential difference that 
depends on the temperature of the junction. This is the 
principle of Seebeck effect. The change in current due to 
the change in potential difference would indicate the 
change in temperature. A thermocouple thermometer 
consists of 2 dissimilar metals (copper and constantan) 
attached to each other at both ends; one end is kept at a 
constant reference temperature and the other end acts as 
the temperature measuring probe. The advantage is that 
this probe can be in form of a needle (similar to ones 
used to measure the temperature of cooked poultry in an 
oven).

 3. Platinum Wire – The electrical resistance of a wire 
increases with temperature, and for platinum it is found 
to be almost linear. Whenever a change in resistance is 
to be measured, it is incorporated into a Wheatstone 
bridge.

 4. Liquid Crystal – Certain organic crystals when heated 
transition through an intermediate state before they 
liquefy. During this phase they are optically active and 
emit different colors depending on the temperature. 
These thermochromic crystals can be incorporated into 
a plastic strip and when applied to the patient’s forehead 
will display the color according to the temperature.

 5. Infrared – Infrared radiation emitted by any object is 
proportional to its temperature. Therefore, small 
handheld devices that measure IR from the skin or 
tympanic membrane can be used to measure body 
temperature.

 6. Mercury – The classic mercury thermometer uses the 
principle that the volume of a liquid is proportional to 
its temperature. Mercury thermometer are rarely use in 
clinical anesthesia for safety issues such as injury by 
broken glass and infection.

35.10  Defibrillator

Arrhythmia can lead to inefficient myocardial function (atrial 
fibrillation, ventricular tachycardia) or no function at all 
(ventricular fibrillation). A defibrillator is a device that can be 
used to pass a direct current (DC) through the heart to reset 
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the electrical activity with the hope that it restarts with a nor-
mal rhythm. It was invented by Kouwenhoven in 1932.

35.10.1  Capacitor

A capacitor is an electrical component that can store energy 
and it forms the most important component of a defibrillator. 
It consists of 2 conductive plates separated by an insulator 
(dielectric). The amount of energy stored depends on the 
charge and potential difference:

Energy Joules Charge Potential- J C V( ) = ( )´ ( )  
One coulomb (C) is the amount of electric charge 

(6.24 × 1018 electrons) that passes when 1 ampere (A) of cur-
rent flows over 1s. Capacitance is the amount of electric 
charge that a capacitor can store; 1 farad (F) is the capaci-
tance when a potential of 1 volt (V) is applied across a capac-
itor with a charge of 1C.

When the power source is connected to the capacitor 
(during “charging”), electrons flow to one of the plates of the 
capacitor and electrons from the other plate flow back to the 
power source. This creates a potential difference between the 
plates. The buildup of charge, and thus the potential differ-
ence, is exponential (. Fig.  35.10). The amount of energy 
stored in the capacitor is given by the equation:

J FV=éë ùû½ 2

To store up to 400  J in a capacitor with a capacitance of 
32 μ(mu)F, a voltage of 5000 V is needed:

J x J= ´ ´ =éë ùû
-½ 32 10 5000 4006 2

35.10.2  Power Source

Previously, inbuilt step-up transformers were used to con-
vert 110  V/220  V alternating current (AC) to 5000  AC, 
which was then converted to 5000 DC by a rectifier. However, 
modern defibrillators have a rechargeable battery that pro-
vides DC. This DC has to be first converted to AC using an 
inverter before it can be amplified and rectified to 
5000 DC. The step- up transformer can provide variable out-
put, thus allowing the clinician the flexibility to select the 
amount of charge.

35.10.3  Discharge

The stored energy is then discharged through the paddles/
pads placed over the patient’s chest. The amount of current 
that passes through the heart is about 35 A, but it depends on 
the impedance of the skin, chest wall, and other tissues, 
which is usually about 50–150  Ω(ohm) with good contact 
and electrode gel. The defibrillating current, to be effective, 
must be sustained for several milliseconds, but the energy 
from a capacitor discharges rapidly. Therefore, incorporated 
into the paddle circuit is an inductor—a coil of wire that pro-
duces a magnetic field when current passes through it. This 
magnetic field produces a current in the direction opposite to 
the original current, thus prolonging the current decay. 
Henry is the unit of inductance.

35.10.4  Waveform

The older models of defibrillator use a monophasic wave-
form, where the current flows in 1 direction only. However, 
most modern ones employ biphasic waveform, wherein the 
initial direction of current flow is reversed half way, by 
reversing the polarity of the paddles. The biphasic waveform 
is more efficient and requires lower energy, which reduces 
the myocardial damage.

35.10.5  Implantable  
Cardioverter-Defibrillator (ICD)

These devices continuously monitor the cardiac rhythm and 
can automatically treat life-threatening arrhythmias. These 
implantable devices have miniature capacitors (Al/Al2O3) 
and long-lasting lithium batteries and can deliver pacing 
pulse or a 5–40  J DC directly to the myocardium through 
electrodes. The newer versions are MRI-compatible.

Inductor – Lengthens the
delivered current pulse

Capacitor –
Stores energy

Discharge switch

5000V

       . Fig. 35.10 The physical principle of a defibrillator
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35.10.6  Automated External Defibrillators

Automated external defibrillators (AEDs) are now available 
in many public buildings, airports, and train stations. It con-
sists of a battery pack and electrode pads. It can detect car-
diac rhythm, analyze them, and inform the rescuer if a shock 
is advised and deliver it appropriately.

35.11  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. Which of the following is NOT TRUE of the infrared 

gas analyzer?
 A. Water vapor interferes with the measurement.
 B. The sampled gas cannot be added back to the 

breathing circuit.
 C. It is based on Beer-Lambert’s law.
 D. Gases such as helium and xenon cannot be 

measured.
 2. The pulse oximeter is based on which physical 

principle?
 A. Boyle’s law
 B. Avogadro’s law
 C. Beer-Lambert law
 D. Bernoulli principle

 3. Oxygen in a gas mixture can be measured by all the 
following EXCEPT
 A. Paramagnetic analyzer
 B. Galvanic Cell analyzer
 C. Polarographic analyzer
 D. Infrared gas analyzer

 4. A 20 G arterial line is placed and connected to a 
transducer that is located 10 cm below the level of the 
heart. The system is zeroed at the stopcock located at 
the wrist while the patient’s arm is stretched on the 
arm board. How will the arterial line pressure compare 
with the true blood pressure? It would be …
 A. 10 mmHg higher
 B. 7.5 mmHg higher
 C. Same
 D. 7.5 mmHg lower
 E. 10 mmHg lower

 5. A 70-year-old is to undergo right hip arthroplasty. A 
20 G A-line is inserted into the right radial artery and 
zeroed with the transducer at the level of the heart. 
On positioning in left decubitus position, the right 
arm is placed on a pillow such that the right wrist is 
20 cm above the heart, while the transducer is 
positioned at the level of the sternum. The BP reads 
120/80. The actual pressure would be…
 A. 105/65 mmHg
 B. 100/60 mmHg
 C. 120/80 mmHg
 D. 135/95 mmHg
 E. 140/100 mmHg

 6. In . Fig. 35.11 showing the arterial pressure 
recording, what do the arrows in the figure denote?
 A. Respiratory variations
 B. Atrial fibrillation
 C. Under-damped waveform
 D. Over-damped waveform
 E. Stroke volume variation

 7. Which statement about mass spectrometry is  
true?
 A. The analyzing chambers operate at atmospheric 

pressure.
 B. The ions are accelerated by an anode plate.
 C. Mass spectrometry requires tiny amounts of gas 

to analyze.
 D. The sample from a mass spectrometer can be 

returned to a circle system to allow low flow 
anesthesia.

 E. Mass spectrometry is less accurate than infrared 
absorption spectrometry.

 8. Compared with use of alpha-stat blood gas 
management in a patient undergoing 
cardiopulmonary bypass, use of pH stat 
management is associated with:
 A. Decreased carbon dioxide content in blood
 B. Decreased P50
 C. Improved myocardial preservation
 D. Increased cerebral blood flow

 9. Which of the following is true regarding a 
defibrillator?
 A. A high-voltage AC current is passed through the 

chest to defibrillate.
 B. A capacitor is a segment of wire with high 

resistance that can store energy.
 C. The amount of current that passes through the 

chest is about 200 amperes.
 D. An inductor is used to prolong the duration of 

defibrillating current.
 E. A 360 Joules monophasic current is more 

efficient than 200 Joules biphasic current.

160 mmHg

80 mmHg

NIBP: 128/60 (84)Art: 172/55 (82)

       . Fig. 35.11 Arterial pressure recording
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 10. Which of the following physical principles is NOT 
used to measure patient body temperature?
 A. Rise in temperature increases electrical resistance 

through a wire.
 B. Rise in temperature increases pressure within a 

chamber containing gas.
 C. As temperature decreases the resistance of 

current through a metal oxide increases.
 D. The potential difference in a thermocouple is 

proportional to the temperature.
 E. Infrared radiation from a body is proportional to 

its temperature.

 v Answers
 1. B. Molecules with 2 or more dissimilar atoms absorb 

infrared (IR) radiation and different molecules have 
distinct IR absorption spectra. The sample of gas 
aspirated can be returned to the circuit after 
analysis. The amount of gas aspirated for sample 
varies from 60–200 ml/min.

 2. C.
5 Boyle’s Law – Pressure and volume of a gas have 

an inverse relationship, when temperature is held 
constant.

5 Avogadro’s Law – Equal volumes of all gases, at 
the same temperature and pressure, have the 
same number of molecules.

5 Lambert’s law stated that absorbance of a 
material sample is directly proportional to its 
thickness (path length). Beer’s law stated that 
absorbance is proportional to the concentrations 
of the attenuating material.

5 Bernoulli principle – An increase in velocity is 
accompanied by a decrease in density and/or 
pressure.

 3. D. Molecules with 2 or more dissimilar atoms absorb 
infrared (IR) radiation and different molecules have 
distinct IR absorption spectra. Oxygen, nitrogen, 
helium, xenon, and argon do not absorb IR radiation 
and cannot be measured by this technique.

 4. C. It is important to zero the electromechanical 
transducer system with the reference point at the 
approximate level of the heart (phlebostatic axis). 
This will eliminate the effect of the fluid column of 
the transducer system on the arterial BP reading of 
the system.

In this question, the system was zeroed at the 
stopcock, which was located at the patient’s wrist 
(approximate level of the ventricle). Blood pressure 
expressed by the arterial line will, therefore, be 
accurate, provided the distance between the 
patient’s wrist and the stopcock remains the same. 
Would the system have been zeroed at the 
transducer stopcock, the arterial pressure would 
have been off by 13.6 mmHg (conversion factor of 
1.36 from cmH2O to mmHg).

 5. C. The system should be zeroed with the reference 
point of the transducer at the approximate level of 
the aortic root, eliminating the effect of the fluid 
column of the system on arterial BP readings. Since 
the transducer is at the level of the heart, the BP 
would be accurate.

 6. C. The displayed signal reflects the actual pressure as 
well as distortions from the measuring system (ie, the 
catheter, tubing, stopcocks, or amplifier). In an 
underdamped signal, as in this case, exaggerated 
readings are noted (widened pulse pressure). In an 
over-damped signal, readings are diminished 
(narrowed pulse pressure). Note however the mean BP 
tends to correlate with the noninvasive blood pressure.

 7. C. Mass spectrometry:
5 Highly accurate, needs tiny amount and can 

differentiate different gases
5 Mainly for research and environment analysis
5 Needs high vacuum
5 Gases cannot be returned to the patient, due to 

ionic degradation
5 Long delay time

 8. D. Solubility of all gases, including CO2 and O2, in 
blood increases with a fall in temperature. Thus, 
hypothermia causes the PO2 and PCO2 to fall and the 
pH to rise. Analysis of a sample taken from a 
hypothermic patient occurs at 37 °C, the PO2 and PCO2 
results are artificially high. The result can be corrected 
to represent the pH, PO2 and PCO2 at the patient’s 
temperature. In practice such correction is unnecessary.

When cardiopulmonary bypass was developed it 
was thought that the reduction in PaCO2 during 
hypothermia would result in cerebral 
vasoconstriction. In pH stat management, CO2 was 
added to the oxygenator to maintain a temperature- 
corrected PaCO2 of 5.3 kPa and a pH of 7.4. The 
alternative and now standard strategy is that of 
alpha-stat in which a non-temperature corrected 
PaCO2 of 5.3 kPa and a pH of 7.4 is maintained. The 
true value of PaCO2 is lower than this, but the 
associated alkalosis is thought to aid enzyme 
function during hypothermia.

 9. D. A direct current is used for defibrillation.
A capacitor is an electrical component that can 

store energy and it forms the most important 
component of a defibrillator. It consists of 2 
conductive plates separated by an insulator 
(dielectric).

The amount of current that passes through the 
heart is about 35A, but it depends on the 
impedance of the skin, chest wall, and other tissues, 
which is usually about 50–150 Ω(ohm) with good 
contact and electrode gel. The defibrillating current, 
to be effective, must be sustained for several 
milliseconds, but the energy from a capacitor 
discharges rapidly. Therefore, incorporated into the 
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paddle circuit is an inductor—a coil of wire that 
produces a magnetic field when current passes 
through it. This magnetic field produces a current in 
the direction opposite to the original current, thus 
prolonging the current decay.

The biphasic waveform is more efficient and 
requires lower energy, which reduces the myocardial 
damage.

 10. B. Although, rise in temperature increases pressure 
within a chamber containing gas, this principle is 
not used to measure temperature.

Electric resistance through a wire increases 
linearly with rise in temperature. A thermistor works 
on the principle that the resistance to passage of 
current through a metal oxide increases exponentially 
as the temperature decreases. At the junction of 2 
dissimilar metals (thermocouple) there is a potential 
difference that depends on the temperature of the 
junction. This is the principle of Seebeck effect.

Small handheld devices that measure temperature 
from the skin or tympanic membrane are based on 
the principle that infrared radiation emitted by any 
object is proportional to its temperature.

The classic mercury thermometer uses the 
principle that the volume of a liquid is proportional 
to its temperature.
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Key Points
 5 If the electron flow or current flow is always in the 

same direction, it is referred to as direct current 
(DC); if the electron flow reverses direction at a 
regular interval, it is termed alternating current (AC).

 5 The current that passes through an electrical resis-
tor when a voltage difference is applied across it is 
governed by Ohm’s law.

 5 The electrical power consumed by an electrical 
device is measured in watts, and is the product of 
the voltage applied to the device and the electrical 
current that passes through the device.

 5 Capacitors are a key component in the design of 
cardiac defibrillators, where they serve as an energy 
storage device.

 5 When an electrical shock occurs, damage can occur 
in one of two ways: (1) electrical current can disrupt 
the normal physiological function of cells or (2) the 
electrical current may raise the temperature of the 
tissue sufficiently to produce a burn.

 5 The severity of an electrical shock is determined by 
the amount of current (amperes), its path through 
the body, and the duration of the current flow.

 5 All fires require 3 items: a fuel source, an oxidizing 
agent (usually oxygen), and a source of ignition (the 
“fire triangle”).

36.1  Principles of Electricity

36.1.1  Static Electricity

Static electricity discharges can produce sparks that give you a 
mild but unpleasant shock, but more ominously have produced 
deadly operating room explosions in the days when explosive 
anesthetic agents such as cyclopropane or diethyl ether were in 
common use [1]. For this reason, in the past, many operating 
rooms utilized a number of special safety precautions to pre-
vent explosions from static electricity (e.g., conductive flooring 
and footwear; conductive patient facemasks and patient 
breathing circuits containing embedded carbon granules; 
restrictions on operating room apparel, such as forbidding per-
sonnel from wearing nylon or Dacron garments, etc.)1

36.1.2  Conductors, Semi-conductors, 
and Insulators

A conductor is any substance that permits the flow of elec-
trons (or electric current). Copper, gold, and silver are exam-
ples of excellent conductors of electricity. Glass, plastic, 
rubber, and ceramics cannot conduct electricity, and are 

1 For more details see 7 http://web.mit.edu/parmstr/Public/NRCan/
CanBldgDigests/cbd032_e.html

called (electrical) insulators. Note that some electrical insula-
tors (e.g., diamonds) may still be good conductors of heat.

Semiconductors conduct electricity under some condi-
tions but not others, making them useful for the control of 
electrical current. For example, semiconductor diodes con-
duct electricity in 1 direction only, having low (ideally zero) 
resistance to the flow of electrical current (electron flow) in 1 
direction, and high (ideally infinite) resistance to the flow of 
electrons in the other. Diodes are useful in converting alter-
nating current to direct current (vide infra).

In SI units, a coulomb is 1 ampere-second. That is, an 
electrical current of 1 ampere flowing for 1 second represents 
1 coulomb of electrons. Expressed differently, 1 coulomb is 
the amount of electrical charge held by 6.24 × 1018 electrons.

36.1.3  Direct and Alternating Currents

If the electron flow or current flow is always in the same 
direction, it is referred to as direct current (DC) (see 
. Fig. 36.1). However, if the electron flow reverses direction 
at a regular interval, it is termed alternating current (AC) (see 
. Fig. 36.2). Alternating current usually takes on a sinusoidal 
form. The alternating current from the wall that we use every 
day in North America completes 60  cycles per second 
(60 Hz); in Europe the frequency is 50 Hz. The voltage sup-
plied is usually 120 volts (but often 220 volts in Europe).

36.1.4  Electrical Resistance

Some materials are not perfect conductors of electricity; that is, 
they display electrical resistance. In fact, one can think of a con-
ductor as a material having very low (ideally zero) resistance 

Electron flow

Amp meter

Direct Current
Current flows in one direction only.

+

–

       . Fig. 36.1 If the electron flow or current flow is always in the same 
direction, it is referred to as direct current (DC). In this case the elec-
trons travel from the negative terminal of the battery, through the amp 
meter and light bulb (or other load) and return to the battery through 
the positive terminal. By contrast, the “conventional current” is said to 
go in the opposite direction, from the positive terminal of the battery 
to the negative terminal of the battery (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2017. All 
Rights Reserved)

 D.J. Doyle
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while insulators can be thought of having very high (ideally 
infinite) resistance to the flow of electrons. The current that 
passes through an electrical resistor when a voltage difference is 
applied across it is given by Ohm’s law (see . Box 36.1):

 V I R= ´  
Where:
5 V is the electromotive force (in volts)

 5 I is current (in amperes)
 5 R is resistance (in ohms)

. Box 36.1
Example 1: What resistance across a 100 volt source 
would produce a current of 100 ma (= 0.1 amp)?
Answer: From Ohm’s law, R = V/I = 100 volts/0.1 
amp = 1000 ohms.
Example 2: If a 200 volt pulse from a nerve stimula-
tor results in a current flow of 50 ma, what is the skin 
resistance?
Answer: From Ohm’s law, R = V/I = 200 volts/0.05 
amp = 4000 ohms.

Note that Ohm’s law (V = I × R) is analogous to the phys-
iologic equation describing systemic blood pressure:

MAP RAP CO SVR-( ) = ´

That is, the difference between the mean blood pressure and 
the right atrial pressure is equal to the cardiac output (CO) 
times the systemic vascular resistance (SVR), where SVR is 
in Woods units. Finally, to convert vascular resistance in 
Woods units to the more commonly used dyn s cm−5 units, 
multiply by 80:

SVR MAP RAP CO dynscm= ( )éë ùû´ ( )- -/ 80 5

36.1.5  Electrical Power

The electrical power (W) consumed by an electrical device is 
measured in watts:

W V I= ´

Where V is the voltage applied to the device and I is the elec-
trical current that passes through the device (see . Box 36.2).

. Box 36.2
Example 1: What is the power consumed by a patient 
warmer that draws 10 amperes when plugged into a 
110 volt source?
Answer: From W = V × I, the power consumed is 110 
volts × 10 amperes = 1100 watts.
Example 2: If a 200 volt pulse from a nerve stimulator 
results in a current flow of 50 ma, what is the power 
delivered to the patient?
Answer: From W = V × I, the power delivered is 200 
volts × 0.05 amp = 10 watts.

36.1.6  Electrical Energy

The watt-second (or joule, J) is commonly used to denote 
electrical energy expended in doing work. The energy pro-
duced by a cardiac defibrillator is measured in watt-seconds 
(or joules), while the kilowatt-hour is frequently used to 
measure larger quantities of electrical energy. As an example, 
electrical utility companies charge their customers on the 
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       . Fig. 36.2 Alternating current 
usually takes on a sinusoidal 
form, often the result of a wire 
assembly rotating past a magnet 
assembly (note the north and 
south poles) as illustrated sche-
matically on the lower right. The 
alternating current from the wall 
that we use every day in North 
America completes 60 cycles per 
second (60 Hz); in Europe the fre-
quency is 50 Hz. The voltage sup-
plied is usually 120 volts (usually 
220 volts in Europe) (Reprinted 
with permission, Cleveland 
Clinic Center for Medical Art & 
Photography © 2017. All Rights 
Reserved)
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basis of kilowatt-hours of electricity consumed. The formula 
to use here is:

J W T= ´

where W is the power consumed in watts and T is the time in 
seconds over which the power is consumed (see . Box 36.3). 
Note that a kilowatt hour (kWh) is equivalent to 3,600,000 
watt-seconds or joules.

. Box 36.3
Example 1: What is the energy consumed by a 100 W 
fluid warmer when operated for 1 h?
Answer: From J = W × T, the energy consumed is 100 W 
× 60 min × 60 s/min = 360,000 J.
Example 2: What is the answer to Example 2 in kilowatt-
hours?
Answer: The power consumed is 0.1 kW × 1 h = 0.1 
kWh.

36.1.7  Capacitance

A capacitor consists of any 2 conductors (such as parallel 
plates) that are separated by an insulator. A capacitor stores 
charge (electrons). In a DC circuit the capacitor plates are 
charged by a voltage source (ie, a battery) and there is only a 
momentary current flow as the capacitor charges. No further 
current can then flow unless a resistance is connected 
between the 2 plates and the capacitor is subsequently dis-
charged. In contrast to DC circuits, a capacitor in an AC cir-
cuit permits current flow, depending on the impedance 
presented by the capacitor at a given frequency of alternating 
current.

Capacitors are a key component in the design of cardiac 
defibrillators (. Figs. 36.3 and 36.4), where they serve as an 
energy storage device according to the formula:

E C V=‰ 2

where E is the energy in joules (J), C is the capacitance in 
farads, and V is the voltage in volts. For example, if the capac-
itance of the capacitor is 1000 μF (microfarad) and the volt-
age applied to it is 1000  V then the stored energy is 500  J 
based on the following calculation:

E CV J= = ´( )( ) =-1
2

2 1
2

6 21000 10 1000 500

C = Q
V

Capacitor

V

Q

       . Fig. 36.3 A capacitor consists of any 2 conductors (such as parallel 
plates) that are separated by an insulator. A capacitor stores charge 
(electrons) (Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2017. All Rights Reserved)

       . Fig. 36.4 A high-energy capacitor used on a cardiac defibrillator. 
The capacitor is rated 42 microfarad at 5000 volts. Using the formula 
E = ½ C V2 the energy stored in the capacitor becomes = ½ (42 × 10−6)
(50002) = 525 J (Reprinted under the Creative Commons CC0 1.0 
Universal Public Domain Dedication 7 https://upload. wikimedia. org/
wikipedia/commons/3/34/High- energy_capacitor_from_a_defibrilla-
tor_42_MFD_%40_5000_VDC. jpg)

 D.J. Doyle
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https://upload.wikimedia.org/wikipedia/commons/3/34/High-energy_capacitor_from_a_defibrillator_42_MFD_@_5000_VDC.jpg
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Note that the energy delivered during an initial monophasic 
defibrillation is usually 200 J, with less energy typically used 
for biphasic defibrillation.

36.2  Electrical Shock Hazards

Stimulation with electricity can cause muscle cells to con-
tract, and can thus be used therapeutically in equipment such 
as pacemakers or defibrillators or diagnostically when a 
nerve stimulator is used to assess the degree of neuromuscu-
lar blockade. However, contact with a large electrical voltage 
(such as a power line), whether AC or DC, can lead to injury 
or even death, often as a result of ventricular fibrillation. It 

takes approximately 3 times as much DC current as AC cur-
rent to cause ventricular fibrillation.

. Figure  36.5 illustrates a typical AC electrical power 
arrangement in schematic form. A typical electrical outlet 
consists of 2 wires (“hot” and “neutral”) in conjunction with a 
third “ground” connection (. Fig. 36.6). The wire designated 
as “hot” carries the current to the load while the other (“neu-
tral”) wire returns the current to the source. The potential dif-
ference between the 2 is typically 110 and 120 volts. To receive 
an electrical shock, one must be in contact with the electrical 
circuit at 2 points, and there must be a voltage supply that 
causes current to flow through an individual (. Fig. 36.7).

Impedance

Hot

Neutral

120 voltsElectrical
power

company

       . Fig. 36.5 Schematic illustration of a typical AC electrical power 
arrangement (Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2017. All Rights Reserved)

Neutral hot

Ground

       . Fig. 36.6 A typical electrical outlet consists of 2 wires (“hot” and 
“neutral”) in conjunction with a third “ground” connection. The wire des-
ignated as “hot” carries the current to the load while the other (“neutral”), 
returns the current to the source. The potential difference between the 2 
is typically 110 to 120 volts (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2017. All Rights Reserved)
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       . Fig. 36.7 To receive an 
electrical shock, one must be in 
contact with an active electrical 
circuit at 2 points (Reprinted with 
permission, Cleveland Clinic Cen-
ter for Medical Art & Photography 
© 2017. All Rights Reserved)
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When an electrical shock occurs, damage can occur in 1 
of 2 ways. In the first mechanism, the electrical current can 
disrupt the normal physiological function of cells. Depending 
on its magnitude and path, the current can contract muscles, 
paralyze respiration, or lead to cardiac arrest via ventricular 
fibrillation. The second mechanism involves the dissipation of 
electrical energy throughout the body’s tissues: An electrical 
current passing through any resistance raises the temperature 
of that substance, sometimes sufficiently to produce a burn. 
Basically, the electricity cooks the tissue it passes through.2 
. Table 36.1 summarizes the physiological effects of various 
currents passing through the body for a 1-second duration.

The severity of an electrical shock is determined by the 
amount of current (amperes), its path through the body, and 
the duration of the current flow. For the purposes of this dis-
cussion, it is helpful to divide electrical shocks into 2 catego-
ries. Macroshock refers to large amounts of current flowing 
through a person, which can cause harm or death. Microshock 
refers to very small amounts of current (in the microampere 
and milliampere range) and applies only to the electrically 
susceptible patient, such as an individual who has an external 
conduit that is in direct contact with the heart. This can be a 
pacing wire or a saline-filled catheter such as a central venous 
or pulmonary artery catheter. In the case of an electrically 
susceptible patient, even minute amounts of current (micro-
shock) may cause ventricular fibrillation.

In the electrically susceptible patient, ventricular fibrilla-
tion can be produced by a current that is below the threshold 
of human perception. The exact amount of current neces-
sary to cause ventricular fibrillation in this type of patient is 
unknown (the experiments would be unethical), but based 
on animal experiments is believed to be as little as 20 μA.

2 The Presto Hot Dog Cooker (circa 1960) cooked hot dogs exactly 
this way. See the demonstration video at 7 https://www.youtube.
com/watch?v=St2USEfQxZU. I have read that 1.5 A for 60 s usually 
suffices to cook the hot dog.

36.2.1  Grounding

Ground connections on electrical plugs are used to help pre-
vent electric shocks. An electrical shock may occur when an 
individual gets connected between the hot and neutral con-
nections in a circuit, either directly as shown in . Fig. 36.7, 
or via a frayed wire that has resulted in a short circuit pro-
ducing a “hot case,” as illustrated in . Fig. 36.8.

Note, however, that if a 3-pronged plug is employed so 
that the case is grounded, any short circuit current from a 
frayed wire or similar problem will safely return any current 
to the ground instead of travelling through the victim. This is 
illustrated in . Fig. 36.9.

36.2.2  The Line Isolation Monitor

Isolated power systems are frequently used in operarting 
rooms. Such systems use an isolation transformer system so 
that neither of the 2 output lines powering the operating 
room equipment offers any voltage with respect to ground 
(. Figs.  36.10, 36.11, and 36.12). This helps eliminate the 
shock hazard associated with working in wet environments 
such as the operating room.

However, this safety systems only works reliably if the 
isolation transformer and the things connected to it are 
working properly. To check that the isolation system is work-
ing correctly, a line isolation monitor (LIM) is used. The LIM 
monitors the isolated power system to ensure that it is fully 
isolated from ground, and has an indicator that indirectly 
displays the impedance to ground of each side of the isolated 
power system. The LIM meter will indicate the total amount 
of leakage current in the system resulting from AC capaci-
tance effects, and from any equipment plugged into the sys-
tem. The reading on the LIM meter does not mean that an 
actual current is flowing; rather, it tells us how much current 
would flow in the event of a first fault. The LIM is usually set 
to alarm at 2–5  mA, depending on the system. Once this 
limit is reached, alarms are triggered. This does not necessar-
ily mean that there is a hazardous situation, but only that the 
system is no longer totally isolated from ground. It would 
require a second fault to create a dangerous situation. For 
example, if the LIM were set to alarm at 2 mA, using Ohm’s 
law, the lowest allowable impedance for either side of the iso-
lated power system would be 60,000 ohms, since by Ohm’s 
law:

R ohms= =120 0 002 60 000/ . ,

Therefore, if either side of the isolated power system had less 
than 60,000 ohms impedance to ground, the LIM would trig-
ger an alarm. . Box 36.4 provides a sample LIM policy used 
in hospitals.

       . Table 36.1 Physiological effects of various degrees of 
electrical current

Electric Current 
(1 second 
contact)

Physiological effect

20 μA Can possibly cause ventricular fibrillation in 
a “microshock” setting

1–5 mA Threshold of feeling, tingling sensation.

10–20 mA “Can’t let go!” current – Onset of sustained 
muscular contraction.

100–300 mA Ventricular fibrillation in “macroshock” setting

 D.J. Doyle
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       . Fig. 36.8 In the absence of 
an electrical grounding system, a 
frayed wire or other problem may 
result in a short circuit, producing 
a “hot case” that could electrocute 
anyone who touches it (Reprinted 
with permission, Cleveland 
Clinic Center for Medical Art & 
Photography © 2017. All Rights 
Reserved)
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       . Fig. 36.9 When an electrical 
grounding system is used, any 
frayed wire that would ordinarily 
result in a short circuit and a “hot 
case” instead results in electricity 
passing through the ground wire 
rather than through anyone who 
might be in contact with the “hot 
case” (Reprinted with permission, 
Cleveland Clinic Center for Medi-
cal Art & Photography © 2017. All 
Rights Reserved)
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       . Fig. 36.11 When an isolated 
electrical power systems is used, 
since neither of the 2 output 
lines offers any voltage difference 
with respect to ground, no shock 
hazard is offered to anyone who 
comes into contact with either 
one of the 2 outputs of the isola-
tion transformer (Reprinted with 
permission, Cleveland Clinic Cen-
ter for Medical Art & Photography 
© 2017. All Rights Reserved)
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       . Fig. 36.10 Isolated power 
systems are frequently used in 
operating rooms. Such systems 
use an isolation transformer sys-
tem so that neither of the  
2 output lines powering the oper-
ating room equipment offers any 
voltage with respect to ground 
(Reprinted with permission, 
Cleveland Clinic Center for Medi-
cal Art & Photography © 2017. All 
Rights Reserved)
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. Box 36.4
A sample hospital policy pertaining to line isolation 
monitor (LIM) alarms

Sample hospital policy
Line isolation monitor alarm

Background
Line isolation monitor (LIM) alarms help protect 
both patient and clinician against electrical shocks. 
Whenever these devices alarm, a potentially unsafe 
electrical condition exists.
Procedure
When a LIM alarm sounds, the cause is often due to a 
defective electrical device. The user should silence the 
alarm and unplug the last piece of equipment plugged 
in before the alarm sounded. If the alarm clears after 
unplugging the last item connected, it is safe to pro-
ceed as long as the item is not plugged in again.

If the alarm continues to sound, call Clinical 
Engineering.

36.2.3  Ground Fault Circuit Interrupters

Activities carried using electrical equipment in wet areas 
such as bathrooms are especially hazardous. The use of 
ground fault circuit interrupter (GFCI) devices or isolated 
power systems can be helpful in reducing the hazards 
involved. The GFCI (illustrated in . Figs. 36.13 and 36.14) is 

another device to help prevent individuals from receiving an 
electrical shock in a grounded power system. Electrical 
codes for most new construction require that a GFCI circuit 
be present in potentially hazardous (e.g., wet) areas such as 
outdoor electrical outlets. Ordinarily, the current in both 
the hot and neutral wires in a power outlet is equal. The 
GFCI monitors both sides of the circuit for the equality of 
current flow; if a difference is detected, the power is imme-
diately interrupted. If an individual should contact a faulty 
piece of equipment such that current flowed through the 
person, an imbalance between the 2 sides of the circuit 
would be created, which would be detected by the system. 
Because the GFCI can detect very small current differences 
(in the range of 5 mA), the GFCI will open the circuit in a 
few milliseconds, thereby interrupting the current flow 
before a significant shock occurs. Thus, the GFCI provides a 
high level of protection at a very modest cost. The disadvan-
tage of using a GFCI in the operating room is that it inter-
rupts the power without warning. A defective piece of 
equipment could no longer be used, which might be a prob-
lem if it were of a life- support nature, whereas if the same 

       . Fig. 36.12 A line isolation monitor will indicate the total leakage 
current in the system resulting from AC capacitance effects, and from 
any equipment plugged into the system. The monitor is usually set to 
alarm at 2–5 mA, depending on the system. This does not necessarily 
mean that there is a hazardous situation, but only that the system is no 
longer totally isolated from ground

Current in
equals

current out

No voltage
induced in
sensor coil
in normal
operation

Comparator
circuit

Trip coil

Appliance

       . Fig. 36.13 A ground fault circuit interrupter (GFCI) monitors both sides 
of a circuit for the equality of current flow; if a difference is detected, the 
power is immediately interrupted (Reprinted with permission, Cleveland 
Clinic Center for Medical Art & Photography © 2017. All Rights Reserved)
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faulty piece of equipment were plugged into an isolated 
power system, the LIM would alarm, but the equipment 
could still be used.

36.2.4  Electromagnetic Interference (EMI)

Rapid advances in technology have led to an explosion in 
wireless communication devices. These include cellular 
telephones, cordless telephones, walkie-talkies, and wire-
less Internet access devices. All of these have something in 
common: They emit electromagnetic interference (EMI). 
There has been concern that the EMI emitted by these 
devices may interfere with pacemakers or various types of 
monitoring devices in critical care areas. Studies have been 
done to find out if cellular telephones or walkie-talkies 
cause problems with cardiac pacemakers. Any time a cel-
lular telephone is on it is communicating with the cellular 
network, even though a call is not in progress. Therefore, 
the potential to interfere with devices exists. However, 
walkie-talkies are far more likely to cause problems with 
medical devices than cellular telephones. This is because 
they operate on a lower frequency than cellular telephones 
and have a higher power output. The ECRI Institute recom-
mends that cellular telephones be maintained at a distance 
of 1 meter from medical devices while walkie-talkies be 
kept at a distance of 6–8 m [2].

36.2.5  Implanted Defibrillators

Automatic implantable cardioverter-defibrillators (AICDs) are 
capable of sensing ventricular tachycardia (VT) and ventricu-
lar fibrillation (VF) and then automatically defibrillating the 
patient using their internal energy source [3]. It is important to 
be aware that the use of a unipolar cautery may cause electrical 
interference that could be interpreted by the AICD as VT or 
VF. This would trigger a defibrillation pulse that might itself 
cause an episode of VT or VF. Patients with an AICD are also 
at risk during electroconvulsive therapy. In both cases, the 
AICD should be disabled. Although most AICDs can be dis-
abled with a magnet, some require a special programming 
device to turn it off. The device is later reactivated at the end of 
surgery. It is always best to consult with the AICD/pacemaker 
service before starting surgery. Finally, an external defibrillator 
and a noninvasive pacemaker should be readily available 
whenever a patient with an AICD is anesthetized.

36.2.6  Electrocautery

Electrocautery can be used to cut or to coagulate tissue 
using radiofrequency electrical energy. This electrical energy 
does not produce shock effects (like VT or VF) because it is 
high in frequency, in the megahertz region. Special attention 
should be directed at placement of the electrocautery return 
pad (sometimes erroneously called a “ground plate”) to avoid 
electrical burns to the patient (see . Figs. 36.15 and 36.16).

ESU

Return

Return plate Low current
density

High current
density

Active

       . Fig. 36.15 Typical setup for electrocautery. Special attention 
should be directed at placement of the electrocautery return pad 
(sometimes erroneously called a “ground plate”) to avoid electrical 
burns to the patient (Reprinted with permission, Cleveland Clinic Cen-
ter for Medical Art & Photography © 2017. All Rights Reserved)

Trip coil

Comparator
circuit

Uneven currents
in sensor coil
activate trip coil
to interrupt circuit.
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causes return
current to be less
than entering current

Leakage
current

Appliance

       . Fig. 36.14 When a leakage current that might cause an electri-
cal shock is detected by a ground fault circuit interrupter (based on 
detecting differences in current), the power is immediately interrupted 
via the trip coil (Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2017. All Rights Reserved)
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36.3  Risk Factors for Intraoperative Fires

All fires require 3 items: a fuel source, an oxidizing agent 
(usually oxygen), and a source of ignition (the “fire triangle”). 
A fire can be prevented or quenched by removing any one of 
these 3 elements. For example, covering a fire with carbon 
dioxide gas (which is denser than oxygen) removes the oxy-
gen part of the triangle and extinguishes the fire. Possible fuel 
sources found in the operating room include alcohol prep 
solutions and flammable surgical drapes, while common oxi-
dizer sources include oxygen delivered by facemask or nasal 
cannula. Common sources of ignition include electrocautery, 
lasers, defibrillators, and even fiber optic light sources. 
Further details are available in the recent literature [4–6]. 
Particular reference is also made to the Operating Room Fire 
Algorithm developed by the American Society of 
Anesthesiologists Task Force on Operating Room Fires [5].

36.4  National Fire Protection Association 
(NFPA) Standards

The National Fire Protection Association (NFPA) has pub-
lished document NFPA 99: 7 Health Care Facilities Code for 
guidance in fire and explosion prevention in the Operating 
Room and other hospital areas [7]. This document “estab-
lishes criteria for levels of health care services or systems 
based on risk to the patients, staff, or visitors in health care 
facilities to minimize the hazards of fire, explosion, and elec-
tricity.” [7] Another important document published by the 
same association is NFPA 110: 7 Standard for Emergency and 
Standby Power Systems, which is mostly concerned with pro-
viding “alternate sources of electrical power in buildings and 
facilities in the event that the normal electrical power source 
fails.” [8].

36.5  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer)
 1. You discover the electrical cord on a fluid warmer 

has been damaged and some of the cord’s insulation 
is missing. Which is the best course of action?
 A. Wrap tape around the damaged spot to prevent 

electrical shocks.
 B. Check to see if the warmer still works.
 C. Tag the warmer with an “out of service” tag and 

notify the department responsible for 
equipment maintenance.

 D. Make sure that the cord does not come in 
contact with the floor.

 2. Which of the following is the least important in deter-
mining the effect of an electrical shock on the body:
 A. Intensity of the current.
 B. Path through the body.
 C. Duration of the current.
 D. Body mass index (BMI).

 3. Which of the following is a poor conductor of 
electricity?
 A. Copper
 B. Silver
 C. Gold
 D. Rubber

 4. What is the proper way to unplug operating room 
electrical devices from a power strip?
 A. Simply pull on the cord until the plug comes out.
 B. Put your foot on the power strip to hold it steady 

while you pull the cord loose.
 C. Use your hand to remove the plug, being careful 

not to pull on the cord itself.
 D. Request assistance from the Clinical Engineering 

department.
 5. Identify the FALSE statement:

 A. A line isolation monitor (LIM) measures the total 
hazard current (THC) in an isolated power system.

 B. It takes approximately three times as much DC 
current as AC current to cause ventricular 
fibrillation.

 C. Cellular telephones communicate with their 
cellular network only when a call is in progress, 
and so only produce electromagnetic 
interference (EMI) when a call is made.

 D. To receive an electrical shock, one must be in 
contact the electrical circuit at two points, and 
there must be a voltage supply that causes 
current to flow through an individual.

 E. When an electrical shock occurs, damage can 
occur either via an induced physiological effect 
or by directly burning the victim.

 6. The SI unit of electrical current is _____________.
 A. Ampere
 B. Watt
 C. Volt
 D. Joule

ESU
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       . Fig. 36.16 Poor placement of an electrocautery return pad may 
result in electrical burns to the patient by virtue of excessive current 
density (Reprinted with permission, Cleveland Clinic Center for Medical 
Art & Photography © 2017. All Rights Reserved)
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 7. Ohm’s law relates voltage with ___________.
 A. Power
 B. Energy
 C. Current
 D. Capacitance

 8. The electrical current flowing through a wire 
______________.
 A. Depends only on the voltage difference applied.
 B. Depends only on the resistance of the wire.
 C. Depends on both the wire’s resistance and 

voltage difference applied.
 D. Does not depend on resistance and voltage 

difference applied.
 9. The SI unit of power is _____________.

 A. Ampere
 B. Watt
 C. Volt
 D. Joule

 10. Which of the following is a good conductor of heat 
but a poor conductor of electricity?
 A. Copper
 B. Silver
 C. Cooper
 D. Diamond

 v Answers
 1. C. The best course of action is to tag the warmer 

with an “out of service” tag and notify the depart-
ment responsible for equipment maintenance. 
Typically, the department responsible for equip-
ment maintenance will be the Clinical Engineering 
department. It would be wrong to simply wrap 
tape around the damaged spot to prevent electrical 
shocks and reintroduce the unit into clinical service, 
as this would not be a professional repair. Check-
ing to see if the warmer still works would expose 
the user to an electrical shock hazard and would be 
unwise. Making sure that the cord does not come in 
contact with the floor is not important as long as the 
fluid warmer is not plugged in and is an insufficient 
safety precaution if it is.

 2. D. The effect of an electrical shock on the body is 
determined by the intensity of the current, the path 
the current takes through the body (especially if 
the current passes through the heart), and the time 
duration of the current. Body mass index (BMI) is rel-
atively unimportant in determining the effect of an 
electric shock in comparison to the other 3 factors.

 3. D. Electrical conductivity is a measure of how well 
electricity will flow through a particular material. 
Metals are good conductors of both electricity and 
heat. Since copper, silver and gold are metals, they 
are all good conductors of electricity. Rubber is 
a poor conductor of electricity, which is why it is 
sometimes used to insulate electrical wires. Note 
that some metals are way better conductors of elec-
tricity than others. For instance, copper conducts 

electricity about 40 times better than stainless steel. 
Electrical conductivity in metals is good because 
metals form a crystal lattice where the outer shell 
electrons are shared and easily move through the 
lattice. In stainless steel, an alloy of iron and chro-
mium, the chromium atoms disrupt this lattice and 
produce collisions among moving electrons that 
decrease conductivity.

 4. C. If you simply pull on the cord until the plug 
comes out, you risk avulsing the cord from the plug; 
this is true even if you put your foot on the power 
strip to hold it steady while you pull the cord loose. 
If you request assistance from the Clinical Engineer-
ing department they will likely oblige you and then 
talk amongst themselves about what a moron you 
are for the next few weeks. The correct answer is to 
use your hand to remove the plug, being careful not 
to pull on the cord itself to avoid avulsing the cord 
from the plug.

 5. C. All of the above statements are true except for the 
statement concerning cellular telephones. A cellular 
telephone is a portable electronic device used for 
mobile communication that utilizes a network of 
specialized base stations. Cellular telephones come 
in GSM and CDMA types, with the GSM type usually 
requiring a SIM card. Cellular telephones communi-
cate with their cellular network both when a call is in 
progress as well as when they are in standby mode, 
awaiting a call.

 6. A. See . Table 36.2 for an explanation.
 7. C. Recall that Ohm’s law is V = I × R, where

5 V is the electromotive force (in volts)
5 I is current (in amperes)
5 R is resistance (in ohms)

  Thus Ohm’s law relates voltage with current, and not 
power, energy or capacitance.

 8. C. From Ohm’s Law we know that the electrical cur-
rent flowing through a wire depends on both the 
wire’s resistance and the voltage difference applied. 
The other answers are incorrect because they are 
not compatible with Ohm’s Law.

 9. B. See . Table 36.2 for an explanation.

       . Table 36.2 International system (SI) of units

Symbol Name SI unit

I Electric current ampere A

Q Electric charge coulomb C

E, V Electromotive force volt V

R Electric resistance ohm Ω

P Electric power watt W

C Capacitance farad F
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 10. D. Metals are good conductors of both electricity 
and heat. Since copper, silver and gold are metals, 
they are all good conductors of both electricity and 
heat. Diamonds are poor electrical conductors, but 
are a good conductor of heat, because of “strong 
covalent bonding and low phonon scattering.” In 
fact, the thermal conductivity of diamond is about 
5 times that of copper. Here are more details: Elec-
trical conductivity requires the ability to transport 
electrons but the electrons in diamonds are tightly 
bound (strong covalent bonding), so it does not 
conduct electricity well. The conduction of heat, 
however, only requires the ability to transmit the 
mechanical energy of molecular motions, which 
diamonds do well because the atoms in its crystal 
lattice are “strongly coupled.”
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Key Points
 1. Mechanical ventilation can cause volutrauma, 

atelectrauma, and biotrauma, especially when 
used inappropriately. Operating a ventilator within 
what is known as the lung “safe zone” minimizes its 
damaging effects.

 2. There are four phases of the respiratory cycle: (1) 
the change from expiration to inspiration, (2) 
inspiration, (3) the change from inspiration to 
expiration, and (4) expiration. These are the control 
points that form the basis to help classify mechani-
cal ventilators.

 3. Ventilators are best classified by phase variables 
(trigger, cycle, limit) and control variables (pres-
sure, volume, flow, time).

 4. In volume control ventilation (VCV) the lungs are 
inflated at a constant inspiratory flow rate to a 
preset tidal volume. The advantage to VCV is the 
ability to deliver a constant tidal volume, and hence 
minute ventilation (if at a constant respiratory rate).

 5. In pressure control ventilation (PCV) a pressure 
target is selected on the ventilator. Both tidal 
volume and inspiratory time may vary from breath 
to breath during a pressure controlled breath.

 6. Tidal volume is not guaranteed with PCV. The 
major benefit during PCV is the ability to control 
the peak alveolar pressure, and possibly reduce the 
incidence of ventilator-induced lung injury (VILI).

 7. A normal I:E ratio during mechanical ventilation is 
usually set at 1:2 or below (for example 1:2.5) in an 
adult patient. Reversing the normal I:E ratio results 
in higher airway and alveolar pressures, and is 
called inverse ratio ventilation (IRV).

 8. Airway Pressure Release Ventilation (APRV) is a 
form of IRV. It may be thought of as the application 
of 2 alternating levels of continuous positive 
airway pressure (CPAP) that are applied for set 
periods of time. The patient is allowed to breath 
spontaneously during APRV. APRV improves 
oxygenation through higher mean airway pres-
sures that recruit alveoli.

 9. High frequency ventilation (HFV) is a collection of 
ventilator modes combining very high respiratory 
rates and very low tidal volumes. There are four 
types of HFV: (1) high frequency positive pressure 
ventilation (HFPPV), (2) high frequency jet ventila-
tion (HFJV), (3) high frequency percussive ventilation 
(HFPV), and the most commonly employed mode 
(4) high frequency oscillatory ventilation (HFOV).

 10. Recruitment maneuvers (RM), also sometimes 
called “sighs” or “sigh breaths”, are transient 
increases in transpulmonary pressure designed to 
open up collapsed alveoli. RMs can be performed 
on an anesthesia machine, a conventional 
ventilator, or a high frequency oscillation device.

37.1  Introduction

Mechanical ventilation is a common occurrence in the both 
the operating room (OR) and intensive care units (ICUs) 
worldwide. Often the goal is only to facilitate a patient under-
going major surgery, and other times it is to prevent life- 
threatening deterioration. It needs to be remembered that 
mechanical ventilation is a supportive therapy and it almost 
never treats the underlying disease process. With this senti-
ment in mind, much of the focus of positive pressure ventila-
tion is aimed at preventing its negative effects such as lung 
injury, infection, and hypotension. There are numerous ways 
that mechanical ventilation may damage the body. The vari-
ous types of lung damage caused by ventilators are collec-
tively known as ventilator-induced lung injury (VILI). 
Specific examples of VILI include causing parenchymal air 
leaks, also known as barotrauma, and diffuse alveolar over- 
distension that causes a volutrauma injury to the lung. 
Another mechanism of injury is due to the cyclic opening 
and closing of the alveoli, and this is termed atelectrauma. 
These aforementioned ventilator injuries cause the release of 
inflammatory mediators (this is called biotrauma) [1]. In 
fact, this biotrauma may not only exacerbate lung injury, it 
has been implicated as a cause of multiple organ dysfunction 
by causing inflammation at distal organ sites [2].

To help prevent injury, mechanical ventilators should 
operate within what is known as the lung “safe zone” 
(. Fig. 37.1). The concept of the “safe zone” is to avoid low 
lung volumes where the alveoli have cyclic closing (atelec-
trauma), and to avoid lung over-distention (volutrauma). 
Using this strategy is a rational approach to help minimize 
the biotraumatic injury [3]. Preventing these adverse conse-
quences can therefore be mitigated by using a mode that 
opens alveoli and prevents their collapse. This is the “open 
lung concept” of mechanical ventilation. To say it best, “Open 
up the lung and keep it open” [4].

37.2  Classification of Mechanical 
Ventilation

Classifying mechanical ventilators has evolved into a confus-
ing, complex, and frustrating task. There are now more than 
170 different names of modes in the United States alone, and 
it may be expected that more will follow. Many current texts 
have highlighted and expanded on Robert Chatburn’s previ-
ous excellent work to provide a more manageable framework 
onto which to learn. I will do the same. The interested learner 
is encouraged to read Chatburn’s work in their entirety [5, 6].

To contrast with this complexity, merely classifying 
mechanical ventilators into either volume or pressure con-
trolled modes is no longer adequate. Volume control and 
pressure control can be, however, thought of as the two basic 
methods of producing positive pressure lung inflation. Newer 
modes do exist that use a microprocessor to regulate both 
pressure and volume modes (eg, PRVC- pressure regulated 
volume controlled), and are termed “dual control modes”. It 
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needs to be emphasized that pressure control and volume 
control are not modes per se, but rather they simply indicate 
which variable is held constant during breath delivery.

A more modern approach is to classify ventilators based 
upon control variables and phase variables. In order to make 
the concept of control and phase variables more understand-
able, we need to review the mechanics of breathing. There are 
four phases of the respiratory cycle:
 1. The change from expiration to inspiration
 2. Inspiration
 3. The change from inspiration to expiration
 4. Expiration.

One or more of these four phases of the respiratory cycle is 
what the ventilator controls or manipulates. Examples of 
aforementioned control variables include pressure, volume, 
flow, or time. Phase variables describe how a ventilator starts, 
sustains, and terminates an inspiration. Phase variables 
include trigger, limit, and cycle. A mode refers to the manner 
in which a ventilator breath is triggered, cycled, and limited. 
The trigger describes how the breath begins (starts inspira-
tion). If the ventilator starts the breath, the trigger is time. If 
the patient initiates the breath, the inspiration begins when 
the ventilator detects a pressure or flow change. This would 
be a pressure trigger and a flow trigger, respectively. The limit 
describes the variable that controls the size of the breath. The 
limit is the maximum value a variable (pressure, volume, 
flow, or time) can reach. Although the limit helps define the 
range that these variables may reach, it does not end the 
inspiratory phase. An example is a pressure-limited breath. 
During a pressure-limited breath a maximum pressure limit 
is set by the clinician and this value is never exceeded.

37.3  Volume Vs. Pressure Controlled 
Breathing

In volume control ventilation (VCV) the lungs are inflated at 
a constant inspiratory flow rate to a preset tidal volume. VCV 
is also sometimes called volume-limited or volume-cycled 
ventilation. The advantage to VCV is the ability to deliver a 
constant tidal volume, and hence minute ventilation (if at a 
constant respiratory frequency). In the event of increased 
airway resistance (or decreased compliance), the ventilator 
will simply increase the inflation pressure to deliver the pre-
set volume. In pressure controlled ventilation (PCV), a pres-
sure target is selected on the ventilator by the physician. The 
inspiratory flow rate is not constant, but rather gas flow is 
provided rapidly at first and then exponentially decelerates. 
Both tidal volume and inspiratory time may vary from breath 
to breath during a pressure controlled breath. The major ben-
efit during PCV is the ability to control the peak alveolar 
pressure, and possibly reduce the incidence of VILI.  One 
problem with PCV is that tidal volume is not guaranteed. In 
the face of increased airway pressures, the delivered minute 
ventilation may not be adequate.

37.4  Essential Modes of Ventilation

Modes critical for the anesthesiologist to understand include 
controlled mandatory ventilation (CMV), assist control ven-
tilation (ACV), intermittent mandatory ventilation (IMV), 
synchronized intermittent mandatory ventilation (SIMV), 
and pressure support ventilation (PSV or PS). The following 
paragraphs highlight their similarities and differences.
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In controlled mandatory ventilation (. Fig.  37.2b) the 
minute ventilation is entirely determined by the preset respi-
ratory rate and tidal volume. The patient is not able to initiate 
additional breaths above the set ventilator rate. This mode 
frequently needs deep patient sedation or even neuromuscu-
lar blockade. A potential use may be the brain injured patient 
where targeted a PaCO2 is easier to obtain with a fixed min-
ute ventilation provided by CMV.

Assist control ventilation (. Fig. 37.2b) is a time triggered 
and/or patient triggered form of a CMV mode. The physician 
sets the tidal volume, minimum respiratory rate, inspiratory 
flow rate, and sensitivity level. The delivery of the ventilator 
breath may be either volume controlled or pressure con-
trolled. The key feature is that the ventilator delivers the set 
tidal volume every time a breath is triggered by the patient. 
Therefore if a patient develops a rapid respiratory rate minute 
ventilation can be very high with ACV. In addition to over 
high minute ventilation, rapid firing of ACV can lead to 
breath stacking with insufficient time for exhalation. The 
negative deflection (below the baseline) in . Fig. 37.2b iden-
tifies a patient triggered breath. The previous breath in the 
figure does not have a negative deflection and was generated 
by the ventilator. If the patient is not breathing spontaneously 
the ventilator will deliver breaths (at the set tidal volume) at 
the set minimal respiratory rate (time triggered). A key fea-
ture of both ACV and CMV is that all breaths are of equal 
tidal volumes.

Intermittent mandatory ventilation (. Fig.  37.2a) is 
designed to allow spontaneous breathing between ventilator 
breaths (unassisted). Similar to CMV and ACV, a set number 
of mandatory breaths are set on the ventilator. The patient 
may breath spontaneously between breaths without ventila-
tor support. The tidal volume and frequency are determined 

by the patient’s respiratory drive and strength. Positive end 
expiratory pressure (PEEP) has been added to second breath 
in . Fig.  37.2a; notice how this shifts the baseline airway 
pressure upward. As long as PEEP is applied the baseline air-
way pressure never returns to zero. Similar to IMV, synchro-
nous intermittent mandatory ventilation was developed to 
combat the inherent asynchroncy associated with IMV. SIMV 
senses patient inspiratory effort and enables a patient to 
receive a synchronized patient triggered breath. SIMV pre-
vents delivery of larger than intended tidal volumes (breath 
stacking) by synchronizing patient triggered breaths with 
mandatory breaths. SIMV has use in the operating room 
facilitating emergence from anesthesia as patients transition 
from controlled to spontaneous respirations.

During pressure support ventilation each patient trig-
gered breath is supported by gas flow (this is also called 
inspiratory flow) to achieve a preset pressure on the venti-
lator (typically 5–20  cm H2O). The graphical display of 
PSV is shown in . Fig. 37.3b. Work of breathing is inversely 
related to the level of PS; the higher the PS the easier it is 
for the patient to breathe. The ventilator’s inspiratory flow 
terminates when a certain threshold flow has been 
reached—typically 25% of the peak flow rate. All breaths 
are patient initiated, and all breaths are supported. Because 
the ventilator delivers support only when a patient triggers 
a breath, appropriate apnea alarms must be present. Most 
ventilators offer a “backup” rate in case a patient stops 
breathing. Should over-sedation or prolonged apnea occur 
the ventilator switches modes to control respiration (CMV 
for example). PSV is a very interactive mode that allows the 
patient to determine both the tidal volume and duration of 
inspiration. PSV has many uses including utilizing low lev-
els of pressure to overcome the resistance to flow in the 
ventilator circuit (5–10  cm H2O), and at higher levels to 
increase a patient’s tidal volume (15–20 cm H2O). PSV is 
frequently combined with continuous positive airway pres-
sure (CPAP) to increase the functional residual capacity. 
PSV may be instituted during either invasive or noninva-
sive ventilation.
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37.5  Alternative Modes of Patient 
Ventilation

A normal I:E ratio during mechanical ventilation is usually 
set at 1:2 or below (for example 1:2.5) in an adult patient. An 
I:E ratio of 1:2 represents 1 s spent in inhalation and 2 s spent 
in exhalation. A shorter inspiratory time encourages lung 
emptying (because more time will be spent in exhalation), 
and a longer inspiratory time improves oxygenation. 
Reversing the normal I:E ratio results in higher airway and 
alveolar pressures, and is called inverse ratio ventilation (IRV) 
[7]. Inverse ratio ventilation (. Fig. 37.4) is defined as an I:E 
ratio of >1:1. IRV is not a mode per se, but rather a ventila-
tory strategy. Inverse ratio ventilation may be either volume 
cycled (VC-IRV) or pressure cycled (PC-IRV). PC-IRV is 
used much more commonly and is classified as pressure con-
trolled, time triggered, pressure limited, and a time cycled 
mode of ventilation. IRV appears to improve oxygenation 
(primarily through an increase in mean airway pressure), 
ventilation/perfusion (V/Q) matching, decreased shunting, 
and reduced dead space (through recruitment of collapsed 
alveoli) [8].

IRV is uncomfortable and deep sedation or paralysis is 
often needed unless the IRV mode also allows spontaneous 
breathing (as in airway pressure release ventilation [APRV]). 
APRV is addressed later in this chapter. IRV may also lead to 
air trapping, and may also result in barotrauma secondary to 
increased mean airway pressures and auto-PEEP. The higher 
mean airway pressures seen in IRV may also lead to decreased 
venous return and decreased cardiac output. The use of 
inverse ratio ventilation is almost extinct as safer and more 
accepted methods of mechanical ventilation have prevailed.

37.6  Airway Pressure Release Ventilation 
(Aprv)

Airway Pressure Release Ventilation (APRV) may be thought 
of as the application of two alternating levels of CPAP that are 
applied for set periods of time. APRV has also been called 
CPAP with release. The patient is allowed to breathe sponta-
neously during APRV.  The variables that must be selected 

include both the high and low airway pressures and the time 
spent at each pressure level. The high positive airway pres-
sure is termed P high, and the low pressure is termed P low. 
Similarly, the time spent at each level is termed T high and T 
low. Theoretical advantages of APRV include a near complete 
recruitment of collapsed alveoli and improved oxygenation. 
The improved oxygenation is accomplished through rela-
tively high mean airway pressures. Recruitment and 
improved oxygenation are not instantaneous, and quick 
result should not be expected with this mode of mechanical 
ventilation. Improvement with APRV may take up to 24 h. 
Contraindications include severe chronic obstructive pulmo-
nary disease (COPD) and asthma, as APRV allows for very 
little lung emptying time. Use of APRV under these condi-
tions make patients susceptible to hyperinflation and volu-
trauma [9].

37.7  High Frequency Ventilation

High frequency ventilation (HFV) is a collection of ventilator 
modes combining very high respiratory rates (60–3000 
breaths per minute) and very low tidal volumes (sometimes 
smaller than the anatomic dead space). There are four types 
of HFV: (1) high frequency positive pressure ventilation 
(HFPPV), (2) high frequency jet ventilation (HFJV), (3) high 
frequency percussive ventilation (HFPV), and the most com-
monly employed mode, (4) high frequency oscillatory venti-
lation (HFOV). These devices combine smaller tidal pressure 
swings with moderate mean airway pressures. This combina-
tion arguably creates the ideal lung protective strategy. 
Specifically, APRV may lead to reductions in both lung over-
stretch, and the repetitive closing and opening injuries that 
conventional ventilation may cause.

High frequency positive pressure ventilation is delivered 
through a conventional mechanical ventilator at frequencies 
ranging between 60 and 150 breaths per minute. It is not 
technically a high frequency mode, as the United States Food 
and Drug Association (FDA) defines high frequency as any 
mode that uses >150 breaths per minute. In HFPPV the tidal 
volumes are small, usually approximately 3–4  mL/kg. The 
physician controls the respiratory rate, inspiratory flow rate, 
driving pressure, and PEEP. Expiration is passive, and for this 
reason there is concern for gas trapping with hyperinflation 
and volutrauma. HFPPV is rarely used, although it has been 
used successfully in anesthesia for upper airway surgical pro-
cedures and bronchoscopy [10].

High frequency jet ventilation can be used alone or in con-
junction with a conventional mechanical ventilator. HFJV 
utilizes a cannula (14 or 16 gauge) inserted into a standard 
endotracheal tube or a special triple lumen endotracheal 
tube. Expiration is passive. The velocity of the expelled gas 
creates a drag effect to entrain gases along a jet stream. An 
initial pressure of approximately 35  psi, respiratory rate of 
100–150 breaths per minute, and an inspiratory fraction of 
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20–40% are reasonable settings. The inspiratory fraction is 
the inspiratory time divided by the respiratory cycle time, 
and should not exceed 40%. An arterial blood gas should be 
measured after approximately 15 min to determine if settings 
should be adjusted. If the PaCO2 is elevated, steps taken 
should include increasing the driving pressure in 5 psi incre-
ments to a maximum of 50 psi, and increasing the inspiratory 
fraction by 5% (not to exceed 40%). Low PaO2 can be reme-
died by adding PEEP in 3–5 cm H2O increments and increas-
ing the driving pressure. HFJV is used most commonly in the 
intraoperative setting for upper airway surgery and tracheal 
reconstructions. HFJV systems have also been used success-
fully to provide emergency airway ventilator support by plac-
ing a cannula through the cricothyroid membrane. Patients 
undergoing HFJV require deep sedation and frequently need 
neuromuscular blockade. A complication specific to HFJV is 
upper airway trauma including a traumatic necrotizing tra-
cheobronchitis, and injuries related to a dislodged cannula.

High frequency percussive ventilation is a hybrid mode 
that combines HFV and a conventional mechanical ventila-
tor. A gas driven piston is fitted to the end of an endotracheal 
tube and generates pressure oscillations of 3–15  Hz. These 
pressure oscillations are combined in conjunction with a 
typical pressure targeted breath. There is some data showing 
improved mucokinesis, potentially improving pulmonary 
toilet and reducing the requirements for endotracheal suc-
tioning [11]. HFPV has been used most commonly in 
patients with trauma, burns, and inhalational injuries.

High frequency oscillatory ventilation, as the name implies, 
uses high frequency low volume oscillations. HFOV is the 
most common mode of high frequency ventilation. The 
oscillations create a higher mean airway pressure leading to 
alveolar recruitment and improved gas exchange. Very small 
tidal volumes are used (1–2 mL).

A proprietary machine is needed, and such machines are 
frequently referred to as “oscillators”. The ventilator piston 
pump oscillates between 3–15 Hz (up to 900 breaths per min-
ute) against a diaphragm that is actively driven both ways. 
The respiratory rate is so fast the airway pressure is simply 
oscillating around a constant mean airway pressure. Because 
the diaphragm has a “to and fro” movement during oscilla-
tion, inspiration and expiration are both active components. 
Active expiration is what separates HFOV apart from other 
modes of HFV. The active expiration component is advanta-
geous in controlling PaCO2 and in preventing hyperinflation.

Transport of gas during HFOV is thought to occur by five 
mechanisms [12]:
 1. Bulk flow of gas. This is also the delivery method of a 

conventional ventilator. Gas is delivered to the proximal 
alveoli with a small contribution going to low dead space 
volumes.

 2. Pendelluft effect is gas mixing between alveolar units 
where there is transient movement of gas into and out of 
some alveolar units at the end of inspiration. This gas 
movement reverses at expiration.

 3. Taylor dispersion produces a mixing of fresh gas and 
residual gas along the front of a flow of gas through a tube.

 4. Coaxial flow, where the gas in the center of a column 
flows inward, while gas on the periphery flows outward.

 5. Augmented molecular diffusion occurs at the alveolar 
level secondary to kinetic energy from the oscillations.

37.8  Recruitment Maneuvers (Sigh Breaths)

Infiltrative lung disease produces severe dysfunction through 
alveolar flooding (with cells, debris, microorganisms, etc.) 
and collapse. In many disease processes, collapsed alveoli can 
be reopened (recruited) through positive pressure ventila-
tion. Three techniques to enhance alveolar recruitment have 
been described: (1) the application of PEEP, (2) prolonging 
the inspiratory time (because this increases the mean airway 
pressure), and (3) recruitment maneuvers. Recruitment 
maneuvers (RM), also sometimes called “sighs” or “sigh 
breaths”, are transient increases in transpulmonary pressure 
designed to open up collapsed alveoli. RMs can be performed 
on an anesthesia machine, a conventional ventilator, or a 
high frequency oscillation device. RMs reduce atelectasis 
partly through release of surfactant as well as the act of phys-
ical distension on the alveoli [13]. There is no standardized 
way to perform a recruitment maneuver, and multiple meth-
ods have been described and named: sighs, extended sighs, 
and sustained inflations. Other methods may exist.
 1. Sigh breaths have been described as three consecutive 

breaths set at 45 cm H2O pressure [14].
 2. Extended sighs have been described as a stepwise 

increase in PEEP and decrease in tidal volume over the 
course of 2 min with a goal PEEP of 30 cm H2O for a 
duration of 30 s [15].

 3. A sustained inflation has been described as increasing 
pressures to a peak pressure of 40 cm H2O and held for 
30 s [16]. Of note, hemodynamics tend to worsen the 
longer the sustained inflation is held [16]. The sustained 
inflation technique is probably the most commonly per-
formed RM by anesthesiologists in the operating room.

It needs to be emphasized that PEEP prevents de- recruitment, 
and that after a recruitment maneuver is performed the level 
of PEEP should be increased. Signs of a successful recruitment 
maneuver include an increase in SpO2 or PaO2, and a reduc-
tion in PaCO2. The inspired fraction of oxygen may effect lung 
recruitment secondary to absorption atelectasis. The physi-
cian needs to be mindful that RMs with 100% oxygen may 
lead to the recruitment maneuver being unsustained [17].

While it is easy to describe the various methods of RMs, 
indications are less clear. Atelectasis beginning with the 
induction of general anesthesia is a well-described phenom-
enon, and reversing this derecruited lung makes a physio-
logic rationale. Sigh maneuvers (or sustained inflations) can 
be easily performed intraoperatively by “squeezing the bag” 
and sustaining positive pressure by adjusting the airway- 
pressure limiting valve present on the anesthesia machine. 
Like all recruitment maneuvers, excessive pressure may lead 
to hypotension secondary to decreased preload, barotrauma, 
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or even a pneumothorax. Sigh breaths in the setting of acute 
respiratory distress syndrome (ARDS), on the other hand, 
are very controversial. ARDS typically leads to alveolar flood-
ing and consolidation of the parenchyma. Recruiting lung in 
this scenario makes little physiologic sense, and in fact RMs 
may lead to overdistension and damage of normal lung 
parenchyma. Although recruitment maneuvers may tran-
siently improve oxygenation, in randomized studies there 
has been no proven outcome [18].

37.9  Noninvasive Ventilation

Noninvasive positive pressure ventilation (NPPV) provides 
ventilator assistance without an artificial airway in place (ie, 
endotracheal tube). NPPV alleviates many complications of 
invasive ventilation including trauma (hemorrhage or lacera-
tion), infections due to bypassing the airway, and patient dis-
comfort that lead to impaired swallowing and speaking. 
NPPV is delivered via a tight fitting facemask (either partial or 
full) or via a nasal apparatus. NPPV may be attached to either 
a critical care ventilator, or a portable positive pressure venti-
lator designed mainly for use in the home. There are three 
basic modes of NPPV: continuous positive airway pressure 
(CPAP), pressure support ventilation (PSV), and bilevel posi-
tive airway pressure. Bilevel positive airway pressure (BPAP) 
is frequently called “BiPAP”. BiPAP is a trademarked device by 
Respironics Incorporated, headquartered in Murrysville, 
Pennsylvania. Although these modes are generally referred to 
as noninvasive, any mode of mechanical ventilation can be 
applied through a noninvasive facemask. Pressure support 
ventilation was discussed previously in this chapter.

The CPAP mode provides continuous airway pressure to 
a spontaneously breathing patient. The pressure is applied to 
the airways throughout the respiratory cycle (inhalation and 
exhalation). This pressure stents open large airways and helps 
prevent alveolar collapse. The principle effect is to increase 
the functional residual capacity and to increase oxygenation 
(PaO2 and/or SpO2). CPAP does not augment the tidal vol-
ume (or minute ventilation) and therefore has a limited role 
in patients with hypercarbic respiratory failure. CPAP is an 
excellent and frequent choice for patients with cardiogenic 
pulmonary edema. CPAP is typically set at 5–10 cm H2O.

Bilevel positive airway pressure is closely related to the 
APRV mode discussed earlier in this chapter. BPAP is essen-
tially CPAP that alternates between 2 varying pressure levels 
(a high and a low pressure). The high pressure level is termed 
the inspiratory positive airway pressure (IPAP), and the 
lower pressure level is termed the expiratory positive airway 
pressure (EPAP). EPAP is equivalent to positive end expira-
tory pressure (PEEP). During inhalation in BPAP, the device 
imparts the higher IPAP pressure to the airways and this 
directly augments the tidal volumes. BPAP results in a higher 
mean airway pressure compared to CPAP and this translates 
to more alveolar recruitment. The increased lung recruit-
ment improves lung compliance and enhancing tidal vol-
umes. A key difference between BPAP and APRV is one is 

applied invasively (APRV) and on is applied non-invasively 
(BPAP). Another difference is during BPAP mode most of 
the respiratory cycle time is spent at the lower pressure level, 
and in APRV most time is spent in the higher pressure level.

Several contraindications and complications to NPPV exist. 
Complications include skin break down and ulceration from 
the tight fitting mask, gastric distension (rarely reported with 
peak pressures less than 20 cm H2O), and patient intolerance. 
There are many contraindications to NPPV and include respi-
ratory arrest, poor mental status, inability to clear secretions, 
untreated pneumothorax, marked hemodynamic instability, 
patient who is a high aspiration risk, and recent esophageal 
anastomosis. Indications for NPPV include COPD and asthma 
exacerbations (especially with hypercarbia), cardiogenic pul-
monary edema, chest wall deformities, neuromuscular dis-
eases, and possibly hypoxemic respiratory failure (conflicting 
evidence). In patients who do not require emergent intubation 
a trial of NPPV is worthwhile assuming they have a disease 
known to respond to noninvasive ventilation [19].

37.10  Ventilator Monitors and Alarms

Alarms on a ventilator may be visual, such as flashing lights, 
or audible, such as a bell, but most frequently they are both. 
The obvious goal of any alarm is to warn of potential safety 
events that may result in patient harm. Physicians who use a 
mechanical ventilator are encouraged to be familiar with the 
manual supplied by the manufacturer to fully understand a 
device’s alarm features. A brief synopsis of common ventila-
tor alarms follows.

Most ventilators have a loss of electric power alarm. The 
alarm is activated in the event of electrical power disconnec-
tion (ie, disconnecting the power cord). Modern ventilators 
almost always have some sort of battery backup that will 
power the ventilator for a few minutes to a few hours. This 
battery backup is crucial not only for inadvertent power cord 
interruption, but also for transporting patients from one area 
of the hospital to another. Apnea alarms are another crucial 
monitor to ensure the patient has not stopped breathing (in a 
spontaneously breathing mode). The highest accepted apnea 
period is 20 s. If the apnea alarm is triggered there is usually 
an audible and visual alarm on the ventilator. Most modern 
ventilators revert to a backup mode that automatically pro-
vides full ventilator support in cases of apnea. For safety rea-
sons, an apnea alarm must never be disabled on an ICU 
ventilator or on an anesthesia machine.

All modern positive pressure ventilators include airway 
pressure monitors, and are crucial for patient safety. Low 
pressure alarms help identify both circuit leaks and unin-
tended patient disconnections. Low pressure alarms are typi-
cally set approximately 10 cm H2O below the peak inspiratory 
pressure (PIP), which will be discussed in the next paragraph. 
High pressure alarms alert the clinician of an over- pressurized 
ventilator circuit. Common reasons for the high pressure 
alarm to trigger include patient dyssynchrony, coughing, 
decreased lung compliance, and kinking of the endotracheal 
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tube. High pressure alarms are usually set at approximately 
10 cm H2O above the PIP.

The peak inspiratory pressure represents airway resistance 
in the main airways (proximal airways). This pressure is usu-
ally fairly high because the main airways are connected in 
series. Endotracheal tube kinking, mucus plugs, and severe 
bronchospasm or asthma result in increased PIP and an 
unchanged plateau pressure. The plateau pressure (Pplat) is a 
measurement of compliance of the entire lung (alveoli, paren-
chyma, and chest wall). In normal lungs the plateau pressure is 
usually slightly less than the PIP. Causes of high plateau pres-
sures along with increases in PIP include: tension pneumotho-
rax, endobronchial intubation, acute respiratory distress 
syndrome (ARDS), congestive heart failure (CHF), pulmonary 
edema, pleural effusions, and chest wall restriction either from 
extrinsic compression or deformity. Plateau pressure should be 
kept <30 cm H2O to avoid ventilator induced lung injury. Peak 
inspiratory pressures should be <35 cm H2O. In summary, an 
increasing plateau pressure along with an increasing PIP sig-
nals a decrease in lung compliance. Isolated increases in PIP 
with an unchanged Pplat indicate endotracheal tube kinking, 
secretions, and bronchospasm.

Static compliance is a measure of the lung’s distensibility 
under static conditions (when gas flow is zero). It is the abil-
ity of the respiratory system to expand in response to delivery 
of pressure.

Static compliance Cstat Vt Pplat PEEP( ) = ( )/ ,-

where Vt equals tidal volume, Pplat is the plateau pressure, and 
PEEP is the positive end expiratory pressure. Normal compli-
ance is approximately 70–100 mL/cm H2O. A patient’s work of 
breathing increases as lung compliance decreases, especially 
when it reaches values of less than 30 mL/cm H2O. The term 
“dynamic compliance” refers to the compliance of the respira-
tory system measured while air is flowing through the airways. 
It is reflective of lung stiffness (stiffness is the inverse of com-
pliance), chest wall stiffness, and airway resistance. Because 
dynamic compliance contains measures of both static compli-
ance and airway resistance, it really is a measure of impedance. 
The formula for dynamic compliance is:

Dynamic Compliance Cdyn Volume PIP PEEP( ) = ( )/ -

In simplistic terms, the static compliance reflects the respira-
tory system distensibility, while dynamic compliance is a 
measure or impedance.

37.11  Monitoring Electrical Activity 
of the Diaphragm

Patient-ventilator asynchrony is a major problem in mechan-
ical ventilation. It is caused by a disconnect between patient 
effort and ventilator breath delivery leading to “fighting the 
vent”. Asynchrony causes significant patient discomfort, poor 
sleep, VILI, and difficulty weaning from the ventilator.

It has been known since the 1960s that there is an electri-
cal correlation between phrenic nerve activity and diaphrag-
matic activity [20]. Neurally Adjusted Ventilator Assist 
(NAVA) (Maquet Inc., Wayne, NJ) harnesses this physiologic 
principle. NAVA delivers assisted ventilation in proportion to, 
and in synchrony with, the patient’s own respiratory efforts. A 
catheter (called an Edi catheter) is inserted either orally or 
nasogastrically. The Edi catheter contains imbedded elec-
trodes that measure electrical activity from inside the esopha-
gus and from the stomach. The catheter measures the EAdi 
signal (electrical signal) from both above and below the dia-
phragm. This electrical potential can then be used to trigger a 
ventilator breath, or be used to identify the degree of ventila-
tor asynchrony. In essence, NAVA is using patient effort as a 
ventilator controller. Interestingly, many Edi catheters also 
contain a lumen that may be used to deliver both medications 
and nutrition.

37.12  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer):
1.  When choosing Pressure Control Ventilation the cli-

nician can control all of the following EXCEPT:
 A. I:E ratio
 B. PEEP
 C. Respiratory rate
 D. Tidal volume

2.  Which mode of ventilation results in the same tidal 
volume being delivered regardless if the breath is 
patient triggered or delivered by the ventilator?
 A. Pressure support ventilation (PSV)
 B. Assist control ventilation (ACV)
 C. Synchronized intermittent mandatory ventilation 

(SIMV)
 D. Pressure control ventilation (PCV)

3.  An increased peak AND plateau pressures are con-
sistent with which patient condition?
 A. Endotracheal tube in right mainstem bronchus
 B. Mucus plugging
 C. Endotracheal tube kink
 D. Bronchospasm

4.  The term trigger is used to describe how a mechani-
cal ventilator:
 A. Starts inspiration
 B. Sustains inspiration
 C. Terminates the breath
 D. Regulates flow acceleration

5.  You have a patient with a traumatic brain injury 
that needs tight control of PaCO2. Which method of 
mechanical ventilation would best ensure a patient’s 
PaCO2 remains constant?
 A. Pressure control ventilation (PCV)
 B. Synchronized intermittent mandatory ventilation 

(SIMV)
 C. Volume control ventilation (VCV)
 D. Airway pressure release ventilation (APRV)
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6.  The follow ventilator graphic (. Fig. 37.5) is most 
consistent with which mode of mechanical ventila-
tion?
 A. High frequency oscillatory ventilation
 B. Assist control ventilation
 C. Intermittent mandatory ventilation
 D. Airway pressure release ventilation

7.  Which mode prevents a patient from spontaneously 
taking a breath?
 A. Synchronous intermittent mandatory ventilation 

(SIMV)
 B. Controlled mandatory ventilation (CMV)
 C. Pressure control mode (PCV)
 D. Assist control ventilation (ACV)

8.  Which one of the following modes may lead to 
respiratory alkalosis?
 A. Synchronous intermittent mandatory ventilation 

(SIMV)
 B. Controlled mandatory ventilation (CMV)
 C. Pressure control mode (PCV)
 D. Assist control ventilation (ACV)

9.  Which mode of high frequency ventilation has an 
active expiratory component?
 A. High frequency jet ventilation (HFJV)
 B. High frequency percussive ventilation (HFPV)
 C. High frequency positive pressure ventilation 

(HFPPV)
 D. High frequency oscillatory ventilation (HFOV)

 10. Which patient below is the best candidate for nonin-
vasive ventilation?
 A. 35-year-old in sudden acute respiratory arrest
 B. 63-year-old with a COPD exacerbation
 C. 47-year-old obtunded man with pneumonia
 D. 57-year-old with a small pneumothorax and 

severe asthma exacerbation

 v Answers:
 1. D, Tidal volume. In a pressure controlled mode the 

breaths are generated by holding the pressure con-
stant, and the tidal volume delivered will therefore 
be variable. During a pressure control breath the 
physician sets the peak inspiratory pressure, inspira-
tory time, and respiratory rate.

 2. B, Assist control ventilation. ACV is a mode in which 
mandatory breaths or patient triggered breaths are 
delivered at a set frequency, pressure (or volume), 

and inspiratory flow. All ventilator breaths will there-
fore be the same whether or not the breath was 
patient triggered or machine triggered.

 3. A, Right mainstem intubation. An increased PIP 
along with an increased Pplat signal decreased 
lung compliance (ARDS, pulmonary edema, pleural 
effusion, endobronchial intubation, Trendelenburg 
position, and abdominal insufflation). An isolated 
increase in PIP with an unchanged Pplat indicate 
increased airway resistance (kinked ET tube, mucus 
plug, and bronchospasm).

 4. A, Starts inspiration. Phase variables describe how a 
ventilator starts, sustains, and terminates an inspira-
tion. Phase variables include trigger, limit, and cycle. 
The trigger describes how the breath begins (starts 
inspiration). The cycle describes how the machine 
ends inspiration.

 5. C, Volume control ventilation. In VCV the lungs 
are inflated at a constant inspiratory flow rate to a 
preset tidal volume. VCV delivers a constant tidal 
volume, and therefore minute ventilation. This mode 
would help target a goal PaCO2.

 6. D, Airway pressure release ventilation (APRV). Note 
the alternating levels of pressure. The pressure is 
never allowed to fully return to baseline. Also note 
the majority of the breath cycle is spent at the 
higher pressure (P high), with brief releases down to 
the low pressure (P low). The notching at the higher 
pressure (approximately 40 cm H2O on the graph) 
denotes the patient spontaneously breathing.

 7. B, CMV. In controlled mandatory ventilation the min-
ute ventilation is entirely determined by the preset 
respiratory rate and tidal volume. The patient is not 
able to initiate additional breaths above the set ven-
tilator rate. This mode frequently needs deep patient 
sedation. The patient may initiate an breath in the 
other listed modes of mechanical ventilation.

 8. D, ACV. In assist control, all ventilator breaths are 
the same whether or not the breath was patient 
triggered or machine triggered (ie, constant tidal 
volume). A patient may rapid trigger the ventilator 
leading to a markedly increased minute ventilation 
and potentially a respiratory alkalosis.

 9. D, High frequency oscillatory ventilation (HFOV). 
HFOV is the most common mode of high frequency 
ventilation. The oscillations create a higher mean 
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       . Fig. 37.5 Ventilator graphic 
for question 6 of the Q&A
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airway pressure leading to alveolar recruitment and 
improved gas exchange. Very small tidal volumes are 
used (1–2 mL). The ventilator piston pump oscillates 
against a diaphragm that is actively driven both 
ways. Since the diaphragm has a “to and fro” move-
ment during oscillation, inspiration and expiration 
are both active components. The active expiration 
component is advantageous in controlling PaCO2 
and in preventing hyperinflation.

 10. B, COPD exacerbation. Patient selection is 
a key to successful noninvasive ventilation. 
Contraindications include respiratory arrest, 
poor mental status, inability to clear secretions, 
untreated pneumothorax, marked hemodynamic 
instability, patient who is a high aspiration risk, 
and recent esophageal anastomosis. Indications 
for NPPV include COPD and asthma exacerbations 
(especially with hypercarbia), cardiogenic pulmo-
nary edema, chest wall deformities, or neuromus-
cular diseases.
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Key Points
 5 Research should be focused on a small set of 

pre- defined exposure and outcome variables. 
Such focus improves the quality of research and 
also helps reduce false positive results.

 5 Plot your data; true trends should be seen there.
 5 Know your statistics program; consult a statisti-

cian regularly if doing your own analyses.
 5 Check assumptions (e.g., normality) of data 

before assuming it.
 5 Standard deviation (SD) gives variability for 

individuals; standard error (SE) for means (include 
N [entire sample size]).

 5 Multivariable analysis always needed in retro-
spective studies to reduce confounding on the 
association of interest. Randomized study is best 
way to minimize selection bias.

 5 Negative test/study does not mean no true 
association.

 5 P-value is probability of a result as extreme as 
the one observed if the null hypothesis were 
true.

 5 Confidence intervals are key. Always accompany 
the estimated treatment effect and P-value with a 
95% confidence interval.

 5 Central limit theorem means that the sampling 
distribution of any statistic (eg, the sample mean) 
has a normal distribution, and this allows 

statistical inference from a sample to the popula-
tion of interest.

 5 Sample size justification is a key element in study 
design, and should be included in each research 
protocol as well as each published report.

38.1  Introduction

The role of the field of statistics, a specific branch of mathe-
matics, is to help in the design, analysis, and reporting of the 
results of experiments in order to make inference about a 
population of interest from a study sample. Real problems 
faced by the clinician or clinician scientist who wishes to 
understand and use statistical methodology in research are the 
complexity of statistical methods, which are considerably 
beyond university-level calculus, and also the constant and 
rapid growth of the field. Due to the sophisticated algorithms 
involved in most methodologies, nearly all statistical analysis 
is done nowadays using computer software, as opposed to by 
hand. However, although statistical software is widely avail-
able, it is quite easy to misuse it. Common mistakes by the 
non-statistician user are application of the wrong statistical 
method for the research question at hand, and not assessing 
the data assumptions inherent in the chosen statistical method. 
Such mistakes can easily lead to the wrong conclusion.

It is the goal of this chapter to explain the basic terms 
(. Table 38.1) and concepts of statistical design and analysis, 
so that the clinical reader can better appreciate some of the 

       . Table 38.1 Glossary of statistical terms

Term Definition

Agreement studies Studies assessing how well different methods of measuring the same underlying quantity agree with 
each other. Typical analyses are Bland-Altman methods (see Bland-Altman) including plotting 
differences versus the average of each pair, and calculating limits of agreement.

Alpha Probability of rejecting the null hypothesis when the null is true in the population; probability of 
making a false-positive conclusion when conducting 1 or more tests; equal to the significance level or 
type I error

Alternative hypothesis The hypothesis that one wishes to claim; the opposite of the null hypothesis

Analysis of variance (ANOVA) Statistical method used to compare 2 or more groups on the mean of the outcome variable; equivalent 
to a 2-sample t-test if only 2 groups

Association A relationship between 2 variables; assessed in many ways, depending on study design and type of 
variables

Beta Probability of not rejecting the null hypothesis when it is false; probability of making a false- negative 
conclusion; type II error; 1 minus power

Bell-shaped curve See normal distribution

Bland-Altman analysis Bland-Altman method of assessing agreeing between 2 methods of measurement; for example, 
includes plotting the difference between methods on the outcome versus the average of each pair, and 
calculating limits of agreement. Limits of agreement are the mean difference +/− SD of the difference.

Bonferroni correction Method used to maintain an overall type I error (or alpha), say at 0.05, by setting the significance 
criterion for a particular tests to alpha divided by number of tests.

(continued)
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       . Table 38.1 (continued)

Term Definition

Case control study Study assessing the association between an exposure and outcome that is designed by first identifying 
subjects with and without the outcome and then assessing whether or not they had the exposure.

Categorical variable A variable that is categorized, either ordinal (eg, Likert scale) or nominal (eg, gender, blood type).

Causal inference Making conclusions that one variable causes the outcomes in another, as opposed to the variables 
simply being associated.

Central limit theorem Key statistical theorem that states that the mean of repeated samples from a population will approxi-
mately equal the mean of the population, and the sampling distribution of the mean will have a normal 
distribution (bell-shaped curve).

Chi-square test T-test used to compare 2 or more groups on a binary outcome variable.

Cohort study A prospective study following a group or groups of patients over time.

Confidence interval (95%) Interval defined as an estimate or estimated effect +/− 1.96 × standard errors; 95% of such intervals 
contains the true estimate or estimated effect.

Continuous variable A variable, such as blood pressure or body mass index (BMI), that is measured on a continuum

Confounding Means “distortion”. A variable that is associated with both the exposure and the outcome, and that 
should therefore be adjusted for when assessing association between exposure and outcome to 
prevent distortion of the effect of interest.

Correlation coefficient A measure of the linear relationship between 2 variables.

Cox proportional hazards 
regression model

Regression method used to compare groups on time to an event, especially when all patients do not 
have the event during follow-up. Main assumption is that the hazard functions (function defined by 
percent having event over) are parallel for the groups being compared. A hazard ratio is estimated to 
compare groups on survival.

Cross-sectional study Association between 2 variables at a fixed moment in time.

Data dredging Practice of conducting many tests in a single dataset with the rather unfocused goal of searching for 
something that will be significant.

Dependent data Data that is not independent, and often represents repeated measurements on the same subjects or units.

Dependent variable The outcome variable in a regression model.

Diagnostic accuracy Measures that assess how well a variable of interest can discriminate the truth, and measured by 
sensitivity, specificity, positive and negative predictive value, as well as the area under the receiver 
operating characteristic curve (for continuous or ordinal predictor).

Discrete variable Variable that represents counts, such as number of infections for a subject.

Dispersion Variability; the degree to which units differ from each other on some outcome.

Effect size The true difference or effect divided by its standard deviation.

Estimation/estimate A quantity measured in a sample that tries to capture the truth in the given population.

Evidence-based medicine Medical practice which allows itself to be informed by rigorous research results.

Explanatory variable The independent variable of interest, and which a researcher desires to associate with an outcome.

Histogram Display of data that bins patients into equal-sized bars based on an outcome of interest and graphs the 
bars either horizontally or vertically.

Independent data Data that are not correlated with each other—typically from different subjects.

Independent variable Explanatory variable in a model, also sometimes called the predictor variable or exposure variable.

Inference Making a decision about an association of treatment effect in a population of interest from data on a 
sample from that population

Interquartile range Difference between the 3rd and 1st quartiles (75th and 25th percentiles) of a variable

Interval scaled variable The quantitative variable for which a common distance between any 2 values has the same meaning.

Interaction An interaction is present if the relationship between 2 variables (say exposure A and outcome B) is 
different for different levels of a third variable (interacting variables C).
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       . Table 38.1 (continued)

Term Definition

Linear regression Statistical model with continuous dependent variable

Kaplan-Meier curve Method use to display survival or failure curves for time-to-event data and compare curves using 
log-rank or Wilcoxon tests

Kruskal-Wallis test Generalization of the Wilcoxon Rank Sum test to more than 2 groups

Limits of agreement (95%) Mean bias (or difference) between 2 methods of measurement ±1.96 × standard deviation of the 
difference. Shows where 95% of differences are expected to fall.

Logistic regression Statistical model with binary dependent variable

Log-rank test Test used to compare 2 or more survival curves (see Kaplan-Meier)

McNemar’s test Test used to compare 2 paired or correlated proportions

Mean Average of a set of data points; equal to the sum of the values divided by the sample size.

Median Middle value among a set of data values sorted from smallest to largest. For an even number of 
observations, the median is the average of the 2 middle points.

Meta-analysis Quantitative synthesis of results of more than 1 research study on the same topic

Mode Most common value in a sample

Multiple comparisons 
procedures

Method used to control the type I error at a nominal level (usually 5%) when multiple comparisons are 
performed or multiple outcomes are assessed in the same study.

Multiple testing problem The phenomenon that repeated testing increases the chance of false-positive findings.

Multivariable model A statistical model that contains more than 1 independent or explanatory variable.

Multivariate analysis A statistical model that contains more than 1 dependent or outcome variable, such as in a repeated 
measures model.

Negative predictive value The probability of the true disease status being negative given that the test result or predictor is 
negative.

Nominal variable A type of variable that is not continuous, discrete or ordinal—but only a name and without any 
inherent ordering, such as gender or blood type.

Non-normally distributed data Data that does not follow a bell-shaped or Gaussian curve distribution.

Normally distributed data Data that does have a bell-shaped or Gaussian distribution.

Normal distribution A bell-shaped or Gaussian distribution defined by a mean and standard deviation.

Null hypothesis The research hypothesis that researchers want to reject, and typically represents no association for the 
research question of interest.

Observational study A study in which the independent variable or exposure variable is not under the control of the 
researcher.

Odds ratio The ratio of the odds of an outcome in one group versus another. An odds ratio expresses the 
association between an exposure variable and an outcome variable, but does not imply causal 
inference between the 2 variables.

Ordinal variable A data variable that consists of a limited number of ordered categories, such as ASA physical status or a 
Likert scale.

P-value Probability value. A P-value gives the probability of observing a result as extreme or more extreme than 
the one observed in a research study if the hypothesis were in fact true.

Paired t-test A statistical test used to compare to dependent samples on a continuous outcome. Oftentimes the 
dependent samples represent measurements on the same patients under 2 different scenarios, such as 
before and after an intervention.

Pearson correlation A measure of the linear association between 2 continuous or ordinal variables. The square of the Pearson 
correlation (R squared) represents the proportion of variance in one variable explained by the other.

Population The group of subjects or units that are the target of a research study; ie, the subjects, or units that one 
wishes to generalize to.

(continued)
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       . Table 38.1 (continued)

Term Definition

Positive predictive value The probability that the true status is positive given that the test or predictor value is positive.

Power of a test The probability of rejecting the null hypothesis for a given statistical method under a particular 
alternative hypothesis treatment effect.

Prediction model A statistical model built particularly for the purpose of predicting individual patient values, and 
typically assessed for model fit (calibration) and how well the model can discriminate among the 
outcome values or explain the variance in the outcome.

Propensity score methods Statistical methods used to control confounding by first modeling the probability of having the 
exposure as a function of potentially confounding variables, and then either matching exposed versus 
unexposed on that risk score (the propensity score) or weighting inversely on it when assessing the 
association between exposure and outcome.

Proportion A measure of central location defined as the number of events divided by the number of patients who 
are subjects. Equivalent to the mean of a binary variable with values 0 and 1.

Quartiles The data values corresponding to the 25th and 75th percentiles of a sample are referred to as the first 
and third quartiles.

Randomized trial Research design in which the experimental units are randomly assigned to receive 1 of the 2 or more 
interventions being assessed, thus removing confounding or selection bias.

Range The difference between the largest and smallest data value in a sample.

Rejecting the null The decision to disavow the null hypothesis (typically of no association) based on a statistical test that 
gives a small P-value, or else based on a confidence interval for the association of interest that does not 
contain the null hypothesis value.

Relative risk The ratio of 2 proportions, typically estimated in a randomized study when comparing 2 groups on the 
outcome of interest.

Research hypothesis The scientific hypothesis upon which researchers build a research study.

Repeated measures ANOVA A statistical method that includes repeated measurements on the same subjects, or units, and accounts 
for the likely correlation within those subjects or units when either comparing times or comparing 
groups over time.

R-squared The statistic that estimates the proportion of the variance in the outcome variable,which is explained 
by 1 or more predictor variables in a linear regression, and is equal to the square of the Pearson 
correlation for simple linear regression.

Sample The particular set of subjects, or units, that are measured in a research study; we make inference on the 
population of interest from the data in the sample.

Sample size calculation/ 
justification

The calculation giving either the number of required subjects, or the power to detect a difference in a 
research study. Components needed to calculate a sample size are the treatment effect of interest, 
estimated variability of the primary outcome, significance level, and power.

Scatterplot A graph plotting 2 continuous variables—one on the vertical axis and the other on the horizontal 
axis—to visually assess their association.

Sensitivity The probability that truly diseased patients will test positive.

Significance criterion The P value criterion used to indicate whether the null hypothesis will be rejected or not.

Significance level The type I error or probability of at least 1 false-positive finding in a research hypothesis or set of 
hypotheses.

Spearman correlation A method to assess association between 2 quantitative variables using the rankings of the data values 
as opposed to the actual data values.

Specificity The probability of truly non- diseased patients testing negative.

Standard deviation Roughly speaking, the average deviation from the mean in a sample; the square root of the variance.

Standard error of the mean The estimated variability of the mean of a group or of the difference between groups. For a single 
group, the standard error is equal to the standard deviation divided by the square root of N

Statistic A quantitative measurement on a sample whose goal it is to estimate the same quantity in the 
population of interest.
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subtleties likely to be encountered—either in reading medical 
research literature or when engaging in one’s own research with 
the collaboration of a trained biostatistician. With this brief 
introduction to statistical methods we do not intend to enable 
the reader to function as a para-statistician, but rather to pro-
vide a basic understanding of the key concepts inherent in 
most research designs and analyses. A key goal is to enable the 
reader to better appreciate, understand, and critique the statis-
tical portions of papers encountered in the medical literature.

38.2  Types of Data

Appreciation of the various types of data is an important step 
in understanding which statistical test would be most appro-
priate for a given situation [1]. The main types of data are 
interval or continuous, such as creatinine or blood pressure; 
ordinal or ranked data, such as American Society of 
Anesthesiologists (ASA) class (I, II, III, IV) or a Likert scale 
response (eg, satisfaction with care from low to high as 
1,2,3,4,5); and categorical or nominal, such as male/female, 
alive/dead, or red/white/blue/green. Categorical data with two 
categories (male/female) is also called binary data. It is always 
a loss of information and therefore a less powerful analysis to 
make a continuous variable (say, age) into a binary variable 
(say, < 50, ≥ 50), although it is occasionally the best way to 
answer a specific research question. Counts such as number of 
children in a family or number of postoperative infections are 
called discrete measurements, and can often be analyzed 
using the same statistical methods as truly continuous data.

38.3  Descriptive Statistics

Summary statistics such as mean (standard deviation) for 
“normally distributed” data and median (25th%, 75th%) for 
non-normally distributed data are very useful ways to report 

study results. But any statistical analysis should also include 
plots of the data to visualize the relationship(s) that a statis-
tical model is trying to express. It is a good rule of thumb 
that one should not report statistical results that cannot be 
visualized to some degree in a graphical display. A boxplot 
showing median, mean, quartiles, and range of data is an 
excellent way to display continuous data, and much better 
than simply plotting the mean and standard deviation (SD) 
(or standard error of the mean [SEM]) with a so-called 
“detonator” plot. In addition, if the data set is quite small, it 
is good to report a listing of the data points for each obser-
vation.

38.4  Normal Distribution

The frequency distribution of many variables is naturally a 
bell-shaped curve; symmetrically distributed with higher 
concentration of data near the central value, and less data 
moving away from the center (. Fig. 38.1). Examples are age, 
body mass index (BMI), blood pressure, height, weight, log- 
transformed length of stay (actual LOS is non-symmetrically 
shaped—skewed to the right). Gaussian distribution is 
another name for the “normal” distribution. Data following a 
true normal distribution has specific properties: it is defined 
by two parameters, a mean and standard deviation (SD); data 
are symmetrically distributed around a mean; ~ 68% of data 
points lie within 1 SD of the mean; mean = median.

One main benefit of having data that follow the normal 
distribution are that many common statistical methods 
assume normal distribution, including independent and 
paired t-tests, analysis of variance, and linear regression. One 
can assess if data are normally distributed by: (1) making a 
histogram (frequency polygon) of the data and check if bell- 
shaped, symmetric; and (2) statistically test whether variable 
is normally distributed (Shapiro Wilks test, Kolmogorov- 
Smirnov test, and others).

       . Table 38.1 (continued)

Term Definition

Statistical errors Alpha (type I error) and beta (type II error)

t-test Statistical method used to compare to independent samples on a continuous outcome, or else to 
compare the single mean to a constant

Test statistic The signal-to-noise ratio used in every statistical test, such as the difference in means divided by the 
standard error of the difference

Treatment effect The difference between groups or the association of interest. Can be defined in many ways.

Variance In a sample, the measurement of how much the individual units differ from each other on an outcome 
of interest.

Wilcoxon rank sum test Mann-Whitney or Wilcoxon-Mann- Whitney test: compares groups on the ranks of the data. Equivalent 
to a t-test on the ranks. Does not directly compare medians.

Wilcoxon signed ranks test A nonparametric test used to compare to dependent samples on a continuous or ordinal outcome 
variable using the ranks of the differences instead of the actual values.
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Statistical methods that assume a particular distribution 
(and the associated “parameters”, such as mean and SD) for 
the data are called parametric tests, while those that do not 
assume a distribution are called non-parametric. Parametric 
tests include t-tests, linear regression, and analysis of 
 variance, for example. Continuous data that is not normally 
distributed (and cannot be transformed to be so) must be 
analyzed by statistical methods that do not assume normal-
ity; ie, by a non-parametric test. For example, comparing 
groups on length of stay (LOS) or blood loss data is best done 
with the non-parametric Wilcoxon rank-sum test as opposed 
to the parametric t-test because these data are typically not 
normally distributed. The Wilcoxon rank sum (also called 
Mann-Whitney or Wilcoxon-Mann-Whitney) test simply 
compares the groups on the average rankings, and is analo-
gous to a t-test on the rankings of the data.

38.5  Measures of Central Tendency

When describing data it is always important to give some 
idea of the average value or central tendency of the data, as 
well as the amount of dispersion or variability (see next 
topic). For categorical data with 2 (binary) or more values, 

the central tendency is described by the proportion of obser-
vations in each category, where proportion  =  number of 
events divided by entire sample size N (ie, #events/N). For 
continuous data, central tendency is best described by the 
mean (sum of individual values divided by N) for normally 
distributed data, and by the median, or middle value, for 
non-normally distributed data. The median is equal to the 
middle value or median if N is odd, and is equal to the mean 
of the middle 2 values if N is even. For example, median LOS 
of (2, 4, 5, 5, 12) is 5, and median LOS of (2, 4, 5, 12) is 4.5. 
The mode is the most common value; eg, mode LOS of (2, 4, 
5, 5, 12) is 5.

38.6  Measures of Dispersion

Along with an appropriate measure of central tendency we 
should always report the amount of dispersion or variability 
between units of observation (patients, measurements, etc). 
For continuous data the SD is the most common measure of 
dispersion for individual data points. The SD is roughly the 
average deviation from mean, and is calculated as the square 
root of the sum of squared deviations from the mean, divided 
by N-1. Example:
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Note that the SD is not an appropriate measure of dispersion 
when the data are not normally distributed (such as length of 

stay, any time to event or duration data, blood loss). In that 
case one should report the median and the quartiles of the 
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data (25th, 75th percentiles) instead of the mean (SD). The 
reason is that when data are highly skewed or contain outli-
ers, those more extreme values may unduly affect the mean 
and standard deviation, whereas they would have much less 
effect on the median and quartiles.

In research we are also interested in the variability of the 
mean of a variable, which is actually a random variable. 
When reporting a mean, we want to know how precise our 
estimate is. For example, what would be the amount of vari-
ability if the mean were observed over and over for numerous 
studies? We estimate this variability of the mean by the stan-
dard error, sometimes call the standard error of the mean 
(SEM), which is actually an estimate of the SD of the mean if 
it were observed over and over. It is estimated as SD divided 
by the square root of N. In general, which is better to report 
along with a mean: the SD or the SEM? A rule of thumb is 
that we report the SD when we are describing individuals, as 
in a table giving baseline characteristics of a sample being 
studied. The SD does not depend on N, so usually better to 
report. However, the SEM is helpful when comparing groups 
on the mean, as long as the N is reported as well.

38.7  Hypothesis Testing

Nearly all research involves formulating and then testing a 
research hypothesis. In this section we will discuss the fol-
lowing topics regarding hypothesis testing and how they 
relate to statistics:

 5 Posing a research question (null, alternative hypotheses)
 5 Inference: from sample to population
 5 Statistical errors: alpha, beta (power); negative studies
 5 Estimating treatment effect
 5 Confidence interval (CI); P-value (probability value)
 5 Data dredging; multiple comparison problem

38.7.1  The Research Question (Null, 
Alternative Hypotheses)

It is very important when conducting research to pose a sin-
gle research question, a-priori. Example: Does chlorhexidine 
rinse (CR) used twice a day reduce incidence of VAP 
(ventilator- associated pneumonia) vs. standard care (SC) in 
patients ventilated ≥48 h?

The null hypothesis (Ho) is what you want to refute. For 
example:

 5 Ho: proportion with VAP using CR = proportion with 
VAP using SC.

The alternative hypothesis (Ha) is what you hope to find! 
For example:

 5 Ha: proportion getting VAP using CR ≠ proportion 
using SC.

Note: How is the treatment effect assessed in this example? In 
this example it would be by estimating the relative risk. Relative 

risk of VAP  =  proportion VAP on CR/ proportion VAP on 
SC. A relative risk of 1.0 means no difference between groups.

38.7.2  Inference: From Sample to Population

The purpose of statistics, and research in general, is to gener-
alize and make inference from a sample to a target popula-
tion. That is the reason we use the word “estimate”, since we 
are trying to estimate a population parameter from a sample, 
be it 15 or 1500 patients. Whenever reporting results it is 
important to qualify them by the word “estimate” instead of 
implying that we are reporting a known parameter from the 
population.

38.7.3  Testing the Research Question

If we have a statistically significant result, such that we have 
enough evidence against the null hypothesis (say, if P < 0.05), 
we “reject the null” and conclude that there is some treatment 
effect (in the population). We would conclude in our example 
that the relative risk (RR)  ≠  1.0, and that equivalently, the 
difference between groups in VAP proportion ≠ 0: we claim 
a “statistically significant difference”.

If we have a non-statistically-significant result (“negative” 
study), it means that there is not clear evidence against the 
null (say, P > 0.05), so we do NOT “reject the null” and do 
NOT conclude there is a treatment effect. We conclude that 
there is no reason to reject that RR ≠ 1.0, but we DO NOT 
“accept the null” and claim no treatment effect. Rather, we 
say “no evidence” to reject the null. It is possible that the 
study is underpowered (small N) to detect the true treatment 
effect, or that really is no treatment effect. We do not know. 
For example, relative risk estimate (95% CI)  =  0.85 (0.68, 
1.04); P = 0.08. Conclusion: Do not reject the null hypothesis 
that relative risk = 1.0.

38.7.4  Decision-Making and Statistical 
Errors: Alpha and Beta

After performing a statistical analysis we either reject the null 
hypothesis (if P < 0.05) or do not reject the null (if P > 0.05). 
Since we only have a sample, and not the population, what is 
the chance that we make the wrong decision? The signifi-
cance level (alpha, or Type I error) is the probability of reject-
ing the null when the null is actually true (in the population). 
This is the false-positive rate, and is typically set at 0.05. Beta 
is the probability of not rejecting the null when we should 
have; ie, when it was false (there was some treatment effect). 
Power is 1 minus beta, and is the probability of rejecting the 
null when we should; ie, when the null is false (and thus the 
alternative is true). Study design goals are to minimize the 
false-positive probability (alpha, significance level) and to 
minimize the false-negative probability (beta = 0.10 or 0.20 
usually), so the power of a test is 0.90 or 0.80 (1 minus beta).
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38.7.5  Estimating the Treatment Effect or 
Association of Interest

After collecting data for a study, we summarize the association 
of interest [4]. Whether comparing groups or assessing an 
association between one factor and another, a research study 
often has a treatment effect of association of interest that is 
being estimated, and which directly corresponds to the 
hypothesis of interest. When comparing 2 group on the mean 
of the outcome of interest we usually estimate the difference 
between means and its confidence interval (see later for more 
detailed discussion of confidence intervals). However, if the 
data are consistent with the log-normal distribution (eg, if the 
distribution of the logarithm of the outcome appears to be nor-
mally distributed and similar variance between groups), the 
ratio of the mean of the log-transformed data can be estimated, 
and is called the ratio of geometric means. When comparing 2 
proportions we estimate the difference between them, or else 
the ratio of proportions (ie, p1/p2 = relative risk, typically in a 
randomized clinical trial) or the odds ratio (ie, [p1/[1-p1] / p2 
[1-p2], typically in non- randomized studies). When compar-
ing 2 groups on a time- to- event such as survival, we estimate 
either the hazards ratio from a Cox proportional hazards 
model,1 or else the difference between median survival times 
from a Kaplan-Meier survival analyses, for example.

38.7.6  Confidence Intervals

Accompanying any assessment of treatment effect or associa-
tion should be a confidence interval (CI). Confidence inter-
vals tell us the precision with which we are estimating the 
mean (or proportion), difference in means, relative risk, etc. 
A 95% CI is constructed so that 95% of the time the true dif-
ference in means or effect of interest falls between the lower 
and upper limit. We should always report the confidence 
interval and/or SE, and never just a point estimate, where a 
point estimate is the statistic of interest you estimate from 
your sample (see previous section). A 95% CI is point esti-
mate ±1.96 standard errors. Why does the formula use 1.96? 
In the normal distribution, 95% of data are inside 1.96 SE of 
mean. So 1.96 corresponds to a type I error of 5%.

What affects the width of a confidence interval? The sam-
ple size, so that higher N will decrease width; the level of con-
fidence/significance (lower confidence decreases width); the 
variability of the estimate (lower SD decreases width); adjust-
ing for covariates (usually decreases width). A narrower CI 
width gives more accurate estimate of treatment effect.

38.7.7  Signal-to-Noise Ratio

In order to test the hypothesis of interest we typically con-
struct an observed signal-to-noise ratio and compare it to 

1 Refer to Cox DR. Regression Models and Life-Tables. London, UK: 
Imperial College. 1972.

what we would expect under the null hypothesis. If the 
observed signal-to-noise ratio is much larger than what we 
expect under the null (corresponding to a small P-value), we 
reject the null hypothesis and claim evidence of an associa-
tion or difference. The signal-to-noise ratio is constructed as 
the ratio of the estimated treatment effect (see previous sec-
tion) to the standard error of the estimated treatment effect 
or association. This ratio is usually called the test statistic, 
and is usually either a t-statistic or z-statistic, depending on 
the test being used. We compare the observed statistic to 
what we would observe (under repeated sampling) if the null 
hypothesis were true. The cutoff value for determining if we 
have a statistically significant result depends on what we have 
a priori set as the alpha level (see previous section: Decision- 
Making and Statistical Errors: Alpha and Beta). For example, 
if we had chosen the traditional 0.05 alpha level in the design 
phase, we would claim a statistically significant result if the 
signal-to-noise ratio (z-statistic) were greater than approxi-
mately 1.96 or less than −1.96, assuming a 2-tailed test. For a 
2-tailed test, the cutoff or critical value for significance (say, 
1.96) is the value of the test statistic under the null hypothesis 
that allows 1/2 of alpha on the left and 1/2 of alpha on the 
right, assuming that the entire area is 1.0.

38.7.8  P-Value

The P-value (or probability value), is the probability that a 
signal-to-noise ratio as large as the one found in the study 
would occur if the null hypothesis were true. In other words, 
it is the probability of observing a result as extreme or more 
extreme than the observed one if the null hypothesis were 
true. If the probability (P-value) is very small (usually if 
P < 0.05), we conclude that the null hypothesis is false, and 
choose the alternative. If P-value is significant at 0.05, the 
95% CI will not overlap the null hypothesis effect (which 
often is 0). For example: if P-value = 0.045, 95% CI for differ-
ence in 2 means will not cross zero (maybe 95% CI for differ-
ence in means = [1, 9]).

The P-value is NOT the same as the significance level. Note 
that the significance level is set before the study begins, and 
represents the amount of false-positive error one is willing to 
suffer, while the P-value is calculated by comparing the 
observed data to the null hypothesis distribution. A significant 
P-value is one that falls below the accepted false-positive rate.

38.7.9  Central Limit Theorem

The central limit theorem is a key statistical theorem, which 
says that with large enough sample size (usually over 30) the 
mean of any variable has a normal distribution. This is true 
even if individual values are not at all normally distributed, 
and it is quite a cool natural phenomenon. It is also true for 
statistics other than the mean, such as difference means. Why 
does this matter? The fact that the mean of normally  distributed 
and even non-normally distributed variables have a normal 
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sampling distribution is the main reason why statisticians can 
conduct statistical tests. For example, whenever we formulate 
a test statistic such as z = mean/SE, and refer it to a normal 
distribution (mean 0, SD 1) to obtain a meaningful P-value, we 
rely heavily on the central limit theorem.

38.7.10  Data Dredging

Assessing multiple outcomes in a single research study is 
often called “data dredging” or “fishing” because the investi-
gation is not focused. It is important to choose one hypothe-
sis to test—choose a single primary outcome and single 
exposure of interest. If assessing >1 variable for association, 
we must list all of them in the publication, whether significant 
or not. The problem with multiple testing is that it leads to 
greatly increased type I error, and thus false-positive results. 
Multiple comparisons (eg, 10 ways to compare 5 groups) 
greatly increases type I error. We use a Bonferroni correction 
to maintain type I error at 0.05 by setting the significance cri-
terion for a particular test to 0.05/# tests. For example, if there 
are 10 tests, each one is significant if P < 0.005 (not 0.05).

38.8  Study Designs

Although there are many options, most research designs can 
be classified as being either randomized or non-randomized 
[2, 3, 5]. The randomized controlled trial (RCT) is the only 
design that can truly discuss cause-effect relationships. Non- 
randomized studies can discuss “association” but not cause- 
effect, because of potential confounders and assignment bias. 
Other important study designs are agreement/reliability 
studies, diagnostic testing, survey and estimation studies (eg, 
prevalence of a disease).

38.8.1  Randomized Controlled Trial

A randomized controlled trial is by far the best way to assess 
effect of an intervention, and it is the only design that can 
cleanly estimate the average causal effect of one treatment ver-
sus another. This is true because in an RCT there is no selec-
tion bias and no assignment bias. Therefore, in an RCT the 
randomized groups are usually well-balanced on baseline fac-
tors, and the only systematic difference is due to the interven-
tion (if there is an effect). It would be difficult to have a true 
confounding variable in an RCT. Why? Because a confounder 
is a variable that is associated with both the outcome and inter-
vention, and because of the randomization there will typically 
be no difference between groups on baseline factors, and 
therefore no association between the baseline and intervention 
groups. However, it is important to note that adjusting for 
baseline variables in an RCT can increase the treatment effect 
precision, and can thus be helpful. Randomized studies usually 
follow the intention-to-treat  principle in which all patients 
who are randomized are included in the primary analysis.

Design options for the RCT include interim analyses for 
futility (no effect), efficacy (some effect), and safety; stratify-
ing the randomization on factors known to influence out-
come; factorial designs where more than 1 factor is assessed 
in the same study (example: effect of glucose monitoring 
[versus standard care] and effect of BIS monitoring [low vs 
high]; cross-over designs, where each patient receives each 
treatment in random order (lots of limitations to these, but 
can be done well given the correct conditions).

38.8.2  Non-Randomized Studies

Non-randomized studies often seek to assess the relationship 
or association between an exposure and an outcome. None of 
these can estimate the mean causal effect as in a randomized 
study. These studies need multivariable analysis to adjust for 
potential confounders.

38.8.3  Case-Control Study

A case-control study is a non-randomized study especially 
helpful with rare diseases or illnesses that take many years to 
develop, making the RCT impractical. In a case-control 
study, diseased patients (cases) are matched with non- 
diseased (controls) on important predictors of disease; the 
cases and controls are then compared on exposure of interest 
by a measure of association called an odds ratio. An odds 
ratio is the estimated odds of disease in the exposed versus 
non-exposed. Case-control example: the association between 
smoking and lung cancer.

38.8.4  Cohort Study

In a cohort study we follow a group of patients over time to 
observe the outcome(s) of interest, typically comparing 
patients with 2 or more different exposures and assessing 
relationships with the outcome(s); the exposure groups are 
not randomized. The Framingham Heart Study is a good 
example of a cohort study.

38.8.5  Cross-Sectional Study

A cross-sectional is a study that assesses the association 
between outcome and predictor in a snapshot of time. For 
example, we might research whether patients having higher 
BMI are more likely to have longer hospital stay.

38.8.6  Other Types of Studies

Other important study designs include agreement studies, 
diagnostic testing studies, estimation studies, surveys, and 
meta-analyses. Agreement/reliability studies may assess 
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how well 2 or more methods or raters agree on their designa-
tion of either a categorical or continuous outcome. Special 
statistical methods are required. For continuous variables, 
the Bland-Altman method is very useful: plotting the inter- 
rater differences by the mean of 2 measures. In agreement 
studies the intraclass correlation coefficient, or better, Linn’s 
concordance correlation coefficient, can be used to summa-
rize the level of within-subject agreement in relation to the 
between-subject agreement (but the usual Pearson correla-
tion coefficient is not appropriate).

Diagnostic Testing studies typically assess the accuracy of a 
medical test or procedure in relation to the true disease or con-
dition. Several summaries of the data are useful: sensitivity is 
the proportion of cases that test positive; specificity is the pro-
portion of non- cases that test negative; positive predictive 
value is the true positives out of the positive tests; and negative 
predictive value is the true negatives out of the negative tests. 
Accuracy with a continuous predictor is calculated as the area 
under a receiver operating characteristic curve, which plots the 
sensitivity and 1 minus specificity over the range of the predic-
tor.

Estimation Studies simply seek to estimate a population 
parameter, either continuous or binary. An example would be 
estimating the prevalence of a disease. No testing or power 
analysis is needed. Since the goal is to obtain a point estimate 
and CI for parameter of interest, sample size is based on the 
desired amount of precision, measured by the standard error 
and desired width of the CI.

Surveys are conducted for many reasons, and typically 
involve taking a random sample of observations from the pop-
ulation of interest. Vigorous follow-up on those sampled is 
crucial. Response bias (are those who responded representative 
of the whole population?) is an issue to deal with, so that good 
follow-up from a small sample is much better than poor fol-
low- up from a big sample.

Meta-Analysis is the process or technique of synthesizing 
research results by using various statistical methods to retrieve, 

select, and combine results from previous separate but related 
studies. A proper meta-analysis does a thorough literature 
search on the topic of interest and strives to report unpublished 
as well as published studies, since publication bias is a large 
issue in meta-analysis.

38.8.7  Sample Size Calculations

Sample size is usually determined in the design phase of a 
study, and depends on 4 parameters: the magnitude of the 
effect of interest (eg, difference between groups), the variabil-
ity of the primary outcome, the chosen alpha level, and the 
chosen beta level (1 minus power). Increased variability or 
power will increase sample size, while increasing alpha or the 
treatment effect of interest will decrease sample size. Likewise, 
power increases as variability decreases or the effect of inter-
est increases. Sample size justification should be included in 
each research protocol and also in each published manu-
script. There are many freely available sample size programs 
on the Internet, but calculations should be either done by a 
professional statistician or reviewed by one.

38.9  Choice of Statistical Test

A summary of basic and most commonly used statistical 
tests is given in . Table 38.2 [1, 6–9].

38.9.1  Comparing Groups

If the outcome of interest is normally distributed, we would use 
a 2-sample t-test if there are 2 independent groups, and analy-
sis of variance (ANOVA) if more than 2 groups. A paired t-test 
is used if data are matched, or for before-after designs. If a con-
tinuous variable is non-normally distributed (including skewed, 
ordinal), we use Mann-Whitney or Wilcoxon (2 independent 
groups) or Kruskal-Wallis (3 or more) groups. For ordinal 
paired data we use Friedman’s test (for 3 or more groups or 
times) or Wilcoxon Signed Rank test (2 groups or times).

       . Table 38.2 Common statistical tests based on given independent and dependent variable

Outcome: “Dependent” variable data type

Explanatory “Indepen-
dent” Variable

Normal/continuous Non-normal/ordinal Categorical Time to event

Independent groups: 2 2-sample t-test Mann-Whitney Chi-square test Kaplan-Meier log rank 
test or Cox proportional 
hazards regressionIndependent groups: >2 ANOVA (analysis of variance) Kruskal-Wallis Chi-square test

Dependent groups
(# groups)

Paired t-test (2) Wilcoxon signed rank (2)
Friedman’s test (> 2)

McNemar’s test (2)

Continuous predictor Pearson correlation coef-
ficient; linear regression

Spearman correlation Logistic regression Cox proportional 
hazards regression
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It is therefore quite important to understand one’s design 
(paired or unpaired). Groups are considered paired when-
ever they represent measurements on the same patients, or 
even when they represent 2 or more related or matched sam-
ples.

For 2 categorical/nominal factors, we would use chi- square 
test for association for a univariable analysis and logistic 
regression for 2-level outcome and multiple nominal or con-
tinuous predictors.

Survival data has a time-to-event outcome and are ana-
lyzed with special methods that account for the varying 
lengths of follow-up (cannot use a chi-square): Kaplan- Meier 
analysis for univariable; Cox proportional hazards regres-
sion for multivariable [1].

38.9.2  Correlation/Regression (Relationship 
Between 2 Continuous or Ordinal 
Variables)

Pearson correlation is used if both variables are continuous; 
Spearman correlation if at least 1 of the 2 variables is ordinal 
or highly non-normal.

Linear regression is used to model relationships between 
a normally distributed continuous outcome and any combi-
nation of nominal, continuous, or ordinal predictors. The 
R-squared from linear regression tells what proportion of the 
variance in the outcome is explained by the set of predictors 
used.

38.10  Univariable vs Multivariable Analyses

Univariable analysis usually means we are assessing the rela-
tionship between 2 factors, often called an outcome factor 
and a predictor factor. When we assess the relationship 
between an outcome and more than 1 predictor at a time, 
such as in multiple linear regression, it is called a multivari-
able (MV) analysis. Although not addressed in detail here, 
when there is more than 1 outcome variable, such as in factor 
analysis or repeated measures ANOVA, it is called a multi-
variate (not multivariable) analysis due to the multiple 
responses per patient. This distinction is not always made 
clear in the medical literature.

38.10.1  Randomized Studies

In randomized studies a multivariable analysis not usually 
needed because of baseline balance. However, adjusting for 
baseline factors that are correlated with the outcome will 
improve power as a direct result of the decrease in the stan-
dard error of the treatment effect. Randomized studies usu-
ally follow the intention-to-treat principle in which all 
patients who are randomized are included in the primary 
analysis.

38.10.2  Non-Randomized Studies

In non-randomized studies, an MV analysis is crucial because 
groups being compared, say 2 different treatments, are not 
balanced on important predictors of outcome. MV analysis 
on all baseline factors that might be remotely related to out-
come or group assignment is needed in order to adjust for 
selection bias, assignment bias, and confounding (as stated 
earlier, a confounder is a variable related to both the expo-
sure/intervention and the outcome).

Another common method to adjust for confounding in a 
nonrandomized study is to use propensity score analysis. In 
propensity score analysis, first a logistic regression model is 
fit with the exposure of interest as the outcome variable and 
considering all potentially confounding variables of interest 
as the predictors. From this model a propensity score for 
each patient is estimated, indicating the probability that this 
patient received the exposure (even though researchers know 
whether it was received or not). The exposures of interest are 
then compared on the outcome of interest using an appropri-
ate statistical test either after first matching exposed and 
unexposed patients on the propensity score or by inversely 
weighting each observation by a function of the propensity 
score in the appropriate test.

An independent predictor of the outcome is one that is 
still significant after adjusting for other factors associated 
with the outcome. Caution: if 2 very related factors (eg, BMI 
and weight) are included in the model building process (ie, 
considered for the model), it is very possible that only 1 may 
show up in the model even though both are highly related to 
outcome in the univariable analysis. Statistical analysts often 
times try to obtain the most parsimonious (ie, efficient) 
model, striking a balance between how much of the variance 
in the outcome is explained and the complexity of the model.

38.11  Conclusion

Evidence-based medicine means guiding medical practice by 
evidence from good research. Hopefully, this chapter’s summary 
of major research designs, concepts, and methods will encour-
age and enable the reader to be an evidence-based practitioner.

38.12  Questions and Answers

 ? Questions (Choose the Most Appropriate Answer):
 1. Which of the following is true?

 A. Confidence intervals give basically the same 
information as P-values.

 B. P-values and 95% confidence intervals give 
different conclusions about 5% of the time.

 C. 95% confidence intervals contain the “truth” 
about 95% of the time.

 D. 95% confidence intervals always contain some of 
the “truth”.

 E. None of the above.
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 2. A statistic not needed for a boxplot is:
 A. Mean
 B. Median
 C. Standard deviation
 D. 1st quartile
 E. 3rd quartile
 F. Minimum and maximum

 3. Which 2 modifications to the experimental design 
will increase power?
 A. Increase the effect size
 B. Increase the Type I error rate, say from 0.05 to 

0.10
 C. Decrease the sample size
 D. Increased variability of the outcomes (eg, 

standard deviation)
 E. A and B
 F. A and C
 G. A and D
 H. B and C

 4. In diagnostic accuracy studies, sensitivity is the 
proportion of?
 A. Truly diseased patients who test positive on the 

test.
 B. The proportion of positively tested patients who 

truly have the disease.
 C. The proportion of non-diseased patients who test 

negative.
 D. None of the above.

 5. Confounding due to a given baseline variable is a 
concern when:
 A. The baseline variable is related to the exposure.
 B. The baseline variable is related to the outcome.
 C. Only A or B.
 D. Both A and B.

 6. The false-positive probability in a research design is 
also the:
 A. Power of the test
 B. False-negative probability
 C. P-value
 D. Type I error
 E. None of the above

 7. Which one of the following can best be concluded 
from a negative study?
 A. No treatment effect
 B. Study was underpowered
 C. Groups are equivalent
 D. Not sufficient evidence to reject null
 E. More data will give significant result

 8. The repeated samples of a mean or median from the 
same population would have a normal (bell-shaped) 
distribution:
 A. Only if individual patient data are normal
 B. Only if individual patient data are almost normal
 C. Always
 D. Always, as long as large samples are taken
 E. Never

 9. The best test to compare 2 independent groups on a 
continuous normally distributed outcome would be?
 A. Chi-square test
 B. T-test
 C. Wilcoxon rank-sum test
 D. Kaplan-Meier analysis
 E. Pearson correlation

 10. The best test to compare 2 groups on a yes/no 
(binary) outcome is?
 A. Chi-square test
 B. T-test
 C. Wilcoxon rank-sum test
 D. Kaplan-Meier analysis
 E. Linear regression

 11. Simple linear regression would NOT be appropriate 
when?
 A. The outcome variable (Y) is continuous.
 B. The outcome variable (Y) is binary.
 C. The independent variable (X) is continuous.
 D. The independent variable (X) is binary.
 E. None of the above.

 v Answers:
 1. C. 95% confidence intervals contain the “truth” about 

95% of the time.
 2. C. Standard deviation is not needed for a boxplot.
 3. E. Both answers A (increase the effect size) and B 

(increase the type 1 error rate) will increase power.
 4. A. In diagnostic accuracy studies, sensitivity is the 

proportion of truly diseased patients who test 
positive on the test.

 5. D. Confounding due to a given baseline variable is a 
concern for both A (the baseline variable is related to 
the exposure) and B (the baseline variable is related 
to the outcome).

 6. D. The false-positive probability is also the type 1 
error.

 7. D. In a negative study there is not sufficient evidence 
to reject the null hypothesis.

 8. C. The repeated samples of a mean or median from 
the same population would always have a normal 
(bell-shaped) distribution.

 9. B. The t-test is best for comparing 2 independent 
groups with a continuous normally distributed 
outcome.

 10. A. The Chi-square test is the best test to compare 2 
groups on a yes/no (binary) outcome.

 11. B. When the outcome variable (Y) is binary, simple 
linear regression would not be appropriate.
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