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PREFACE

he objective of the sixth edition of Textbook of
Anaesthesia remains the same as that of previous edi-
tions, namely to provide a concise, easy-to-read text
for novices in anaesthesia and an essential resource
for those preparing for the Primary Examinations
of the Royal College of Anaesthetists. Candidates
for these examinations require an extensive knowl-
edge of the basic sciences underpinning anaesthe-
sia, critical care and pain management, and the
clinical knowledge and skills expected in those who
have completed at least 12-18 months in a full-time
training post.

In preparing the present edition, there have been
many significant modifications. The title has been
changed to ‘Smith and Aitkenhead’s Textbook of
Anaesthesia’ to reflect the enormous contributions of
Professor Graham Smith to the first five editions. Two
new editors have joined the editorial team to replace
Professors Smith and Rowbotham. After extensive and
careful review, we felt that it was essential to continue
to cover in detail the basic sciences which have direct
and close clinical relevance. Indeed, without this in-
formation, it is not possible to understand the clinical
material described in the book. We have introduced
new chapters dealing with consent and information
for patients, management of the difficult airway, man-
agement of the high-risk patient, anaesthesia for ab-
dominal surgery and in the obese patient, anaesthetic
considerations in transplant patients, safety and qual-
ity improvement, resuscitation, and education and
training. We have also combined the subjects of clini-
cal measurement and monitoring into a single chapter.

In addition, we have rearranged the order of chapters
into a more logical format.

We asked a number of senior, experienced authors
with expertise in their subject to modify or completely
re-write their contributions. We have also recruited 25
new authors to ensure the invigoration of the text by
fresh younger minds. We are grateful to all the authors
for their contributions and we also thank our review-
ers and readers who have made helpful suggestions,
many of which have influenced the planning of the
new edition. We are also grateful to the publishers who
have cooperated in our desire to make fundamental
changes.

We hope that the sixth edition will be as popular
as previous editions and remain the book of choice
for trainees embarking on a career in anaesthesia.
Although this book is aimed primarily at the novice
trainee, we are aware that many anaesthetists study-
ing for the Final FRCA examinations use Textbook of
Anaesthesia when revising the basics; we hope that
this will continue. We are also aware that the book is
used by trainee anaesthetists in many countries other
than the UK; of course, the training needs are the
same although the examination structures differ. We
also believe that this is more than a book suitable for
examination preparation; it continues to be a practi-
cal guide for all anaesthetists and other healthcare
professionals involved in the care of patients in the
perioperative period.

A.R. AITKENHEAD, NOTTINGHAM
I.K. MOPPETT, NOTTINGHAM
J.P. THOMPSON, LEICESTER
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HOW DO DRUGS ACT?

Drugs produce their effects on biological systems by
several mechanisms; these include physicochemical
action, activity at receptors and inhibition of reactions
mediated by enzymes.

Physicochemical Properties

Sodium citrate is an alkali and neutralizes acid; it
is often administered orally to reduce the likeli-
hood of pneumonitis after regurgitation of gastric
contents. Chelating agents (chel is the Greek word
for a crab’s claw) combine chemically with metal
ions, reducing their toxicity and enhancing elimi-
nation, usually in the urine. Such drugs include
desferrioxamine (chelates iron and aluminium),
dicobalt edetate (cyanide toxicity), sodium calcium
edetate (lead) and penicillamine (copper and lead).
Stored blood contains a citrate-based anticoagulant
which prevents clotting; this chelates calcium ions
and may cause hypocalcaemia after massive blood
transfusion. Phenol and alcohol denature proteins;
they are used occasionally to produce prolonged or
permanent nerve blockade.

Action on Receptors

A receptor is a complex structure on the cell mem-
brane which can bind selectively with endogenous
compounds or drugs, resulting in changes within the
cell which modify its function. These include changes
in selective ion channel permeability (e.g. acetyl-
choline, glutamate, GABA receptors), cyclic adenosine
monophosphate (e.g. opioid, f, «, and dopamine re-
ceptors), cyclic guanosine monophosphate (e.g. atrial

GENERAL PRINCIPLES OF
PHARMACOLOGY

natriuretic peptide receptor), inositol phosphate and
diacylglycerol (e.g. o, angiotensin AT , endothelin,
histamine H, and vasopressin V| receptors) and nitric
oxide (e.g. muscarinic M, receptor).

A compound which binds to a receptor and
changes intracellular function is termed an agonist.
The classic dose-response relationship of an agonist
is shown in Figure 1.1. As the concentration of the
agonist increases, a maximum effect is reached as the
receptors in the system become saturated (Fig. 1.1A).
Conventionally, log dose is plotted against effect, re-
sulting in a sigmoid curve which is approximately
linear between 20 and 80% of maximum -effect
(Fig. 1.1B). Three agonists are shown in Figure 1.2.
Agonist A produces 100% effect at a lower concen-
tration than agonist B. Therefore, compared with A,
agonist B is less potent but has similar efficacy. Drug
C is termed a partial agonist as the maximum effect
is less than that of A or B. Buprenorphine is a partial
agonist (at the p-opioid receptor), as are some of the
B-blockers with intrinsic activity, e.g. oxprenolol, pin-
dolol, acebutalol, celiprolol.

Antagonists combine selectively with the receptor
but produce no effect. They may interact with the re-
ceptor in a competitive (reversible) or non-competitive
(irreversible) fashion. In the presence of a competitive
antagonist, the dose-response curve of an agonist is
shifted to the right but the maximum effect remains
unaltered (Fig. 1.3A). Examples of this effect include
the displacement of morphine by naloxone and en-
dogenous catecholamines by p-blockers.

A non-competitive (irreversible) antagonist also
shifts the dose—response curve to the right but, with

1
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100%

Effect

Dose

A
FIGURE 1.1

100%

80%

50%

Effect

20%

EDso Log dose

B

(A) The effect of an agonist peaks when all the receptors are occupied. (B) A semilog plot produces a sigmoid

curve which is linear between 20 and 80% effect. ED_ is the dose which produces 50% of maximum effect.

100% A g
k3]
ﬁ'_’ 50% c
///
EDso EDso Log dose
FIGURE 1.2 = Agonist B has a similar dose-response curve

to A but is displaced to the right. A is more potent than B
(smaller ED, ) but has the same efficacy. Cis a partial agonist
which is less potent than A and B and less efficacious (maxi-
mum effect 50% of A and B).

increasing concentrations, reduces the maximum
effect (Fig. 1.3B). For example, the a -antagonist
phenoxybenzamine, used in the preoperative prepara-
tion of patients with phaeochromocytoma, has a long
duration of action because of the formation of stable
chemical bonds between drug and receptor.

The relationship between drug dose and response
is often described by a Hill plot (Fig. 1.4). A typical
agonist such as that shown in Figure 1.1 produces a
straight line with a slope (i.e. Hill coefficient) of +1.

Action on Enzymes

Drugs may act by inhibiting the action of an enzyme
or competing for its endogenous substrate. Reversible
inhibition is the mechanism of action of edrophonium
(acetylcholinesterase), aminophylline  (phospho-
diesterase) and captopril (angiotensin-converting en-
zyme). Irreversible enzyme inhibition occurs when a
stable chemical bond is formed between drug and en-
zyme, resulting in prolonged or permanent inactivity
e.g. omeprazole (gastric hydrogen-potassium ATPase),
aspirin  (cyclo-oxygenase) and organophosphorus
compounds (acetylcholinesterase).

However, the interaction between drug and enzyme
may be more complex than this simple classification
implies. For example, neostigmine inhibits acetyl-
cholinesterase in a reversible manner, but the mecha-
nism of action is more akin to that of an irreversible
drug because neostigmine forms covalent chemical
bonds with the enzyme.

THE BLOOD-BRAIN BARRIER AND
PLACENTA

Many drugs used in anaesthetic practice must cross
the blood-brain barrier in order to reach their site of
action. The brain is protected from most potentially
toxic agents by tightly overlapping endothelial cells
which surround the capillaries and interfere with pas-
sive diffusion. In addition, enzyme systems are present
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100%

Effect

Log dose
A

FIGURE 1.3

100%

Effect

Log dose

B

(A) The dose-response curve of an agonist is displaced to the right in the presence of a reversible antagonist.

There is no change in maximum effect but the ED_ is increased. (B) The dose-response curve is displaced to the right also in the
presence of an irreversible antagonist but the maximum effect is reduced.

+17
w
w lé
W O
o
o
4
-1 T 1
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Log dose
FIGURE 1.4 = A Hill plot. The Hill coefficient is the slope

of the line (+1 for this drug). E__ =maximum effect, E=effect
at different doses.

in the endothelium which break down many poten-
tial toxins. Consequently, only relatively small, highly
lipid-soluble molecules (e.g. intravenous and volatile
anaesthetic agents, opioids, local anaesthetics) have ac-
cess to the central nervous system (CNS). Compared
with most opioids, morphine takes some time to reach
its site of action because it has a relatively low lipid
solubility. Highly ionized drugs (e.g. muscle relaxants,
glycopyrronium) do not cross the blood-brain barrier.

The chemoreceptor trigger zone is situated in the
area postrema near the base of the fourth ventricle (see

Ch 42). It is not protected by the blood—brain barrier
because the capillary endothelial cells are not bound
tightly in this area and allow relatively free passage of
large molecules. This is an important afferent limb of
the vomiting reflex and stimulation of this area by tox-
ins or drugs in the blood or cerebrospinal fluid often
leads to vomiting. Many antiemetics act at this site.

The transfer of drugs across the placenta is of con-
siderable importance in obstetric anaesthesia (see
Ch 35). In general, all drugs which affect the CNS cross
the placenta and affect the fetus. Highly ionized drugs
(e.g. muscle relaxants) pass across less readily.

PLASMA PROTEIN BINDING

Many drugs are bound to proteins in the plasma. This
is important because only the unbound portion of
the drug is available for diffusion to its site of action.
Changes in protein binding may have significant ef-
fects on the active unbound concentration of a drug,
and therefore its actions.

Albumin is the most important protein in this
regard and is responsible mainly for the binding
of acidic and neutral drugs. Globulins, especially
o, -glycoprotein, bind mainly basic drugs. If a drug is
highly protein bound (>80%), any change in plasma
protein concentration or displacement of the drug by
another with similar binding properties may have clin-
ically significant effects. For example, most NSAIDs
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displace warfarin, phenytoin and lithium from plasma
binding sites, leading to potential toxicity.

Plasma albumin concentration is often decreased
in the elderly, in neonates and in the presence of mal-
nutrition, liver, renal or cardiac failure and malignancy.
a,-Glycoprotein concentration is decreased during
pregnancy and in the neonate but may be increased in
the postoperative period and other conditions such as
infection, trauma, burns and malignancy.

METABOLISM

Most drugs are lipid-soluble and many are metabo-
lized in the liver into more ionized compounds which
are inactive pharmacologically and excreted by the kid-
neys. However, metabolites may be active (Table 1.1).
The liver is not the only site of metabolism. For ex-
ample, succinylcholine and mivacurium are metabo-
lized by plasma cholinesterase, esmolol by erythrocyte
esterases, remifentanil by tissue esterases and, in part,
dopamine by the kidney and prilocaine by the lungs.
A substance is termed a prodrug if it is inactive
in the form in which it is administered, pharmaco-
logical effects being dependent on the formation
of active metabolites. Examples of this are codeine
(morphine), diamorphine (6-monoacetylmorphine,
morphine), chloral hydrate (trichlorethanol) and
parecoxib (valdecoxib). Midazolam is ionized and

TABLE 1.1

Examples of Active Metabolites

Drug Metabolite Action

Morphine Morphine-6-glucuronide Potent opioid

agonist

Diamorphine 6-Monoacetylmorphine Opioid agonist

Morphine
Meperidine Normeperidine Epileptogenic
(pethidine) (norpethidine)
Codeine Morphine Opioid agonist
Diazepam Desmethyldiazepam Sedative
Temazepam
Oxazepam
Tramadol O-desmethyltramadol Opioid agonist
Parecoxib Valdecoxib COX-2 specific

inhibitor

dissolved in an acidic solution in the ampoule; after
intravenous injection and exposure in the blood to
pH 7.4, the molecule becomes lipid-soluble.

Drugs undergo two types of reactions during
metabolism: phase I and phase II. Phase I reactions
include reduction, oxidation and hydrolysis. Drug oxi-
dation occurs in the smooth endoplasmic reticulum,
primarily by the cytochrome P450 enzyme system.
This system and other enzymes also perform reduction
reactions. Hydrolysis is a common phase I reaction in
the metabolism of drugs with ester groups (e.g. remi-
fentanil, succinylcholine, atracurium, mivacurium).
Amide drugs often undergo hydrolysis and oxidative
N-dealkylation (e.g. lidocaine, bupivacaine).

Phase II reactions involve conjugation of a metabo-
lite or the drug itself with an endogenous substrate.
Conjugation with glucuronic acid is a major metabolic
pathway, but others include acetylation, methylation
and conjugation with sulphate or glycine.

Enzyme Induction and Inhibition

Some drugs may enhance the activity of enzymes respon-
sible for drug metabolism, particularly the cytochrome
P450 enzymes and glucuronyl transferase. Such drugs
include phenytoin, carbamazepine, phenylbutazone,
barbiturates, ethanol, steroids and some inhalational an-
aesthetic agents (halothane, enflurane). Cigarette smok-
ing also induces cytochrome P450 enzymes.

Drugs with mechanisms of action other than on
enzymes may also interfere significantly with enzyme
systems. For example, etomidate inhibits the synthe-
sis of cortisol and aldosterone — an effect which may
explain the increased mortality in critically ill patients
which occurred when it was used as a sedative in in-
tensive care. Cimetidine is a potent enzyme inhibitor
and may prolong the elimination of drugs such as di-
azepam, propranolol, oral anticoagulants, phenytoin
and lidocaine. Troublesome interactions with enzyme
systems are less of a problem with new drugs; if sig-
nificant enzyme interaction is discovered in the early
stages of development, the drug is usually abandoned.

DRUG EXCRETION

Ionized compounds with a low molecular weight
(MW) are excreted mainly by the kidneys. Most drugs
and metabolites diffuse passively into the proximal
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renal tubules by the process of glomerular filtra-
tion, but some are secreted actively (e.g. penicillins,
aspirin, many diuretics, morphine, lidocaine and
glucuronides). Ionization is a significant barrier to
reabsorption at the distal tubule. Consequently, basic
drugs or metabolites are excreted more efficiently in
acid urine and acidic compounds in alkaline urine.

Some drugs and metabolites, particularly those with
larger molecules (MW >400 D), are excreted in the
bile (e.g. glycopyrronium, vecuronium, pancuronium
and the metabolites of morphine and buprenorphine).
Ventilation is responsible for excretion of volatile an-
aesthetic agents.

PHARMACOKINETIC PRINCIPLES

Pharmacokinetics is the study of what happens to
drugs after they have been administered. In contrast,
pharmacodynamics is concerned with their effects
on biological systems. An understanding of the basic
principles of pharmacokinetics is an important aid to
the safe use of drugs in anaesthesia, pain management
and intensive care medicine. Pharmacokinetics is an
attempt to fit observed changes in plasma concentra-
tion of drugs into mathematical equations which may
then be used to predict concentrations under various
circumstances.

Derived values describing volume of distribution
(V), clearance (Cl) and half-life (¢ ,) give an indica-
tion of the likely properties of a drug. However, even
in healthy individuals of the same sex, weight and age,
there is significant variability which makes precise pre-
diction very difficult. It is important to remember that
the accepted pharmacokinetic values of drugs are usu-
ally the mean of a wide range of observations.

Volume of Distribution

Volume of distribution is a good example of the ab-
stract nature of pharmacokinetics; it is not a real
volume but merely a concept which helps us to under-
stand what we observe. Nevertheless, it is a very useful
notion which enables us to predict certain properties
of a drug and also calculate other pharmacokinetic
values.

Imagine that a patient receiving an intravenous dose
of an anaesthetic induction agent is a bucket of water
and that the drug is distributed evenly throughout the

water immediately after injection. The volume of wa-
ter represents the initial volume of distribution (V). It
may be calculated easily:

_ dose (1)
\%

CO
where C, is the initial concentration. Therefore:

Ve dose (2)
CO

A more accurate measurement of V'is possible dur-
ing constant rate infusion when the distribution of
the drug in the tissues has time to equilibrate; this is
termed volume of distribution at steady state (V).

Drugs which remain in the plasma and do not pass
easily to other tissues have a small V and therefore a
large C,. Relatively ionized drugs (e.g. muscle relaxants)
or drugs highly bound to plasma proteins (e.g. NSAIDs)
often have a small V. Drugs with a large V are often
lipid-soluble and therefore penetrate and accumulate in
tissues outside the plasma (e.g. intravenous induction
agents). Some drugs accumulate outside the plasma,
making values for V greater than total body volume
(a reminder of the abstract nature of pharmacokinet-
ics). Large V values are often observed for drugs highly
bound to proteins outside plasma (e.g. local anaesthet-
ics, digoxin).

Several factors may affect V and therefore C, on bo-
lus injection of a drug. Patients who are dehydrated, or
have lost blood, have a significantly greater plasma C,
after a normal dose of intravenous induction agent, in-
creasing the likelihood of severe side-effects, especially
hypotension. Neonates have a proportionally greater
volume of extracellular fluid compared with adults,
and water-soluble drugs (e.g. muscle relaxants) tend
to have a proportionally greater V. Factors affecting
plasma protein binding (see above) may also affect V.

Finally, V can give some indication as to the half-life.
Alarge Vis often associated with a relatively slow decline
in plasma concentration; this relationship is expressed
below in a useful pharmacokinetic equation (eqn 4).

Clearance

Clearance is defined as the volume of blood or plasma
from which the drug is removed completely in unit
time. Drugs may be eliminated from the blood by the
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liver, kidney or occasionally other routes (see above).
The relative proportion of hepatic and renal clear-
ance of a drug is important. Most drugs used in an-
aesthetic practice are cleared predominantly by the
liver, but some rely on renal or non-organ-dependent
clearance. Excessive accumulation of a drug occurs in
patients in renal failure if its renal clearance is signifi-
cant. For example, morphine is metabolized primar-
ily in the liver and this is not affected significantly in
renal impairment. However, the active metabolite
morphine-6-glucuronide is excreted predominantly
by the kidney. This accumulates in renal insufficiency
and is responsible for increased morphine sensitivity
in these patients.

As with volume of distribution, clearance may sug-
gest likely properties of a drug. For example, if clear-
ance is greater than hepatic blood flow, factors other
than hepatic metabolism must account for its total
clearance. Values greater than cardiac output may in-
dicate metabolism in the plasma (e.g. succinylcholine)
or other tissues (e.g. remifentanil). Clearance is an
important (but not the only) factor affecting ¢, and
steady-state plasma concentrations achieved during
constant rate infusions (see below).

Elimination Half-Life

Methods of administration of a drug are influenced
considerably by its plasma ¢, , as this often reflects dur-
ation of action. It is important to remember that ¢, , is
influenced not only by clearance (Cl) but also by V:

1%
i xa (3)

or

t

Vv
12 = constant X —
cl

The constant in this equation (elimination rate
constant) is the natural logarithm of 2 (In 2) i.e. 0.693.
Therefore:

v
t, =0.693 Xx— (4)
1/2 Cl

Half-life often reflects duration of action but not if

the drug acts irreversibly (e.g. some NSAIDs, omepra-

zole, phenoxybenzamine) or if active metabolites are
formed (Table 1.1).

So far, we have considered metabolic or elimination ¢, ,
only. The initial decrease in plasma concentrations after
administration of many drugs, especially if given intra-
venously, occurs primarily because of redistribution into
tissues. Therefore, the simple relationship between elimi-
nation t,,, and duration of action does not apply in many

1/2
situations (see below, “Two-Compartment Models’).

Calculating ¢, ), V and Clearance

It is a simple exercise to calculate these values for a
drug after intravenous bolus administration. A known
dose is given and regular blood samples are taken for
plasma concentration measurements. In this exam-
ple, we assume that the drug remains in the plasma
and is removed only by metabolism; this is a called a
one-compartment model. After achieving C, plasma
concentration (C,) declines in a simple exponential
manner as shown in Figure 1.5A. If the natural logs
of the concentrations are plotted against time (semilog
plot), a straight line is produced (Figure 1.5B). The
gradient of this line is the elimination rate constant k,
which is related to ¢, , in the following equation:

_In2

k (5)

tl/Z

We may calculate V using equation (2) and then
clearance from equation (4). C, may be predicted at
any time from the following equation:

C,=Ce™" (6)

where t is the time after administration.
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FIGURE 1.5 ™ (A) Exponential decline in plasma drug con-

centration (C,) in a one-compartment model. The equation
predicts C, at any time (t). (B) Semilog plot enables easy cal-
culation oft, ,. Extrapolation of this line enables C;and AUC |
to be derived easily.
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Clearance may be derived also by calculation of the
area under the concentration-time curve extrapolated
to infinity (AUC_) and substitution in the following
equation:

_ dose 7)

Cl=
AUC_

Two-Compartment Models

The body is not, of course, a single homogeneous
compartment; drug plasma concentrations are the re-
sult of elimination by metabolism and redistribution
to and from tissues such as brain, heart, liver, muscles
and fat. The mathematics describing this real situa-
tion are extremely complex. However, plasma con-
centrations of many drugs behave approximately as if
they were distributed in two or three compartments.
Applying these mathematical models is a reasonable
compromise.

Let us consider a two-compartment model; one
compartment may be thought of as representing the
plasma and the other, the remainder of the body.
When an intravenous bolus is injected into this
system, C, decreases because of an exponential decay
resulting from elimination and another exponential
decay resulting from redistribution into the tissues.
Therefore, when C, is plotted against time, the curve
may be described by a biexponential equation. If plot-
ted on a semilogarithmic plot (Fig. 1.6), two straight
lines can be identified and derived. Their gradients are
the elimination rate constants dependent on elimina-
tion (P) and redistribution (o).

Redistribution kinetics are not only of theoretical
interest, because it is often the decline in C, resulting
from redistribution which is responsible for the ces-
sation of an observed effect of a drug; intravenous
induction agents and initial doses of intravenous fen-
tanyl are good examples of this. Patients wake up after
a bolus administration of propofol because of redistri-
bution, not metabolism.

Calculating the separate pharmacokinetic values is
easy; one curve is simply subtracted from the other.
Consider Figure 1.6 in which natural log concentration
is plotted against time and two slopes are seen. The sec-
ond and less steep slope represents decline in plasma
concentration caused by elimination of the drug by
metabolism. From this, the elimination half-life (/)

Natural log (In) concentration

Time

FIGURE 1.6 © Semilog plot of a two-compartment model:
a=rate constant for exponential decay resulting from redistri-
bution; p=rate constant for exponential decay resulting from
elimination.

may be calculated. In order to calculate the half-life of
the redistribution phase (7,), the elimination slope is
extrapolated back to time 0. If data on this imaginary
part of the elimination slope are subtracted from those
on the real line above it, another imaginary line may be
constructed which represents that part of the decline
in plasma concentration which is the result of redistri-
bution. From this line, the redistribution half-life ()
may be calculated.

The equation for C, at any time in a two-

compartment model after bolus intravenous
administration is therefore:
C,=Ae™ + Be™ (8)

where o and P are the redistribution and elimination
rate constants, respectively, and A and B are values de-
rived by back extrapolation of the redistribution and
elimination slopes to the y-axis.

Some drugs, e.g. propofol, are best fitted to a triexpo-
nential, three-compartment model which reveals half-
lives for two processes of redistribution (conventionally
t*and tl‘jz) and one for elimination (¢,). Equations de-
veloped from these basic concepts are contained in the

software of target-controlled infusion pumps.
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Fentanyl

Alfentanil

Remifentanil

Plasma ty, on stopping infusion

Duration of infusion

FIGURE 1.7 © Context-sensitive half-life. The time for plasma
concentration to decline by 50% increases with duration of infu-
sion for alfentanil and fentanyl. This is not the case for remifentanil.

Context-Sensitive Half-Life

This concept refers to plasma half-life (time for plasma
concentration to decline by 50%) after an intravenous
drug infusion is stopped; ‘context’ refers to the dura-
tion of infusion. The amount of drug accumulating
in body tissues increases with duration of infusion for
most drugs. Consequently, on stopping the infusion,
time for the plasma concentration to decline by 50%
depends on duration of infusion. The longer the infu-
sion, the more drug accumulates and the longer the
plasma half-life becomes, because there is more drug
to enter the plasma on stopping the infusion.

Figure 1.7 shows the effect of infusion duration on
the half-lives of alfentanil, fentanyl and remifentanil.
Alfentanil, and especially fentanyl, accumulate dur-
ing infusion, causing an increase in context-sensitive
half-life as the duration of infusion increases. In other
words, time to recovery from alfentanil- or fentanyl-
based anaesthesia depends on duration of infusion.
Remifentanil is metabolized by tissue esterases and
does not accumulate. Therefore, time for plasma con-
centration of remifentanil to decline by 50% is inde-
pendent of duration of infusion, i.e. recovery times
after remifentanil-based anaesthesia are short and pre-
dictable, no matter how long the infusion has run.

PHARMACOGENETICS

Pharmacogenetics refers to genetic differences in met-
abolic pathways which can affect individual responses
to drugs, both in terms of therapeutic effect as well as

adverse effects. Pharmacogenetics is a rising concern
in clinical oncology, because the therapeutic window
of most anticancer drugs is narrow and patients with
impaired ability to detoxify drugs may undergo life-
threatening toxicities.

The first observations of genetic variation in drug
response date from the 1950s, involving the muscle
relaxant (succinylcholine [suxamethonium]). Up to
4% of patients have a less efficient variant of the en-
zyme butyrylcholinesterase (plasma cholinesterase),
which metabolizes succinylcholine chloride. As a con-
sequence, the drug’s effect is prolonged to varying de-
grees (depending on the nature of the abnormal gene
and whether the individual is homozygous or hetero-
zygous), with slower recovery from paralysis (see Ch 6).

Variation in the N-acetyltransferase gene divides
people into ‘slow acetylators’ and ‘fast acetylators’, with
very different half-lives and blood concentrations of
drugs such as isoniazid and procainamide.

As part of the inborn system for clearing the body
of xenobiotics, the cytochrome P450 oxidases (CYPs)
are heavily involved in drug metabolism, and genetic
variations in CYPs affect large populations. One mem-
ber of the CYP superfamily, CYP2D6, now has over
75 known allelic variations, some of which lead to no
activity, and some to enhanced activity. An estimated
29% of people in some parts of the world may have
multiple copies of the gene, and therefore may not be
treated adequately with standard doses of drugs such
as codeine (which is activated by the enzyme).

METHODS OF DRUG
ADMINISTRATION

Oral

The oral route of drug administration is important in
modern anaesthetic practice (e.g. premedication, post-
operative analgesia). It is often necessary also to con-
tinue concurrent medication during the perioperative
period (e.g. antihypertension therapy, anti-anginal
medication). It is therefore important to appreciate
the factors involved in the absorption of orally admin-
istered drugs.

The formulation of tablets or capsules is very pre-
cise, as their consistent dissolution is necessary before
absorption can take place. The rate of absorption,
and therefore effect of the drug, may be influenced
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significantly by this factor. Most preparations dissolve
in the acidic gastric juices and the intact drug is ab-
sorbed in the upper intestine. However, some drugs
are broken down by acids (e.g. omeprazole, benzyl-
penicillin) or are irritant to the stomach (e.g. aspirin,
phenylbutazone) and may be given as enteric-coated
preparations. Drugs given in solution are often ab-
sorbed more rapidly but this may induce nausea or
vomiting immediately after anaesthesia. Some drugs
used in anaesthetic practice are available in slow-release
preparations (e.g. morphine, oxycontin, tramadol).

Gastric Emptying
Most drugs are absorbed only when they have left the
stomach; therefore, if gastric emptying is delayed, ab-
sorption is affected. Furthermore, if oral medication is
given continuously during periods of impaired empty-
ing, it may accumulate in the stomach, only to be de-
livered to the small intestine en masse when gastric
function returns, resulting in overdose. Many factors
influence the rate of gastric emptying and these are de-
scribed in Chapter 42.

Any factor increasing upper intestinal motility
(e.g. metoclopramide) reduces the time available for

absorption and may reduce the total amount of drug
absorbed.

First-Pass Effect

Before entering the systemic circulation, a drug must
pass through the portal circulation and, if metabolized
extensively by the liver or even the gut wall, absorp-
tion may be reduced significantly (i.e. first-pass effect).
For example, compared with intramuscular admin-
istration, significantly larger doses of oral morphine
are required for the same effect. In fact, most opioids,
except methadone, are susceptible to significant first-
pass metabolism.

Bioavailability

Bioavailability is the percentage of the oral dose of a
drug which is absorbed into the systemic circulation.
It is calculated by giving the same individual, on two
separate occasions, the same dose of a drug orally and
intravenously. The resulting plasma drug concentra-
tions are plotted against time and the area under the
curve after oral administration is compared with that
after intravenous administration.

Lingual and Buccal

This is a useful method of administration if a drug is
lipid-soluble and crosses the oral mucosa with relative
ease. First-pass metabolism is avoided. Glyceryl tri-
nitrate and buprenorphine are available as sublingual
tablets and morphine as a buccal preparation.

Intramuscular

Intramuscular administration is still used occasionally
in the perioperative period. It may avoid the problems
associated with large initial plasma concentrations
after rapid intravenous administration, is devoid of
first-pass effects and may be administered relatively
easily. However, absorption may be unpredictable,
some preparations are particularly painful and irritant
(e.g. diclofenac) and complications include damage to
nervous and vascular tissue and inadvertent intrave-
nous injection. It is disliked intensely by most adults
and nearly all children.

Variations in absorption may be clinically relevant.
For example, peak plasma concentrations of mor-
phine may occur at any time from 5 to 60 min after
intramuscular administration, an important factor in
the failure of this method to produce good reliable an-
algesia (see Ch 41).

Subcutaneous

Absorption is very susceptible to changes in skin per-
fusion, and tissue irritation may be a significant prob-
lem. However, this method is used in many centres
for providing postoperative pain relief, particularly in
children or after intermediate surgery, and has the ad-
vantage that potentially difficult intravenous access is
not required. A small cannula is placed subcutaneously
during anaesthesia and can be replaced, if necessary,
with relative ease. Even patient-controlled analgesia
(PCA) has been used effectively by this route.

Intravenous
Bolus

The majority of drugs used in anaesthetic practice
are given intravenously as boluses and the pharmaco-
kinetics are described in some detail above. The major
disadvantage of this method is that dangerously high
drug concentrations may occur readily, particularly
with drugs of narrow therapeutic index and large
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interpatient pharmacodynamic and pharmacokinetic
variations (i.e. most drugs used in anaesthetic prac-
tice). Therefore, it is an important general rule that
all drugs administered intravenously should be given
slowly. Manufacturers’ recommendations in this re-
gard are often surprising; for example, a 10 mg dose of
metoclopramide should be given over 1-2 min.

Only two factors have a major influence on the
plasma concentrations achieved during a bolus intra-
venous injection: speed of injection and cardiac
output. Therefore, an elderly, sick or hypovolaemic pa-
tient undergoing intravenous induction of anaesthesia
is likely to suffer significant side-effects if the drug is
given at the same rate as would be used in a normal,
healthy young adult.

Infusion

Drugs may be given by constant-rate infusion,a method
used frequently for propofol, neuromuscular blocking
agents, opioids and many other drugs. Plasma concen-
trations achieved during infusions may be described
by a simple wash-in exponential curve (Fig. 1.8). The
only factor influencing time to reach steady-state con-
centration is £, ,. Maximum concentration is achieved
after approximately 4-5 half-lives. Therefore, this
method of administration is best suited to drugs with
short half-lives, such as remifentanil, glyceryl trinitrate,
Adrenaline and dopamine. However, in practice, it
is often used for drugs such as morphine. Assuming a
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FIGURE 1.8 " Plasma concentrations during a constant-

rate intravenous infusion against time expressed as multiples
oft, ,. C =concentration at steady state, Cl=clearance.

morphine ¢, , of 4h, it will be about 20 h before steady-
state concentration is reached (although an effective
concentration can be achieved by initial bolus doses
or a more rapid infusion). Therefore, vigilant observa-
tion is required with this method of delivery, especially
if active metabolites are involved — in this example,
morphine-6-glucuronide.

There is a simple equation describing the concen-
tration achieved at steady state during a constant-rate
infusion; this is based on the principle that, at steady
state, the amount of drug cleared from the plasma is
equal to that delivered:

Rate of infusion=Cl x C_ )

where C_ is the concentration at steady state.

Many pathological conditions reduce drug clear-
ance and may therefore result in unexpectedly large
plasma concentrations during infusions. Half-life does
not influence C_, only how quickly it is achieved.

Patient-Controlled Analgesia (PCA)

The use of PCA for the treatment of postoperative pain
has become widespread and is described in detail in
Chapter 41. The patient titrates opioid delivery to re-
quirements by pressing a button on a PCA device which
results in the delivery of a small bolus dose. A lockout
time is set which does not allow another bolus to be de-
livered until the previous dose has had time to have an
effect. There is an enormous interpatient variability in
opioid requirement after surgery; effective and closely
monitored PCA is able to cope with this.

Rectal

This technique reduces the problems of first-pass me-
tabolism and the need for injections. It is used in chil-
dren and adults (paracetamol, diclofenac, ibuprofen)
for postoperative analgesia. However, the proportion
of drug absorbed is very variable.

Transdermal

Drugs with a high lipid solubility and potency may
be given transdermally. The pharmacological prop-
erties of glyceryl trinitrate render it ideal for this
technique (i.e. potent, highly lipid-soluble, short
half-life). Transdermal hyoscine is used for travel and
other causes of sickness. Fentanyl patches can be very
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effective, particularly in patients with cancer pain.
Buprenorphine and lidocaine transdermal delivery
systems are also available. The latter is used for post-
herpetic neuralgia which has not responded to more
conventional techniques.

It may take some time before a steady-state plasma
concentration is achieved and many devices incor-
porate large amounts of drug in the adhesive layer in
order to provide a loading dose which reduces this
period. At steady state, transdermal delivery has sev-
eral similarities to intravenous infusion. However, on
removing the adhesive patch, plasma concentrations
may decline relatively slowly because of a depot of
drug in the surrounding skin; this occurs with trans-
dermal fentanyl systems.

Inhalation

The delivery of inhaled volatile anaesthetics is dis-
cussed below, but other drugs may be given by
this route, especially bronchodilators and steroids.
Atropine and Adrenaline are absorbed if injected into
the bronchial tree and this offers a route of adminis-
tration in emergencies if no other method of delivery
is possible. Opioids such as fentanyl and diamorphine
have been given as nebulized solutions but this tech-
nique is not routine.

Epidural

This is a common route of administration in anaes-
thetic practice. The epidural space is very vascular
and significant amounts of drug may be absorbed
systemically, even if any vessels are avoided by the
needle or cannula. Opioids diffuse across the dura
to act on spinal opioid receptors, but much of
their action when given epidurally is the result of
systemic absorption. Complications include hae-
matoma and infection, inadvertent dural puncture
with consequent headache or spinal administration
of the drug.

Spinal (Subarachnoid)

When given spinally, drugs have free access to the
neural tissue of the spinal cord and small doses have
profound, rapid effects, an advantage and also a dis-
advantage of the method. Protein binding is not a sig-
nificant factor because CSF protein concentration is
relatively low.

DRUG INTERACTIONS

There are three basic types of drug interaction; exam-
ples are listed in Table 1.2.

Pharmaceutical

In this type of interaction, drugs mixed in the same
syringe or infusion bag react chemically with adverse
results. For example, mixing succinylcholine with thio-
pental (pH 10-11) hydrolyses the former, rendering it
inactive. Before mixing drugs, data should be sought
on their compatibility.

Pharmacokinetic

Absorption of a drug, particularly if given orally, may
be affected by other drugs because of their action on
gastric emptying (see above). Interference with protein

TABLE 1.2

Examples of Drug Interactions in Anaesthesia

Type Drugs Effect

Pharmaceutical Thiopental: Hydrolysis of
succinylcholine succinylcholine
Ampicillin: Reduced potency

glucose, lactate
Blood: dextrans

Plastic: glyceryl
trinitrate
Sevoflurane: soda
lime

Rouleaux
formation
Cross-matching
difficulties
Adsorption to
plastic
Compound A

Pharmacokinetic

Opioids: most
drugs

Warfarin: NSAIDs
Barbiturates:
warfarin
Neostigmine:

Delayed oral
absorption

1 Free warfarin
1 Warfarin
metabolism

| Succinylcholine

succinylcholine metabolism
Pharmacodynamic  Volatiles: opioids 1 MAC

Volatiles: 1 MAC

benzodiazepines

Volatiles: N,O 1 MAC

Volatiles: muscle
relaxants
Morphine:
naloxone

Muscle relaxants:
neostigmine

1 Relaxation

Reversal (receptor
antagonism)
1 Relaxation
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binding (see above) is a common cause of drug inter-
action. We have discussed drug metabolism in some
detail and there are many potential sites in this process
where interactions can occur (e.g. competition for en-
zyme systems, enzyme inhibition or induction).

Pharmacodynamic

This is the most frequent type of interaction in an-
aesthetic practice. A typical anaesthetic is a series of
pharmacodynamic interactions. These may be adverse
(e.g. increased respiratory depression with opioids and
volatile agents) or advantageous (e.g. reversal of mus-
cle relaxation with neostigmine). An understanding
of the many subtle pharmacodynamic interactions in
modern anaesthesia accounts for much of the differ-
ence in the quality of anaesthesia and recovery associ-
ated with the experienced compared with the novice
anaesthetist.

VOLATILE ANAESTHETIC AGENTS

Mechanism of Action

The exact mechanism of action of volatile anaesthetic
agents is at present unknown. Potency is, in general,
related to lipid solubility (Meyer-Overton relation-
ship, Table 1.3) and this has given rise to the concept
of volatile agents dissolving in the lipid cell membrane
in a non-specific manner, disrupting membrane func-
tion and thereby influencing the function of proteins,
e.g. ion channels. However, it is now appreciated that
volatile agents affect neuronal function as a conse-
quence of binding to specific protein sites (e.g. GABA
receptor).

TABLE 1.3

MAC in Oxygen and Lipid Solubility
(Expressed as Oil/Gas Solubility Coefficient)

Potency

The potency of volatile agents is defined in terms of
minimum alveolar concentration (MAC). MAC is the
alveolar concentration of a volatile agent which pro-
duces no movement in 50% of spontaneously breath-
ing patients after skin incision. MAC is inversely
related to lipid solubility (Table 1.3).

Onset of Action

When considering onset of action of volatile agents,
there is a fundamental difference compared with in-
travenous agents. Effects of non-volatile drugs are
related to plasma or tissue concentrations; this is not
so with volatile agents. Partial pressure of the volatile
agent is important, not concentration. If a volatile
agent is highly soluble in blood, partial pressure in-
creases slowly because large amounts dissolve in the
blood. Consequently, onset of anaesthesia is slow with
agents soluble in blood and rapid with agents which
are relatively insoluble. The same applies to recovery
from anaesthesia. Table 1.4 lists the most commonly
used inhaled agents (in order of speed of onset) and
their relative blood/gas solubilities.

Alveolar partial pressure (P,) is assumed to be equiv-
alent to cerebral artery partial pressure and therefore
depth of anaesthesia. At a fixed inspired partial pres-
sure (P)), the rate at which P, approaches P, is related
to speed of onset of effect (Fig. 1.9). This is rapid with
agents of low blood solubility (e.g. sevoflurane) and rel-
atively slow with more soluble agents (e.g. halothane).

Clearly, solubility of the agent in blood is a ma-
jor determinant of the speed of onset of anaesthesia,
but other factors can have significant effects. The rate
of delivery of the agent to the alveoli is important;

TABLE 1.4

Solubility of Inhaled Anaesthetic Agents in
Blood (Expressed as Blood/Gas Solubility
Coefficients)

Agent MAC (%) in O, Oil/Gas Solubility Agent Blood/Gas Solubility Coefficient
N,O 104 1.4 Desflurane 0.42

Desflurane 6.0 18.7 N,O 0.47

Sevoflurane 1.8 47 Sevoflurane 0.68

Isoflurane 1.17 98 Isoflurane 1.4

Halothane 0.75 220 Halothane 2.3
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FIGURE 1.9 The rate at which P, reaches P, is related to

the speed of induction of anaesthesia. Agents insoluble in
blood equilibrate more rapidly.

therefore increasing P, by adjusting the vaporizer (a
factor limited with some agents by irritant effects on
the airway in spontaneously breathing patients), re-
ducing apparatus dead space and increasing alveolar
ventilation increase speed of induction of anaesthesia.
If cardiac output is reduced, relatively less agent is re-
moved from the alveolus and P, increases towards P,
more rapidly. Consequently, induction of anaesthesia
is more rapid in patients with reduced cardiac output.
Both rate of delivery and cardiac output have particu-
larly significant effects with agents that are relatively
soluble in blood but less so with insoluble agents.

Ventilation/perfusion mismatch may reduce the
speed of induction, an effect more significant in agents
of low solubility. For example, if one lung is collapsed
(i.e. perfused but not ventilated) increasing ventilation
or inspired concentration of agents such as halothane
helps to compensate. However, this is not the case for
agents such as sevoflurane.

FURTHER READING

Calvey, N., Williams, N., 2008. Principles and practice of pharma-
cology for anaesthetists, fifth ed. Wiley-Blackwell, Oxford.



AGENTS

V olatile and gaseous anaesthetic agents are used
widely for maintenance of anaesthesia and, under some
circumstances, for induction of anaesthesia. In many
situations, it is appropriate to use a mixture of 66% N,O
in oxygen and a small concentration of a volatile agent
to maintain anaesthesia, although for reasons discussed
below there are occasions when an anaesthetist might
wish actively to avoid the use of nitrous oxide.

PROPERTIES OF THE IDEAL
INHALATIONAL ANAESTHETIC
AGENT

m ]t should have a pleasant odour, be non-irritant
to the respiratory tract and allow pleasant and
rapid induction of anaesthesia.

m Jt should possess a low blood/gas solubility,
which permits rapid induction of and rapid re-
covery from anaesthesia.

m ]t should be chemically stable in storage and
should not interact with the material of anaes-
thetic circuits or with soda lime.

m ]t should be neither flammable nor explosive.

m ]t should be capable of producing unconscious-
ness with analgesia and preferably some degree
of muscle relaxation.

m ]t should be sufficiently potent to allow the use
of high inspired oxygen concentrations when
necessary.

® Jtshould not be metabolized in the body, be non-
toxic and not provoke allergic reactions.

m ]t should produce minimal depression of the car-
diovascular and respiratory systems and should not
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INHALATIONAL ANAESTHETIC

interact with other drugs used commonly during
anaesthesia, e.g. pressor agents or catecholamines.

m [t should be completely inert and eliminated
completely and rapidly in an unchanged form
via the lungs.

m [t should be easy to administer using standard
vaporizers.

m It should not be epileptogenic or raise intra-
cranial pressure.

None of the inhalational anaesthetic agents approa-
ches the standards required of the ideal agent.

Minimum Alveolar Concentration (MAC)

MAC is the minimum alveolar concentration (in vol-
umes per cent) of an anaesthetic at 1 atmosphere absolute
(ata) which prevents movement to a standard surgical
stimulus in 50% of the population. Anaesthesia is related
to the partial pressure of an inhalational agent in the
brain rather than its percentage concentration in alveoli,
but the term MAC has gained widespread acceptance as
an index of anaesthetic potency because it can be mea-
sured. It may be applied to all inhalational anaesthetics
and it permits comparison of different agents. However,
it represents only one point on a dose-response curve;
1 MAC of one agent is equivalent in anaesthetic potency
to 1 MAC of another, but it does not follow that the agents
are equipotent at 2 MAC. Nevertheless, in general terms,
0.5 MAC of one agent in combination with 0.5 MAC of
another approximates to 1 MAC in total.

The MAC values for the anaesthetic agents quoted in
Table 2.1 were determined experimentally in humans
(volunteers) breathing a mixture of the agent in oxygen.
MAC values vary under the following circumstances:
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TABLE 2.1

Comparison of Modern Volatile Anaesthetic Agents

Halothane Enflurane Isoflurane Desflurane Sevoflurane
Molecular weight (Da) 197 184.5 184.5 168 200
Boiling point (°C) 50 56 49 23.5 58.5
Blood/gas partition coefficient 2.5 1.9 1.4 0.42 0.68
Oil/gas partition coefficient 224 98 98 18.7 47
MAC (in oxygen) % 0.75 1.68 1.15 6.0 1.7-2.0
Preservative Thymol None None None None
Stability in CO, absorbers ?Unstable Stable Stable Stable Unstable

Factors Which Lead to a Reduction in MAC
m Sedative drugs such as premedication agents,
analgesics
= Nitrous oxide
® [ncreasing age
® Drugs which affect neurotransmitter release such
as methyldopa, pancuronium and clonidine
m Higher atmospheric pressure, as anaesthetic po-
tency is related to partial pressure — e.g. MAC for
sevoflurane is 2.0% (2.03 kPa) at a pressure of
1 ata, but 1.0% (still 2.03 kPa) at 2 ata
Hypotension
Hypothermia
Myxoedema
Pregnancy.

Factors Which Increase MAC
® Decreasing age

® Pyrexia
® Induced sympathoadrenal stimulation, e.g.
hypercapnia

m The presence of ephedrine, or amphetamine
m Thyrotoxicosis
® Chronic alcohol ingestion.

Mechanisms of Action

General anaesthetics act by the potentiation of inhibi-
tory neurotransmitter pathways in the CNS, in particu-
lar by potentiation of GABA, and glycine receptors,
and inhibition of excitatory pathways such as NMDA.
Both GABA, and glycine receptors are associated with

chloride channels, and binding of the ligand allows
entry of chloride into the neurone causing membrane
hyperpolarization. General anaesthetics (volatile agents,
propofol, etomidate and thiopental) bind to the § sub-
unit of the GABA, -chloride receptor complex. Central
nicotinic acetylcholine receptors, potassium and so-
dium channels are also activated by clinically relevant
concentrations of volatile anaesthetic agents. This can
reduce presynaptic action potentials and reduce neuro-
transmitter release, and may also contribute to their
mechanism of action.

Individual Anaesthetic Agents

Physical properties of the inhalational anaesthetic
agents are summarized in Appendix B, II. The struc-
tural formulae of the agents discussed in this chapter
are shown in Figure 2.1.

AGENTS IN COMMON CLINICAL USE

In Western countries, it is customary to use one of the
four modern volatile anaesthetic agents — isoflurane,
desflurane, sevoflurane or halothane — vaporized in a
mixture of nitrous oxide in oxygen or air and oxygen.
The use of halothane has declined because of medico-
legal pressure relating to the very rare occurrence of
hepatotoxicity. The use of sevoflurane has increased
rapidly, particularly in paediatric anaesthesia because
of its superior quality as an inhalational induction
agent. Desflurane produces rapid recovery from anaes-
thesia, but it is very irritant to the airway and is there-
fore not used as an inhalational induction agent.



16 2 INHALATIONAL ANAESTHETIC AGENTS

Ethers
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Halothane F— (l; — (l; —H
F Cl
FIGURE 2.1 Structural formulae of inhalational anaes-

thetic agents.

The following account of these agents, with a com-
parison of their pharmacological properties, may tend
to exaggerate the differences between them. However,
an equally satisfactory anaesthetic may be adminis-
tered in the majority of patients with any of the four
agents.

Isoflurane

Isoflurane  (1-chloro-2,2,2-trifluoroethyl  difluoro-
methyl ether) is an isomer of enflurane and was
synthesized in 1965. Clinical studies were under-
taken in 1970, but because of early laboratory reports
of carcinogenesis (which were not confirmed sub-
sequently) it was not approved by the Food and Drug
Administration in the United States until 1980.

Physical Properties

Isoflurane is a colourless, volatile liquid with a slightly
pungent odour. It is stable and does not react with
metal or other substances. It does not require preserva-
tives. Isoflurane is non-flammable in clinical concen-
trations. The MAC of isoflurane is 1.15% in oxygen
and 0.56% in 70% nitrous oxide.

Uptake and Distribution

Isoflurane has a low blood/gas solubility of 1.4
and thus alveolar concentrations equilibrate fairly
rapidly with inspired concentrations. The alveolar
(or arterial) partial pressure of isoflurane increases
to 50% of the inspired partial pressure within
4-8 min, and to 60% by 15 min (Fig. 2.2). However,
the rate of induction is limited by the pungency
of the vapour and in clinical practice may be no
faster than that achieved with halothane. The inci-
dence of coughing or breath-holding on induction
is significantly greater with isoflurane than with
halothane. It is not an ideal agent to use for inha-
lational induction. The rate of recovery is slower
than that associated with desflurane or sevoflu-
rane, but more rapid than after administration of
halothane (Fig. 2.3).

Metabolism

Approximately 0.17% of the absorbed dose is metab-
olized. Metabolism takes place predominantly in the
form of oxidation to produce difluoromethanol and
trifluoroacetic acid; the former breaks down to formic
acid and fluoride. Because of the minimal metabolism,
only very small concentrations of serum fluoride ions
are found, even after prolonged administration. The
minimal metabolism renders hepatic and renal toxi-
city most unlikely.
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Ratio of alveolar (F,) to inspired (F) fractional concentration of nitrous oxide, desflurane, sevoflurane, iso-

flurane, enflurane and halothane in the first 30 min of anaesthesia. The plot of F,/F expresses the rapidity with which alveolar
concentration equilibrates with inspired concentration. It is most rapid for agents with a low blood/gas partition coefficient.
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FIGURE 2.3 © Rapidity of recovery from anaesthesia is in-

versely proportional to the solubility of the anaesthetic: the
most rapid recovery is with the least soluble anaesthetic (des-
flurane). The difference is amplified by duration of anaes-
thesia. Note that the difference in time of recovery between the
least (desflurane) and most soluble anaesthetic (halothane) is
greater after 2 h of anaesthesia than after 0.5h of anaesthesia.

Respiratory System

In common with other modern volatile agents, it causes
dose-dependent depression of ventilation (Fig. 2.4);
there is a decrease in tidal volume but an increase

in ventilatory rate in the absence of opioid drugs.
Isoflurane causes some respiratory irritation. This
makes inhalational induction with isoflurane difficult.

Cardiovascular System

In vitro, isoflurane is a myocardial depressant, but in
clinical use there is less depression of cardiac output
than with halothane or enflurane (Fig. 2.5). Systemic
hypotension occurs predominantly as a result of a
reduction in systemic vascular resistance (Figs 2.6,
2.7). Arrhythmias are uncommon and there is little
sensitization of the myocardium to catecholamines
(Fig. 2.8).

In addition to dilating systemic arterioles, isoflurane
causes coronary vasodilatation. In the past there has
been some controversy regarding the safety of isoflu-
rane in patients with coronary artery disease because
of the possibility that the coronary steal syndrome may
be induced; dilatation in normal coronary arteries of-
fers a low resistance to flow and may reduce perfusion
through stenosed neighbouring vessels. It has been
shown that isoflurane affects small arterioles (which
makes coronary steal a theoretical possibility), but
this does not appear to be of any clinical significance.
Production of myocardial ischaemia in clinical practice
may be a result of many factors in addition to coronary
vasodilatation, including tachycardia, hypotension,
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Effects on PaCO, of halothane, enflurane, isoflurane, sevoflurane, desflurane and nitrous oxide at equivalent
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output (CO) in healthy volunteers.

increase in left ventricular end-diastolic pressure and
reduced ventricular compliance. Attention should be
directed to these factors before a diagnosis of isoflurane-
induced coronary steal is considered.

Uterus

Isoflurane has an effect on the pregnant uterus similar
to that of halothane.

Comparative effects of nitrous oxide, isoflurane, halothane, enflurane, desflurane and sevoflurane on cardiac

Central Nervous System

Low concentrations of isoflurane do not cause any
change in cerebral blood flow at normocapnia. In this
respect, the drug is superior to halothane, which causes
cerebral vasodilatation. However, higher inspired con-
centrations of isoflurane cause vasodilatation and in-
crease cerebral blood flow. It does not cause seizure
activity on the EEG.
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FIGURE 2.6 Comparative effects of nitrous oxide, halothane, enflurane, isoflurane, sevoflurane and desflurane on systemic
vascular resistance (SVR) in healthy volunteers.
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FIGURE 2.7 Comparative effects of nitrous oxide, halothane, enflurane, isoflurane, sevoflurane and desflurane on mean
arterial pressure (MAP) in healthy volunteers.

Muscle Relaxation ® muscle relaxation.
Isoflurane causes c?os.e—depe.ndent depr.ess.ion of neuro- Its disadvantage is:
muscula-lr. transmission  with potentiation of non- ® apungent odour which makes inhalational induc-
depolarizing neuromuscular blocking drugs. tion relatively unpleasant, particularly in children.
In summary, the advantages of isoflurane are:
® rapid recovery Desflurane
® minimal biotransformation with little risk of he- ~ Between 1959 and 1966, Terrell and his associates at
patic or renal toxicity Ohio Medical Products synthesized more than 700

m very low risk of arrhythmias compounds to try to produce improved inhalational
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Cumulative plots representing dose of subcutaneous adrenaline required to produce ventricular extrasystoles in

normocapnic patients receiving 1.25 MAC of halothane, enflurane, isoflurane, sevoflurane or desflurane.

anaesthetic agents. Two of these products were the
halogenated methyl ethyl ethers, isoflurane and enflu-
rane, which became widely used. Some of the original
700 products were re-examined many years later. Many
were discarded for a variety of reasons. One of these (the
653rd) was difficult to synthesize because of a potentially
explosive step using elemental fluorine and it had a va-
pour pressure close to 1 atmosphere. However, because
it was predicted to have a low solubility in blood and
hence would allow rapid recovery, it was re-examined
with heightened interest. This product became known
as desflurane. Desflurane was first used in humans in
1988 and it became available for general clinical use in
the UK in 1993. Its structure (CHF,-O-CHF-CF,) dif-
fers from that of isoflurane (CHF,~O—CHCI-CF,) only
in the substitution of fluorine for chlorine.

Physical Properties

It is a colourless agent, which is stored in amber-
coloured bottles without preservative. It is not broken
down by soda lime, light or metals. It is non-flammable.

Desflurane has a boiling point of 23.5°C and a vapour
pressure of 88.5 kPa (664 mmHg) at 20°C and therefore
it cannot be used in a standard vaporizer. A special va-
porizer (the TEC-6) has been developed which requires
a source of electric power to heat and pressurize it.

The MAC of desflurane is approximately 6% in
oxygen (3% in 60% nitrous oxide). As with all volatile

agents, its MAC is higher in children (9-10% in the
neonate in oxygen, 7% in 60% nitrous oxide).
It has an ethereal and pungent odour.

Uptake and Distribution

Desflurane has a blood/gas partition coefficient of
0.42, almost the same as that of nitrous oxide. The
rate of equilibration of alveolar with inspired concen-
trations of desflurane is virtually identical to that for
nitrous oxide (Fig. 2.2). Induction of anaesthesia is
therefore extremely rapid in theory but limited some-
what by its pungent nature. However, it is possible
to alter the depth of anaesthesia very rapidly and the
rate of recovery of anaesthesia is faster than that fol-
lowing any other volatile anaesthetic agent (Fig. 2.3).

Metabolism

There is very little defluorination of desflurane, and
after prolonged anaesthesia there is only a very small
increase in serum and urine trifluoroacetic acid con-
centrations. Approximately 0.02% of inhaled desflu-
rane is metabolized in the body.

Respiratory System

Desflurane causes respiratory depression to a degree
similar to that of isoflurane up to a MAC of 1.5. It in-
creases PaCO, (Fig. 2.4) and decreases the ventilatory
response to imposed increases in PaCO,. It is irritant
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to the upper respiratory tract, particularly at concen-
trations greater than 6%. It is therefore not recom-
mended for gaseous induction of anaesthesia because
it causes coughing, breath-holding and laryngospasm.

Cardiovascular Effects

Desflurane appears to have two distinct actions on
the cardiovascular system. Firstly, its main actions
are those which are similar to isoflurane: dose-related
decreases in systemic vascular resistance, myocardial
contractility and mean arterial pressure (Figs 2.5-2.7).
Heart rate is unchanged at lower steady-state con-
centrations, but increases with higher concentrations
(Fig. 2.9). Addition of nitrous oxide maintains heart
rate unchanged. Cardiac output tends to be maintained
as with isoflurane. The second cardiovascular action
occurs when its inspired concentration is increased
rapidly to greater than 1 MAC. In the absence of pre-
medicant drugs, this increases sympathetic activity,
leading to increased heart rate and arterial pressure.
Experimental studies in animals have not detected a
coronary steal phenomenon. Desflurane, in common
with isoflurane and sevoflurane, does not sensitize the
myocardium to catecholamines (Fig. 2.8).

Central Nervous System

The effects of desflurane are similar to those of iso-
flurane. It depresses the EEG in a dose-related man-
ner. It does not cause seizure activity at any level of
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anaesthesia, with or without hypocapnia. Desflurane
decreases cerebrovascular resistance and increases
intracranial pressure in a dose-related manner. In
dogs, it increases cerebral blood flow at deep lev-
els of anaesthesia if systemic arterial pressure is
maintained.

Musculoskeletal System

Desflurane causes muscle relaxation in a dose-related
manner. Concentrations exceeding 1 MAC produce
fade in response to tetanic stimulation of the ul-
nar nerve. It enhances the effect of muscle relaxants.
Studies in susceptible swine indicate that desflurane
may trigger malignant hyperthermia.

Therefore, in summary, desflurane offers some ad-
vantages over other agents:

m it has a low blood solubility; therefore it offers
more precise control of maintenance of anaes-
thesia and rapid recovery.

® jt is minimally biodegradable and therefore non-
toxic to the liver and kidney.

® it does not cause convulsive activity on EEG.

However, it has some significant drawbacks:

m it cannot be used for inhalational induction be-
cause of its irritant effects on the airway.

® it causes tachycardia at higher concentrations.

® jtrequires a special vaporizer. Although the TEC-6
vaporizer is reasonably easy to use, it is more
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FIGURE 2.9
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Comparative effects of isoflurane, sevoflurane and desflurane on heart rate in healthy volunteers.



22 2 INHALATIONAL ANAESTHETIC AGENTS

complex than the more conventional vaporizers
and the potential for failure may be higher.
m it is expensive.

Sevoflurane

Sevoflurane (fluoromethyl-2,2,2-trifluoro-1-ethyl ether)
was first synthesized in 1968 and its clinical use re-
ported in 1971. The initial development was slow be-
cause of some apparent toxic effects, which were found
later to be caused by flawed experimental design. After
its first use in volunteers in 1981, further work was de-
layed again because of problems of biotransformation
and stability with soda lime. The drug has been avail-
able for general clinical use since 1990.

Physical Properties

It is non-flammable and has a pleasant smell. The
blood/gas partition coefficient of sevoflurane is 0.69,
which is about half that of isoflurane (1.43) and closer
to those of desflurane (0.42) and nitrous oxide (0.44).
The MAC value of sevoflurane in adults is between 1.7
and 2% in oxygen and 0.66% in 60% nitrous oxide. The
MAG, in common with other volatile agents, is higher
in children (2.6% in oxygen and 2.0% in nitrous oxide)
and neonates (3.3%) and it is reduced in the elderly
(1.48%). It is stable and is stored in amber-coloured
bottles. In the presence of water, it undergoes some
hydrolysis and this reaction also occurs with soda lime.

Uptake and Distribution

Sevoflurane has a low blood/gas partition coefficient
and therefore the rate of equilibration between alveo-
lar and inspired concentrations is faster than that for
halothane or isoflurane but slower than that for des-
flurane (Fig. 2.2). It is non-irritant to the upper re-
spiratory tract and therefore the rate of induction of
anaesthesia should be faster than that with any of the
other agents.

Because of its higher partition coefficients in vessel-
rich tissues, muscle and fat than corresponding values
for desflurane, the rate of recovery is slower than that
after desflurane anaesthesia (Fig. 2.3).

Metabolism

Approximately 5% of the absorbed dose is metabolized
in the liver to two main metabolites. The major break-
down product is hexafluoroisopropanol, an organic

fluoride molecule which is excreted in the urine as a
glucuronide conjugate. Although this molecule is po-
tentially hepatotoxic, conjugation of hexafluoroiso-
propanol occurs so rapidly that clinically significant
liver damage seems theoretically impossible. The sec-
ond breakdown product is inorganic fluoride ion. The
mean peak fluoride ion concentration after 60 min
of anaesthesia at 1 MAC is 22 pmol L™, which is sig-
nificantly higher than that after an equivalent dose of
isoflurane. The metabolism of sevoflurane is catalysed
by the 2E1 isoform of cytochrome P450 which may be
induced by phenobarbital, isoniazid and ethanol and
inhibited by disulfiram.

Respiratory System

The drug is non-irritant to the upper respiratory tract.
It produces dose-dependent ventilatory depression, re-
duces respiratory drive in response to hypoxaemia and
increases carbon dioxide partial pressure to a similar
degree to other volatile agents (Fig. 2.4). The ventila-
tory depression associated with sevoflurane may result
from a combination of central depression of medullary
respiratory neurones and depression of diaphragmatic
function and contractility. It relaxes bronchial smooth
muscle but not as effectively as halothane.

Cardiovascular System

The properties of sevoflurane are similar to those of
isoflurane, with slightly smaller effects on heart rate
(Fig. 2.9) and less coronary vasodilatation. It de-
creases arterial pressure (Fig. 2.7) mainly by reducing
peripheral vascular resistance (Fig. 2.6), but cardiac
output is well maintained over the normal anaesthetic
maintenance doses (Fig. 2.5). There is mild myocar-
dial depression resulting from its effect on calcium
channels. Sevoflurane does not differ from isoflurane
in its sensitization of the myocardium to exogenous
catecholamines (Fig. 2.8). It is a less potent coronary
arteriolar dilator and does not appear to cause coro-
nary steal. Sevoflurane is associated with a lower heart
rate and therefore helps to reduce myocardial oxygen
consumption.

Central Nervous System

CNS effects are similar to those of isoflurane and
desflurane. Intracranial pressure increases at high in-
spired concentrations of sevoflurane but this effect is
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minimal over the 0.5-1.0 MAC range. It decreases ce-
rebral vascular resistance and cerebral metabolic rate.
It does not cause excitatory effects on the EEG.

Renal System

The peak concentration of inorganic fluoride af-
ter sevoflurane is similar to that after enflurane an-
aesthesia and there is a positive correlation between
duration of exposure and the peak concentration of
fluoride ions. Serum fluoride concentrations greater
than 50 pmol L' have been reported. However, renal
toxicity following anaesthesia with sevoflurane does
not appear to be related to inorganic fluoride con-
centrations as opposed to that associated with me-
thoxyflurane. The apparent lack of renal toxicity with
sevoflurane may be related to its rapid elimination
from the body. This reduces the total amount of drug
available for in vivo metabolism.

Renal blood flow is well preserved with sevoflurane.

Musculoskeletal System

Sevoflurane potentiates non-depolarizing muscle re-
laxants to a similar extent to isoflurane. Sevoflurane
may trigger malignant hyperthermia in susceptible
patients.

Obstetric Use

There are limited data on the use of sevoflurane in the
obstetric population.

Interaction with Carbon Dioxide Absorbers

Sevoflurane is absorbed and degraded by both soda
lime and Baralyme. When mixed with soda lime in
artificial situations, five breakdown products are
identified, which are termed compounds A, B, C, D
and E. These products are thought to be toxic in rats,
primarily causing renal, hepatic and cerebral damage.
However, in clinical situations, it is mainly compound
A and, to a lesser extent, compound B that are pro-
duced. The evidence suggests that the concentration
of compound A produced is well below the level that
is toxic to animals. The use of Baralyme is associated
with production of higher concentrations of com-
pound A and this may be related to the higher tem-
perature which is attained when Baralyme is used. The
presence of moisture reduces compound A formation.
The concentration of compound A is highest during

low-flow anaesthesia (<2Lmin™) and is reduced by
increasing fresh gas flow rate. The toxicity of sevoflu-
rane in combination with carbon dioxide absorbers is
probably more a theoretical than a clinical problem.

In summary, sevoflurane is a newer inhalational
anaesthetic agent which offers many advantages over
other volatile agents. These are:

® smooth, fast induction

® rapid recovery

m case of use, requiring conventional vaporizers
(particularly when compared with desflurane).

Its disadvantages are:

® production of potentially toxic metabolites in the
body (more a theoretical problem)

m instability with carbon dioxide absorbers

m relative expense.

Halothane

Halothane (2-bromo-2-chloro-1,1,1-trifluoroethane)
was synthesized in 1951 and introduced into clini-
cal practice in the UK in 1956. It is a colourless lig-
uid with a relatively pleasant smell. It is decomposed
by light. The addition of 0.01% thymol and storage
in amber-coloured bottles renders it stable. Although
it is decomposed by soda lime, it may be used safely
with this mixture. It corrodes metals in vaporizers and
breathing systems. In the presence of moisture, it cor-
rodes aluminium, tin, lead, magnesium and alloys. It
should be stored in a closed container away from light
and heat.

Uptake and Distribution

Halothane has a blood/gas solubility coefficient of 2.5,
which is the highest of all the modern agents. It is not ir-
ritant to the airway and therefore inhalational induction
with halothane is relatively fast compared with either
desflurane or isoflurane. However, it may take at least
30min for the alveolar inspired concentration to reach
50% of the inspired concentration (Fig. 2.2); this is slower
than for the other agents. As with all the volatile agents, it
is customary to use the technique of ‘over-pressure’ and
induce halothane anaesthesia with concentrations two to
three times higher than the MAC value; the inspired con-
centration is reduced when a stable level of anaesthesia
has been achieved. The MAC of halothane in oxygen is
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approximately 1.1% in the neonate, 0.95% in the infant,
0.9% at 1-2 years, 0.75% at 40 years (0.29 in 70% nitrous
oxide) and 0.65% at 80 years.

Recovery from halothane anaesthesia is slower than
with the other agents because of its high blood/gas
solubility, and recovery is prolonged with increasing
duration of anaesthesia (Fig. 2.3).

Metabolism

Approximately 20% of halothane is metabolized in the
liver, usually by oxidative pathways. The end products
are excreted in the urine. The major metabolites are
bromine, chlorine, trifluoroacetic acid and trifluoro-
acetylethanol amide.

A small proportion of halothane may undergo
reductive metabolism, particularly in the presence of
hypoxaemia and when the hepatic microsomal enzymes
have been stimulated by enzyme-inducing agents such as
phenobarbital. Reductive metabolism may result in the
formation of reactive metabolites and fluoride, although
normally serum fluoride ion concentrations are consid-
erably lower than those likely to induce renal dysfunction.

Respiratory System

Halothane is non-irritant and pleasant to breathe dur-
ing induction of anaesthesia. There is rapid loss of
pharyngeal and laryngeal reflexes and inhibition of
salivary and bronchial secretions. In the unpremedi-
cated subject, halothane anaesthesia is associated with
an increase in ventilatory rate and reduction in tidal
volume. PaCO, increases as the depth of halothane an-
aesthesia increases (Fig. 2.4).

Halothane causes a dose-dependent decrease in
mucociliary function, which may persist for several
hours after anaesthesia. This may contribute to post-
operative sputum retention.

Halothane antagonizes bronchospasm and reduces
airway resistance in patients with bronchoconstric-
tion, possibly by central inhibition of reflex broncho-
constriction and relaxation of bronchial smooth
muscle. It has been suggested that halothane exerts a
B-mimetic effect on bronchial muscle.

Cardiovascular System

Halothane is a potent depressant of myocardial contrac-
tility and myocardial metabolic activity as a result of in-
hibition of glucose uptake by myocardial cells. During

controlled ventilation, halothane anaesthesia is associ-
ated with dose-related depression of cardiac output (by
decrease in myocardial contractility) with little effect
on peripheral resistance (Figs 2.5, 2.6). Thus, there is a
reduction in arterial pressure (Fig. 2.7) and an increase
in right atrial pressure. In spontaneously breathing pa-
tients, some of these effects may be offset by a small in-
crease in PaCO, which leads to a reduction in systemic
vascular resistance and a shift in cardiac output back
towards baseline values as a result of indirect sympatho-
adrenal stimulation.

The hypotensive effect of halothane is augmented
by a reduction in heart rate, which commonly ac-
companies halothane anaesthesia. Antagonism of the
bradycardia by administration of atropine frequently
leads to an increase in arterial pressure.

The reduction in myocardial contractility is asso-
ciated with reductions in myocardial oxygen demand
and coronary blood flow. Provided that undue elev-
ations in left ventricular diastolic pressure and undue
hypotension do not occur, halothane may be advanta-
geous in patients with coronary artery disease because
of the reduced oxygen demand caused by a low heart
rate and decreased contractility.

The depressant effects of halothane on cardiac out-
put are augmented in the presence of f-blockade.

Arrhythmias are very common during halothane
anaesthesia and far more frequent than with any of the
other agents. Arrhythmias are produced by:

® increased myocardial excitability augmented by
the presence of hypercapnia, hypoxaemia or in-
creased circulating catecholamines

® bradycardia caused by central vagal stimulation.

During local infiltration with local anaesthetic so-
lutions containing Adrenaline, multifocal ventricular
extrasystoles and sinus tachycardia have been observed
and cardiac arrest has been reported. Thus, caution
should be exercised when these solutions are used. The
following recommendations have been made:

® avoid hypoxaemia and hypercapnia

® avoid concentrations of Adrenaline greater than
1in 100000

® avoid a dosage in adults exceeding 10ml of 1 in
100000 Adrenaline in 10min (i.e. 100pg) or
30mLh™ (300 pg).
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Approximately 20% of patients breathing 1.25
MAC of halothane and who receive subcutaneous in-
filtration of 2pgkg™” Adrenaline exhibit ventricular
ectopics. This increases to 100% of patients receiving
2.5-3 pgkg™ (Fig. 2.8).

Patients undergoing dental surgery with halo-
thane anaesthesia are particularly prone to developing
arrhythmias.

Central Nervous System

Halothane produces anaesthesia without analgesia.
Cerebral blood flow and intracranial pressure are
raised. It does not cause seizure activity on EEG.

Gastrointestinal Tract

Gastrointestinal motility is inhibited. Postoperative
nausea and vomiting are seldom severe.

Uterus

Halothane relaxes uterine muscle and may cause post-
partum haemorrhage. It is said that a concentration of
less than 0.5% is not associated with increased blood
loss during anaesthesia for Caesarean section, but this
concentration causes increased blood loss during ther-
apeutic abortion.

Skeletal Muscle

Halothane causes skeletal muscle relaxation and poten-
tiates non-depolarizing relaxants. Postoperative shiver-
ing is common; this increases oxygen requirements and
results in hypoxaemia unless oxygen is administered.
Halothane may trigger malignant hyperthermia in sus-
ceptible patients.

Halothane-Associated Hepatic Dysfunction

There are two types of dysfunction which may occur af-
ter halothane anaesthesia. The first is mild and is asso-
ciated with derangement in liver function tests. These
changes are transient and generally resolve within a
few days. Similar changes in liver function tests have
also been reported after enflurane anaesthesia and, to a
lesser extent, isoflurane anaesthesia.

This subclinical type of hepatic dysfunction, evi-
denced by an increase in glutathione-S-transferase
(GST) concentrations, probably occurs as a result of

metabolism of halothane in the liver, where it reacts
with hepatic macromolecules, resulting in tissue ne-
crosis, which is worsened by hypoxaemia.

The second type of hepatic dysfunction is ex-
tremely uncommon and takes the form of severe
jaundice, progressing to fulminating hepatic necro-
sis. The mortality of this condition varies between
30 and 70%. The likelihood of this type of hepatic
dysfunction is increased by repeated exposure to
the drug. The mechanism of these changes is prob-
ably the formation of a hapten-protein complex.
The hapten is probably one of the metabolites of
halothane, notably trifluoroacetyl (TFA) halide,
as antibodies to TFA proteins have been detected
in patients who develop jaundice after halothane
anaesthesia.

The incidence of type 2 liver dysfunction after
halothane anaesthesia is extremely low — so low that
it is extremely difficult to mount well-controlled
studies of the condition, and consequently this whole
subject has been an area of great controversy in the
past. Nonetheless, as a result of this concern, the UK
Committee on Safety of Medicines made the fol-
lowing recommendations in respect of halothane
anaesthesia:

m a careful anaesthetic history should be taken to
determine previous exposure and any previous
reaction to halothane.

m repeated exposure to halothane within a period
of 3 months should be avoided unless there are
overriding clinical circumstances.

® a history of unexplained jaundice or pyrexia
after previous exposure to halothane is an ab-
solute contraindication to its future use in that
patient.

The incidence of halothane hepatotoxicity in pae-
diatric practice is extremely low, although there have
been case reports in children. Nevertheless, halothane
is still used in paediatric anaesthesia

In summary, halothane is a useful inhalational an-
aesthetic agent. Its main advantages are:

®m smooth induction

® minimal stimulation of salivary and bronchial
secretions

m bronchodilatation.
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The disadvantages are:

® arrhythmias

m possibility of liver toxicity especially with re-
peated administrations

® slow recovery compared with newer agents (see
Fig. 2.3).

Comparison of Isoflurane, Desflurane,
Sevoflurane and Halothane

Pharmacokinetics

The rate of equilibration of alveolar with inspired con-
centrations is related to blood/gas solubility. The rate
of uptake of desflurane is faster than that of any of
the other volatile agents and similar to that of nitrous
oxide (Fig. 2.2). Despite its low blood/gas solubility,
the rate of induction of anaesthesia with desflurane
(and isoflurane) may be reduced because of the pun-
gent odour compared with the more pleasant odours
of sevoflurane and halothane. Sevoflurane provides
a smooth rapid induction and it has largely replaced
halothane for induction in children. Potency, on the
other hand, is related to the lower oil/water solubility.
Sevoflurane and desflurane are less potent than the
older agents, as reflected by their higher MAC values.

On recovery from anaesthesia, the rate of elimi-
nation of desflurane is faster than that for the other
agents (Fig. 2.3).

Respiratory System

All inhalational agents cause dose-related respira-
tory depression. This results in reduced tidal volume,
increased respiratory rate and reduced minute ven-
tilation. PaCO, increases (Fig. 2.4). In unstimulated
volunteers, desflurane causes greater ventilatory de-
pression than isoflurane, halothane or sevoflurane.
Nitrous oxide does not cause hypercapnia. Thus the
reduction in inspired volatile anaesthetic concentra-
tion permitted by addition of nitrous oxide is asso-
ciated with less ventilatory depression. In addition,
surgical stimulation is responsible for considerable an-
tagonism of ventilatory depression during anaesthesia
and PaCO, does not normally reach the values shown in
Figure 2.4 during surgery.

With all agents, depression of ventilation is associ-
ated with depression of whole body oxygen consump-
tion and carbon dioxide production.

Halothane and, to a lesser extent, sevoflurane,
causes bronchodilation.

Cardiovascular System

All the agents reduce arterial pressure because of
reduced systemic vascular resistance and myocardial
depression to varying degrees. Desflurane and isoflu-
rane tend to maintain cardiac output, decreasing ar-
terial pressure mainly by decreasing systemic vascular
resistance. Halothane reduces arterial pressure princi-
pally by decreasing cardiac output with little effect on
systemic vascular resistance.

Isoflurane and desflurane increase heart rate as a
result of sympathetic stimulation, whereas halothane
and sevoflurane reduce heart rate.

The data in Figures 2.5-2.7 and 2.9 were derived
from studies in volunteers who were not subjected to
surgical stimulation and in whom artificial ventilation
was used to achieve normocapnia.

Some of the cardiovascular effects of these volatile
agents are antagonized by the addition of nitrous oxide.
In addition, during spontaneous ventilation, the modest
hypercapnia which occurs with all agents also offsets some
of the changes. With isoflurane, for example, cardiac output
may be increased compared with pre-anaesthesia levels,
although there is little effect on systemic arterial pressure.

Desflurane, isoflurane and sevoflurane do not sen-
sitize the myocardium to exogenous catecholamines,
but halothane predisposes to arrhythmias.

Isoflurane causes coronary vasodilatation and ex-
perimentally this was found to cause coronary steal
syndrome but this has now been demonstrated to be
of no clinical significance. Sevoflurane causes some
coronary vasodilatation but does not appear to cause
coronary steal syndrome. The other two agents do not
cause any coronary vasodilatation.

Central Nervous System

All agents cause dose-related depression of cerebral activ-
ity. All the agents decrease cerebrovascular resistance and
increase intracranial pressure in a dose-related manner.

Neuromuscular Junction

All agents produce muscle relaxation sufficient to
perform lower abdominal surgery in spontaneously
breathing thin subjects. In addition, there is poten-
tiation of non-depolarizing muscle relaxants. In this
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respect, isoflurane, sevoflurane and desflurane are
similar and cause markedly greater potentiation than
that produced by halothane.

Uterus

Halothane and isoflurane relax uterine muscle in a
dose-related manner. There is limited experience with
desflurane and sevoflurane in the obstetric population.
Sevoflurane appears to have similar uterine effects to
isoflurane. In practice, isoflurane seems to be the stan-
dard volatile anaesthetic agent used for obstetric an-
aesthesia in the UK.

Metabolism

Halothane and sevoflurane are metabolized to po-
tentially toxic metabolites and desflurane is the most
resistant to metabolism. Halothane is associated with
liver toxicity while sevoflurane is associated with pro-
duction of inorganic fluoride ions.

Carbon Dioxide Absorbers

Sevoflurane and halothane react with soda lime, while
the other two do not.

A comparison of other characteristics of the agents
is shown in Tables 2.1 and 2.2.

TABLE 2.2

Systemic Effects of Volatile Agents

Halothane Enflurane Isoflurane Desflurane Sevoflurane
Alveolar equilibration Slow Moderate Moderate Fast Fast
Recovery Slow Moderate Fast Very fast Fast
Cardiovascular system
Heart rate Reduced Increased Increased Increased Stable
Cardiac output Reduced Reduced Slightly reduced Stable to slightly Stable to slightly
reduced reduced
SVR Stable Slightly reduced Reduced Reduced Reduced
MAP Reduced Reduced Reduced Reduced Reduced
Sensitization of Yes Slight No No No
myocardium
Respiratory system
Respiratory irritation Nil Minimal Significant Significant Nil
Respiratory depression Yes Marked Yes Marked Yes
Central nervous system
Seizure activity on EEG No Yes No No No
Renal system
Renal toxic metabolites No Yes No No Yes
Liver
Hepatotoxicity Yes Yes No No ?Yes
Metabolism (%) 20 2.5 0.2 0.02 3-5
Musculoskeletal system
Muscle weakness Moderate Moderate Significant Significant Significant

SVR=systemic vascular resistance, MAP=mean arterial pressure.
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AGENTS IN OCCASIONAL USE

Enflurane

Enflurane (2-chloro-1,1,2-trifluoroethyl  difluoro-
methyl ether) was synthesized in 1963 and first evalu-
ated clinically in 1966. It was introduced into clinical
practice in the USA in 1971 but it is now used uncom-
monly in Western countries.

Physical Properties

Enflurane is a clear, colourless, volatile anaesthetic
agentwith a pleasant ethereal smell. Itisnon-flammable
in clinical concentrations, stable with soda lime and
metals and does not require preservatives. The MAC
of enflurane is 1.68% in oxygen and 0.57% in 70% ni-
trous oxide.

Uptake and Distribution

Enflurane has a blood/gas solubility coefficient of 1.9,
which is between that of halothane and isoflurane.
Thus, induction of and recovery from anaesthesia are
faster than halothane but slower than isoflurane, des-
flurane and sevoflurane (Fig. 2.2).

Metabolism

Approximately 2.5% of the absorbed dose is metabo-
lized, predominantly to fluoride. In common with
other ether anaesthetic agents, the presence of the
ether bond imparts stability to the molecule.

Defluorination of enflurane is increased in patients
treated with isoniazid, but not with a classic enzyme-
inducing agent such as phenobarbital. Serum fluoride
ion concentrations are greater after administration
of enflurane to obese patients. Extensive studies have
failed to demonstrate that the serum concentra-
tions of fluoride ion reach toxic levels after enflurane
anaesthesia. The plasma fluoride ion concentrations
attained after enflurane anaesthesia are approximately
20 pmol L™ (which is below the 50 pmol L™ thought to
be associated with renal damage after anaesthesia with
methoxyflurane).

Respiratory System

Enflurane is non-irritant and does not increase salivary
or bronchial secretions; thus inhalational induction
is relatively pleasant and rapid.

In common with all other volatile anaesthetic
agents, enflurane causes dose-dependent depression of
alveolar ventilation with a reduction in tidal volume
and an increase in ventilatory rate in the unpremedi-
cated subject. This results in an increase in arterial
PCO, (Fig. 2.4).

Cardiovascular System

Enflurane causes dose-dependent depression of myo-
cardial contractility, leading to a reduction in car-
diac output (Fig. 2.5). In association with a small
reduction in systemic vascular resistance, this leads
to a dose-dependent reduction in arterial pressure
(Figs 2.6, 2.7). Because enflurane (unlike halothane)
has no central vagal effects, hypotension leads to
reflex tachycardia.

Enflurane anaesthesia is associated with a much
smaller incidence of arrhythmias than halothane and
much less sensitization of the myocardium to catechol-
amines, either endogenous or exogenous (Fig. 2.8).

Uterus

Enflurane relaxes uterine muscle in a dose-related
manner.

Central Nervous System

Enflurane produces a dose-dependent depression of
EEG activity, but at moderate to high concentrations
(more than 3%) it produces epileptiform paroxysmal
spike activity and burst suppression. These are accen-
tuated by hypocapnia. Twitching of the face and arm
muscles may occur occasionally. Enflurane should be
avoided in the epileptic patient.

Muscle Relaxation

Enflurane produces dose-dependent muscle relax-
ation with potentiation of non-depolarizing neuro-
muscular blocking drugs to a greater extent than
that produced by halothane. It may trigger malignant
hyperthermia.

Hepatotoxicity

There have been several case reports of jaundice at-
tributable to the use of enflurane, and derangement of
liver enzymes also occurs after enflurane anaesthesia,
although to a lesser extent than after halothane.
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In summary, the advantages of enflurane are:

® Jow risk of hepatic dysfunction
® [ow incidence of arrhythmias.

Its disadvantages are:

® seizure activity on EEG

® its use in patients with pre-existing renal disease
or in those taking enzyme-inducing drugs may
be unwise.

Diethyl Ether

Because of its flammability, the use of ether has been
abandoned in Western countries, but it is used widely
in other parts of the world. It therefore warrants a brief
description in this text.

It is a colourless, highly volatile liquid with a char-
acteristic smell. It is flammable in air and explosive
in oxygen. Ether is decomposed by air, light and heat,
the most important products being acetaldehyde and
ether peroxide. It should be stored in a cool environ-
ment in opaque containers.

Uptake and Distribution

Ether has a high blood/gas solubility coefficient of 12
and thus the rate of equilibration of alveolar with in-
spired concentrations is slow. Therefore induction and
recovery with ether are slow.

Central Nervous System

In common with all general anaesthetic agents, there
is depression of cortical activity. Because induction of
anaesthesia with ether is so slow, the classical stages of
anaesthesia are seen; these are described in detail on
page 448 and in Figure 21.2.

Ether anaesthesia is associated with stimulation
of the sympathoadrenal system and increased levels
of circulating catecholamines, which offset the direct
myocardial depressant effect of the drug.

Respiratory System
Ether is irritant to the respiratory tract and provokes
coughing, breath-holding and profuse secretions from
all mucus-secreting glands. Premedication with an
anticholinergic agent is therefore essential.

Ether stimulates ventilation and minute volume is
maintained with increasing depth of anaesthesia until

surgical anaesthesia is achieved; thereafter, there is a
gradual diminution in alveolar ventilation as plane 4
of stage 3 is approached (see Chapter 21).

Because ether is irritant to the respiratory tract,
laryngeal spasm is not uncommon during induction
with ether, but during established anaesthesia there
is dilatation of the bronchi and bronchioles; at one
time, the drug was recommended for the treatment of
bronchospasm.

Cardiovascular System

In vitro, ether is a direct myocardial depressant.
However, during light planes of clinical anaesthesia,
there is sympathetic nervous stimulation and this of-
ten results in little change in cardiac output, arterial
pressure or peripheral resistance. In deep planes of an-
aesthesia, cardiac output decreases as a result of myo-
cardial depression.

Cardiac arrhythmias occur rarely with ether and
there is no sensitization of the myocardium to circu-
lating catecholamines.

Alimentary System

Salivary and gastric secretions are increased during
light anaesthesia but decreased during deep anaes-
thesia. Ether causes a very high incidence of postop-
erative nausea and vomiting.

Skeletal Muscle

Ether potentiates the effects of non-depolarizing mus-
cle relaxants.

Uterus and Placenta

The pregnant uterus is not affected during light anaes-
thesia, but relaxation occurs during deep anaesthesia.

Metabolism

At least 15% of ether is metabolized to carbon di-
oxide and water; approximately 4% is metabolized in
the liver to acetaldehyde and ethanol.

Ether stimulates gluconeogenesis and therefore
causes hyperglycaemia.

Clinical Use of Ether

Ether has a much higher therapeutic ratio than other
volatile anaesthetic agents and is therefore safer for
administration in the hands of unskilled individuals
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or from an uncalibrated vaporizer. Because of its high
blood/gas solubility coefficient and irritant proper-
ties to the respiratory tract, induction of anaesthesia
is very slow.

Administration of ether may be undertaken using
an anaesthetic breathing system with a non-calibrated
vaporizer (Boyle’s bottle) or calibrated vaporizer
(the EMO, which may be used as a draw-over or as a
plenum vaporizer). It may be used safely in a closed
circuit with soda lime absorption.

Vapour strengths of up to 20% are required for
induction; light anaesthesia may be maintained with
3-5% and deep anaesthesia with 5-6% inspired
concentrations.

ANAESTHETIC GASES
Nitrous Oxide (N,O)

Manufacture

Nitrous oxide is prepared commercially by heating
ammonium nitrate to a temperature of 245-270°C.
Various impurities are produced in this process, in-
cluding ammonia, nitric acid, nitrogen, nitric oxide
and nitrogen dioxide.

After cooling, ammonia and nitric acid are recon-
stituted to ammonium nitrate, which is returned to
the beginning of the process. The remaining gases
then pass through a series of scrubbers. The puri-
fied gases are compressed and dried in an aluminium
dryer. The resultant gases are expanded in a lique-
fier, with the nitrogen escaping as gas. Nitrous oxide
is then evaporated, compressed and passed through
another aluminium dryer before being stored in
cylinders.

The higher oxides of nitrogen dissolve in water to
form nitrous and nitric acids. These substances are
toxic and produce methaemoglobinaemia and pul-
monary oedema if inhaled. There have been several
reports of death occurring during anaesthesia as a
result of the inhalation of nitrous oxide contaminated
with higher oxides of nitrogen.

Storage

Nitrous oxide is stored in compressed form as a liquid
in cylinders at a pressure of 44 bar (4400 kPa; 6381b
in~?). In the UK, the cylinders are painted blue.

Because the cylinder contains liquid and vapour,
the total quantity of nitrous oxide contained in a cyl-
inder may be ascertained only by weighing. Thus, the
cylinder weights, full and empty, are stamped on the
shoulder. Nitrous oxide cylinders should be kept in a
vertical position during use so that the liquid phase
remains at the bottom of the cylinder. During con-
tinuous use, the cylinder may cool as a result of the
latent heat of vaporization of liquid anaesthetic and
ice may form on the lower part of the cylinder. Large
institutions use a pipeline supply of nitrous oxide. The
nitrous oxide is delivered from a large central bank of
cylinders to the pipeline.

Physical Properties

Nitrous oxide is a sweet-smelling, non-irritant colour-
less gas, with a molecular weight of 44, boiling point
of —88°C, critical temperature of 36.5°C and critical
pressure of 72.6 bar.

Nitrous oxide is not flammable but it supports
combustion of fuels in the absence of oxygen.

Pharmacology

Nitrous oxide is often said to be a good analgesic but
a weak anaesthetic. The latter refers to the fact that
its MAC value is 105%. This value was calculated
theoretically from its low oil/water solubility coef-
ficient of 3.2 and has been confirmed experimentally
in volunteers anaesthetized in a pressure chamber
compressed to 2 ata, where the MAC value was found
to be 52.5% in N,O. As it is essential to administer
a minimum F o, of 0.3 during anaesthesia, nitrous
oxide alone is insufficient to produce an adequate
depth of anaesthesia. Therefore, nitrous oxide is used
usually in combination with other agents. When us-
ing nitrous oxide in a relaxant technique, the inspired
gas mixture should be supplemented with a low con-
centration of a volatile agent to eliminate the risk of
awareness, which occurs in 1-2% of patients if ni-
trous oxide anaesthesia is supplemented only by the
administration of opioids.

Nitrous oxide has a low blood/gas solubility coef-
ficient (0.47 at 37°C) and therefore the rate of equili-
bration of alveolar with inspired concentrations is very
fast (Fig. 2.2).

Nitrous oxide does not undergo metabolism in the
body and is excreted unchanged.
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Nitrous oxide appears to exert its activity at dif-
ferent types of receptors. It has an inhibitory action
on N-methyl-p-aspartate (NMDA) glutamate recep-
tors and stimulatory activity at dopamine, o, and o -
adrenergic and opioid receptors. The analgesic action
of nitrous oxide is thought to be mediated by activa-
tion of opioid receptors in the periaqueductal area of
the midbrain. This leads to modulation of nociceptive
pathways through the release of noradrenaline and
activation of the o -adrenoreceptors in the dor-
sal horn of the spinal cord. Because of its analgesic
properties, nitrous oxide is used in combination with
volatile agents as part of a general anaesthetic, which
reduces the dose of volatile agent required. It is used
in obstetrics and in acute pain management as pre-
mixed nitrous oxide 50% and oxygen 50% via a de-
mand valve.

The Concentration Effect

The inspired concentration of nitrous oxide affects its
rate of equilibration; the higher the inspired concen-
tration, the faster is the rate of equilibration between
alveolar and inspired concentrations. Nitrous oxide
is more soluble in blood than is nitrogen. Thus, the
volume of nitrous oxide entering pulmonary capillary
blood from the alveolus is greater than the volume of
nitrogen moving in the opposite direction. As a result,
the total volume of gas in the alveolus diminishes and
the fractional concentrations of the remaining gases
increase. This has two consequences:

® the higher the inspired concentration of nitrous
oxide, the greater is the concentrating effect on
the nitrous oxide remaining in the alveolus.

® at high inspired concentrations of nitrous oxide,
the reduction in alveolar gas volume causes an
increase in PACO,. Equilibration with pulmonary
capillary blood results in an increase in PaCO,.

The result of the concentration effect on equilibra-
tion of nitrous oxide is illustrated in Figure 2.10.

The Second Gas Effect

When nitrous oxide is administered in a high concen-
tration with a second anaesthetic agent, e.g. sevoflu-
rane, the reduction in gas volume in the alveoli caused
by absorption of nitrous oxide increases the alveolar
concentration of sevoflurane, thereby augmenting the
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FIGURE 2.10 ™ The concentration and second gas effects.

High concentrations of nitrous oxide increase the F,/F ratio
for nitrous oxide (the concentration effect) and for a volatile
agent administered with nitrous oxide (the second gas effect).
See text for details.

rate of equilibration with inspired gas. This is illus-
trated in the lower part of Figure 2.10. The second gas
effect results also in small increases in PAO, and PaO,.

Systemic Effects

Respiratory System. Nitrous oxide decreases tidal vol-
ume and increases respiratory rate and hence main-
tains minute ventilation. It reduces the ventilatory
response to hypoxaemia and hypercapnia. It depresses
tracheal mucociliary flow and neutrophil chemotaxis
and may increase the incidence of post-operative re-
spiratory complications.

Cardiovascular System. Nitrous oxide is a direct myo-
cardial depressant, but in the normal individual this
effectis antagonized by indirectly mediated sympatho-
adrenal stimulation (effects similar to those produced
by carbon dioxide). Thus, healthy patients exhibit
little change in the cardiovascular system during ni-
trous oxide anaesthesia. However, in patients with
pre-existing high levels of sympathoadrenal activity
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and poor myocardial contractility, the administration
of nitrous oxide may cause reductions in cardiac out-
put and arterial pressure. For this reason (in addition
to avoidance of the risk of doubling the size of air em-
boli), nitrous oxide is avoided in some centres during
anaesthesia for cardiac surgery. Pulmonary vascular
resistance is increased due to constriction of the pul-
monary vascular smooth muscles and this may lead
to increased right atrial pressure. For this reason, ni-
trous oxide is best avoided in patients with pulmonary
hypertension.

Central Nervous System. Nitrous oxide increases cere-
bral blood flow, cerebral metabolism and intracranial
pressure. These changes are more marked in patients
with abnormal cerebral autoregulation and may result
in reduced cerebral perfusion.

Neuromuscular Junction. Nitrous oxide does not
appear to potentiate the action of non-depolarizing
muscle relaxants.

Side-Effects of Nitrous Oxide

Postoperative Nausea and Vomiting. Nitrous oxide
has been implicated in the aetiology of postopera-
tive nausea and vomiting. The underlying mecha-
nism for this is not well understood but it may be
multifactorial involving changes in middle ear
pressures, bowel distension and activation of dopa-
minergic neurones.

Diffusion Hypoxia. At the end of an anaesthetic, when
the inspired gas mixture is changed from nitrous oxide/
oxygen to nitrogen/oxygen, hypoxaemia may occur as
the volume of nitrous oxide diffusing from mixed ve-
nous blood into the alveolus is greater than the volume
of nitrogen taken up from the alveolus into pulmonary
capillary blood (the opposite of the concentration ef-
fect). Thus, the concentration of gases in the alveolus is
diluted by nitrous oxide, leading to reductions in PaO,
and PaCO,. In the healthy individual, diffusion hypoxia
is relatively transient, but may last for up to 10 min at
the end of anaesthesia; the extent of reduction in PaO,
may be of the order of 0.5-1.5 kPa. Administration of
oxygen during this period is essential in order to avoid
desaturation.

Effect on Closed Gas Spaces. When blood containing
nitrous oxide equilibrates with closed air-containing
spaces inside the body, the volume of nitrous oxide
that diffuses into the cavity exceeds the volume of
nitrogen diffusing out. Thus, in compliant spaces,
such as the bowel lumen or the pleural or peritoneal
cavities, there is an increase in volume of the space.
If the space cannot expand (e.g. sinuses, middle ear)
there is an increase in pressure. In the middle ear, this
may cause problems with surgery on the tympanic
membrane. When nitrous oxide is administered in
a concentration of 75%, the volume of a cavity may
increase to as much as three to four times the original
volume within 30 min. If an air embolus occurs in a
patient who is breathing nitrous oxide, equilibration
with the gas bubble leads to expansion of the em-
bolus within seconds; the volume of the embolus may
double within a very short period of time. A similar
problem arises during prolonged procedures where
nitrous oxide diffuses into the cuff of the tracheal
tube and may increase the pressure exerted on the
tracheal mucosa. Either avoiding the use of nitrous
oxide or inflating the cuff with saline or nitrous oxide
may prevent this.

A complication of the effect of nitrous oxide on
closed gas spaces which has been described is the loss
of vision caused by expansion of intraocular per-
fluoropropane gas during nitrous oxide anaesthesia.
Perfluoropropane is used in vitreoretinal surgery to
provide long-acting gas tamponade. The visual loss
is caused possibly by central retinal artery occlusion
as a result of expansion of the gas by nitrous oxide,
resulting in increased intraocular pressure. Therefore
the use of nitrous oxide in these patients should be
avoided. In order to aid identification of these pa-
tients by anaesthetists preoperatively, it is recom-
mended that the patients should be aware of this risk
in order to warn the anaesthetist and also it may be
prudent for them to wear an intraocular gas identity
bracelet.

Effects on Blood and the Nervous System. Nitrous
oxide inhibits the enzyme methionine synthetase
which results in interference with DNA synthesis in
both leucocytes and erythrocytes. It oxidizes the co-
balt atom in vitamin B , and interferes with folic acid
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metabolism. Prolonged exposure may cause agranu-
locytosis and bone marrow aplasia. Exposure of pa-
tients to nitrous oxide for 6h or longer may result
in megaloblastic anaemia. Occupational exposure
to nitrous oxide may result in myeloneuropathy.
This condition is similar to subacute combined de-
generation of the spinal cord and has been reported
in some dentists and also in individuals addicted to
inhalation of nitrous oxide. Inhibition of methio-
nine synthesis prevents production of methionine
and tetrahydrofolate. Methionine is a precursor of
S-adenosylmethionine which is incorporated into
myelin and its absence leads to subacute combined
degeneration of the cord.

Teratogenic Changes. Teratogenic changes have been
observed in pregnant rats exposed to nitrous oxide
for prolonged periods. The mechanism of this tera-
togenicity is not clear but it is thought to be multi-
factorial and may partially involve activation of the
a,-adrenergic neurones. There is no evidence that
similar effects occur in humans, but it has been sug-
gested that nitrous oxide should be avoided in the first
trimester of pregnancy.

Environment. Nitrous oxide is a greenhouse gas and it
is 200-300 times more effective in trapping heat than
carbon dioxide and therefore may contribute to global
warming. However the contribution to the greenhouse
effect of anaesthetic use of nitrous oxide is very small
as anaesthesia only accounts for <1% of total nitrous
oxide emission.

Other Gases Used During Anaesthesia
Oxygen

Manufacture. Oxygen is manufactured commercially
by fractional distillation of liquid air. Before lique-
faction of air, carbon dioxide is removed and liquid
oxygen and nitrogen separated by means of their
different boiling points (oxygen, —183 °C; nitrogen,
—195°C).

Oxygen is supplied in cylinders at a pressure of
137 bar (approximately 20001b in™?) at 15°C. In the
UK, the cylinders are painted black with a white
shoulder.

Many institutions use piped oxygen and this is sup-
plied either by a bank of oxygen cylinders, ensuring a
continuous supply, or from liquid oxygen. Premises
using in excess of 150 000L of oxygen per week find
the latter more economical. The pressure of oxygen in
a hospital pipeline is approximately 4bar (601b in™),
which is the same as the pressure distal to the reduc-
ing valves of gas cylinders attached to anaesthetic
machines.

Oxygen is tasteless, colourless and odourless, with
a specific gravity of 1.105 and a molecular weight of
32. At atmospheric pressure, it liquefies at —183°C,
but at 50 ata the liquefaction temperature increases to
—119°C.

Oxygen supports combustion, although the gas
itself is not flammable.

Oxygen Concentrators. Oxygen concentrators pro-
duce oxygen from ambient air by absorption of ni-
trogen onto some types of alumina silicates. Oxygen
concentrators are useful both in hospitals and in
long-term domestic use in remote areas, in developing
countries and in military surgery. The gas produced by
oxygen concentrators contains small quantities of in-
ert gases (e.g. argon) which are harmless.

Adverse Effects of Oxygen.

FIRE. Oxygen supports combustion of fuels. An in-
crease in the concentration of oxygen from 21% up to
100% causes a progressive increase in the rate of com-
bustion with the production of either conflagrations
or explosions with appropriate fuels.

CARDIOVASCULAR DEPRESSION. An increase in PaO,
leads to direct vasoconstriction, which occurs in pe-
ripheral vasculature and also in the cerebral, coronary,
hepatic and renal circulations. This effect is not mani-
fest at a PaO, of less than 30 kPa and assumes clinical
importance only at hyperbaric pressures of oxygen.
Hyperbaric pressures of oxygen also cause direct
myocardial depression. In patients with severe car-
diovascular disease, elevation of PaO, from the normal
physiological range to 80 kPa may produce clinically
evident cardiovascular depression.

ABSORPTION ATELECTASIS. Because oxygen is highly
soluble in blood, the use of 100% oxygen as the in-
spired gas may lead to absorption atelectasis in lung
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units distal to the site of airway closure. Absorption
collapse may occur in as short a time as 6 min with
100% oxygen, and 60 min with 85% oxygen. Thus, even
small concentrations of nitrogen exert an important
splinting effect and this accounts for current avoidance
of 100% oxygen in estimation of pulmonary shunt
ratio (Q,/Q,) in patients with lung pathology, in
whom a greater degree of airway closure would result
in greater areas of alveolar atelectasis. Absorption at-
electasis has been demonstrated in volunteers breath-
ing 100% oxygen at FRC; atelectasis is evident on chest
radiography for a period of at least 24 h after exposure.

PULMONARY OXYGEN TOXICITY. Chronic inhala-
tion of a high inspired concentration of oxygen may
result in the condition termed pulmonary oxygen
toxicity (Lorrain-Smith effect), which is manifest by
hyaline membranes, thickening of the interlobular
and alveolar septa by oedema and fibroplastic pro-
liferation. The clinical and radiological appearance
of these changes is almost identical to that of the
acute respiratory distress syndrome. The biochemical
mechanisms underlying pulmonary oxygen toxicity
probably include:

m oxidation of SH groups on essential enzymes
such as coenzyme A

m peroxidation of lipids; the resulting lipid per-
oxides inhibit the function of the cell

® inhibition of the pathway of reversed electron
transport, possibly by inhibition of iron and SH-
containing flavoproteins.

These changes lead to loss of synthesis of pulmo-
nary surfactant, encouraging the development of ab-
sorption collapse and alveolar oedema. The onset of
oxygen-induced lung pathology occurs after approxi-
mately 30 h exposure to a P1o, of 100 kPa.

CENTRAL NERVOUS SYSTEM OXYGEN TOXICITY.
Convulsions, similar to those of grand mal epilepsy,
occur during exposure to hyperbaric pressures of
oxygen.

RETROLENTAL FIBROPLASIA. Retrolental fibroplasia
(RLF) is the result of oxygen-induced retinal vasocon-
striction, with obliteration of the most immature reti-
nal vessels and subsequent new vessel formation at the
site of damage in the form of a proliferative retinopa-
thy. Leakage of intravascular fluid leads to vitreoreti-
nal adhesions and even retinal detachment. Retrolental

fibroplasia occurs in infants exposed to hyperoxia in
the paediatric intensive care unit and is related not to
the F10, per se, but to an elevated retinal artery PO,.
It is not known what the threshold of PaQ, is for the
development of retinal damage, but an umbilical
arterial PO, of 8-12 kPa (60-90 mmHg) is associated
with a very low incidence of RLF and no signs of sys-
temic hypoxia. It should be stressed, however, that
there are many factors involved in the development of
RLF in addition to arterial hyperoxia.

DEPRESSED HAEMOPOIESIS. Long-term exposure to
elevated F10, leads to depression of haemopoiesis and
anaemia.

Carbon Dioxide

Carbon dioxide is a colourless gas with a pungent
odour. It has a molecular weight of 44, a critical tem-
perature of —31°C and a critical pressure of 73.8 bar.

Carbon dioxide is obtained commercially from four
sources:

® as a byproduct of fermentation in brewing of
beer

® as a byproduct of the manufacture of hydrogen

® by heating magnesium and calcium carbonate in
the presence of their oxides

® a5 a combustion gas from burning fuel.

In the UK, carbon dioxide is supplied in a liquid
state in grey cylinders at a pressure of 50 bar. The liquid
phase occupies approximately 90-95% of the cylinder
capacity.

Physiological Data. Variations in cardiovascular
state induced by alterations in PaCO, may be similar to
those induced by pain or lightness of anaesthesia and
the differential diagnosis is described in Table 40.2.
The cardiovascular effects of CO, are summarized in
Table 2.3.

Uses of Carbon Dioxide in anaesthesia. The use of
carbon dioxide in anaesthetic practice has declined
as appreciation of its disadvantages has increased.
Because of reports of accidental administration of
high concentrations of CO,, it is not available on most
modern anaesthetic machines. Carbon dioxide is used
mainly by surgeons for insufflation during laparo-
scopic procedures.
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TABLE 2.3

Cardiovascular Effects of CO,

Arterial pressure Biphasic response.
Cardiac output

Heart rate

Progressive increases in these
variables with increase in
PaCO, up to approximately
10 kPa as a result of indirect
sympathetic stimulation.

At very high PaCO,, these
variables decrease as a result
of myocardial depression

Skin Dilatation with hypercapnia
Constriction with
hypocapnia

Coronary circulation
Cerebral circulation
Gastrointestinal circulation

Medical Air

Nitrous oxide is still commonly used in combination
with a volatile agent to maintain anaesthesia. However,
there is growing concern regarding its toxic effects
and its cost. Consequently, medical air is being used
more frequently in combination with oxygen during
anaesthesia.

Medical air is obtained from the atmosphere near
to the site of compression. Great care is taken to posi-
tion the air intake in order to avoid contamination with
pollutants such as carbon monoxide from car exhausts.
Air is compressed to 137bar and then passed through
columns of activated alumina to remove water.

Air for medical purposes is supplied in cylinders
(grey body and black and white shoulders in the UK)
or as a piped system. A pressure of 4bar is available
for attachment to anaesthetic machines, and 7bar
for orthopaedic tools. Its composition varies slightly
depending on location of compression and moisture
content.

Uses of Medical Air.

® Driving gas for ventilators

m To operate power tools, e.g. orthopaedic drills

m Together with oxygen and a volatile or intra-
venous agent to maintain anaesthesia.

Advantages of Air.

m Readily available
= Non-toxic.

Xenon

Inert gases such as argon, krypton and xenon, which
form crystalline hydrates, have been reported to exert
anaesthetic actions. Cullen and Gross first reported
the anaesthetic properties of xenon in humans in
1951. Xenon offers many advantages over nitrous
oxide, for which it could theoretically be a suitable
replacement. The reasons that it is not routinely
available are that it is expensive, there are no com-
mercially available anaesthetic machines in which to
use xenon, its concentration in inspired gas cannot be
measured with conventional anaesthetic gas analysers
and there is still limited clinical experience with its
use. Xenon, in common with nitrous oxide and ket-
amine, acts by non-competitive inhibition of NMDA
receptors in the CNS.

Physical Properties. Xenon is a non-explosive, co-
lourless and odourless gas. It is non-flammable and
does not support combustion. Its blood/gas partition
coefficient of 0.14-0.2 is lower than that of nitrous
oxide (0.47). It therefore provides rapid induction of
and recovery from anaesthesia. Xenon is more potent
than nitrous oxide, with a MAC of 70%. It does not
undergo biotransformation and it is harmless to the
ozone layer.

Systemic Effects. Studies so far have shown no cardio-
respiratory side-effects or reduction in local organ
perfusion. It is non-irritant to the respiratory tract.
However, in common with nitrous oxide, xenon ap-
pears to be associated with postoperative nausea and
vomiting.

Helium

Helium is a light inert gas which is present in air and
natural gas. It is the second most abundant element
after hydrogen. It is presented as either Heliox (79%
helium and 21% oxygen) in white cylinders with
white/brown shoulders or as 100% helium in brown
cylinders at 137 bar. Helium has a lower density than
air, nitrogen and oxygen. During turbulent flow, ve-
locity is higher when Heliox is used. The low density
of gas results in a lowering of the Reynolds’ num-
ber and thus a return to laminar flow. By increasing
laminar flow, the efficiency of breathing is increased.
This physical characteristic is used to treat patients
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with upper airway obstruction to reduce the work of
breathing and improve oxygenation.

Because of the lower density, patients receiving he-
lium have a typical squeaky voice due to the higher
frequency vocal sounds. Helium is used in the mea-
surement of lung volumes because of its very low

solubility. Helium/oxygen mixtures are also used for
deep water diving to avoid nitrogen narcosis.

FURTHER READING

Calvey, N., Williams, N., 2008. Principles and practice of pharmacol-
ogy for anaesthetists, fifth ed. Wiley-Blackwell, Oxford.



AGENTS

G eneral anaesthesia may be produced by many
drugs which depress the CNS, including sedatives,
tranquillizers and hypnotic agents. However, for some
drugs, the doses required to produce surgical anaes-
thesia are so large that cardiovascular and respiratory
depression commonly occur, and recovery is delayed
for hours or even days. Only a few drugs are suitable
for use routinely to produce anaesthesia after intra-
venous (i.v.) injection.

Intravenous anaesthetic agents are used commonly
to induce anaesthesia, as induction is usually smoother
and more rapid than that associated with most of the
inhalational agents. Intravenous anaesthetics may also
be used for maintenance, either alone or in combin-
ation with nitrous oxide; they may be administered as
repeated bolus doses or by continuous i.v. infusion.
Other uses include sedation during regional anaes-
thesia, sedation in the intensive care unit (ICU) and
treatment of status epilepticus.

Properties of the Ideal Intravenous
Anaesthetic Agent

m Rapid onset — this is achieved by an agent which
is mainly un-ionized at blood pH and which is
highly soluble in lipid; these properties permit
penetration of the blood-brain barrier

® Rapid recovery — early recovery of consciousness
is usually produced by rapid redistribution of
the drug from the brain into other well-perfused
tissues, particularly muscle. The plasma con-
centration of the drug decreases, and the drug
diffuses out of the brain along a concentration
gradient. The quality of the later recovery period

INTRAVENOUS ANAESTHETIC

is related more to the rate of metabolism of the
drug; drugs with slow metabolism are associ-
ated with a more prolonged ‘hangover’ effect and
accumulate if used in repeated doses or by infu-
sion for maintenance of anaesthesia

Analgesia at subanaesthetic concentrations
Minimal cardiovascular and respiratory depression
No emetic effects

No excitatory phenomena (e.g. coughing, hiccup,
involuntary movement) on induction

No emergence phenomena (e.g. nightmares)

No interaction with neuromuscular blocking drugs
No pain on injection

No venous sequelae

Safe if injected inadvertently into an artery

No toxic effects on other organs

No release of histamine

No hypersensitivity reactions

Water-soluble formulation

Long shelf-life

No stimulation of porphyria.

None of the agents available at present meets all
these requirements. Features of the commonly used i.v.
anaesthetic agents are compared in Table 3.1, and a clas-
sification of i.v. anaesthetic drugs is shown in Table 3.2.

Mechanism of Action of Intravenous
Anaesthetic Drugs

In common with inhalational agents, all intravenous
anaesthetics, with the exception of ketamine, potenti-
ate GABA, receptors to inhibit CNS neurotransmission.
Benzodiazepines act at a different binding site on the

37
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TABLE 3.1

Main Properties of Intravenous Anaesthetics

Thiopental Methohexital Propofol Ketamine Etomidate

Physical Properties
Water-soluble + + - ¥ 4a
Stable in solution - - + + +
Long shelf-life - - + + +
Pain on i.v. injection - + ++4b - +4b
Non-irritant on s.c. injection - + + +
Painful on arterial injection + + -
No sequelae from - + +
intra-arterial injection
Low incidence of venous + + + + -
thrombosis
Effects on Body
Rapid onset + + + + +
Recovery due to:

Redistribution + +

Detoxification
Cumulation ++ + - - -
Induction

Excitatory effects - ++ + + e
Respiratory complications - + + - .
Cardiovascular

Hypotension + + ++ - +
Analgesic - - i _
Antanalgesic + + - - ?
Interaction with relaxants - - - - _
Postoperative vomiting - - - ++ +
Emergence delirium - - 4+ _

+ + -

Safe in porphyria - -

2 Aqueous solution not commercially available.

® Pain may be reduced when emulsion with medium-chain triglycerides is used.

GABA, receptor, the a/y subunit interface, to increase
chloride conductance. Propofol and barbiturates also po-
tentiate the inhibitory effects of glycine at glycine receptors
in the brain and, to a lesser extent, the spinal cord. In addi-
tion to effects on GABA, and glycine receptors, propofol
has inhibitory actions on sodium channels and 5HT, re-
ceptors. The latter may explain its antiemetic effects.

Ketamine, in common with nitrous oxide and xe-
non, has its predominant effect at NMDA receptors.
These CNS receptors usually bind glutamate and are
excitatory. Binding by ketamine to the NMDA receptor
in a non-competitive manner reduces transmission.
Ketamine appears to have no effect at GABA or glycine
receptors.
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TABLE 3.2

Classification of Intravenous Anaesthetics

Rapidly Acting (Primary Induction) Agents

Barbiturates:
Methohexital
Thiobarbiturates - thiopental, thiamylal

Imidazole compounds - etomidate

Sterically hindered alkyl phenols - propofol

Steroids - eltanolone, althesin, minaxolone (none currently
available)

Eugenols - propanidid (not currently available)

Slower-Acting (Basal Narcotic) Agents

Ketamine

Benzodiazepines - diazepam, flunitrazepam, midazolam

Large-dose opioids - fentanyl, alfentanil, sufentanil,
remifentanil

Neuroleptic combination - opioid + neuroleptic

Pharmacokinetics of Intravenous
Anaesthetic Drugs

After i.v. administration of a drug, there is an immedi-
ate rapid increase in plasma concentration followed by
a slower decline. Anaesthesia is produced by diffusion
of drug from arterial blood across the blood-brain
barrier into the brain. The rate of transfer into the
brain, and therefore the anaesthetic effect, is regulated
by the following factors:

Protein binding. Only unbound drug is free to
cross the blood-brain barrier. Protein binding may be
reduced by low plasma protein concentrations or dis-
placement by other drugs, resulting in higher concen-
trations of free drug and an exaggerated anaesthetic
effect. Protein binding is also affected by changes in
blood pH. Hyperventilation decreases protein binding
and increases the anaesthetic effect.

Blood flow to the brain. Reduced cerebral blood
flow (CBF), e.g. carotid artery stenosis, results in re-
duced delivery of drug to the brain. However, if CBF
is reduced because of low cardiac output, initial blood
concentrations are higher than normal after i.v. ad-
ministration, and the anaesthetic effect may be delayed
but enhanced.

Extracellular pH and pKa of the drug. Only the
un-ionized fraction of the drug penetrates the lipid

blood-brain barrier; thus, the potency of the drug
depends on the degree of ionization at the pH of
extracellular fluid and the pK_ of the drug.

The relative solubilities of the drug in lipid and
water. High lipid solubility enhances transfer into the
brain.

Speed of injection. Rapid i.v. administration results
in high initial concentrations of drug. This increases
the speed of induction, but also the extent of cardio-
vascular and respiratory side-effects.

In general, any factor which increases the blood
concentration of free drug, e.g. reduced protein bind-
ing or low cardiac output, also increases the intensity
of side-effects.

Distribution to Other Tissues

The anaesthetic effect of all i.v. anaesthetic drugs in
current use is terminated predominantly by distrib-
ution to other tissues. Figure 3.1 shows this distrib-
ution for thiopental. The percentage of the injected
dose in each of four body compartments as time
elapses is shown after i.v. injection. A large proportion
of the drug is distributed initially into well-perfused
organs (termed the vessel-rich group, or viscera —
predominantly brain, liver and kidneys). Distribution
into muscle (lean) is slower because of its low lipid
content, but it is quantitatively important because
of its relatively good blood supply and large mass.
Despite their high lipid solubility, i.v. anaesthetic
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FIGURE 3.1

Distribution of thiopental after intravenous
bolus administration.
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drugs distribute slowly to adipose tissue (fat) because
of its poor blood supply. Fat contributes little to the
initial redistribution or termination of action of i.v.
anaesthetic agents, but fat depots contain a large pro-
portion of the injected dose of thiopental at 90 min,
and 65-75% of the total remaining in the body at 24 h.
There is also a small amount of redistribution to areas
with a very poor blood supply, e.g. bone. Table 3.3 in-
dicates some of the properties of the body compart-
ments in respect of the distribution of i.v. anaesthetic
agents.

After a single i.v. dose, the concentration of drug
in blood decreases as distribution occurs into vis-
cera, and particularly muscle. Drug diffuses from
the brain into blood along the changing concentra-
tion gradient, and recovery of consciousness occurs.
Metabolism of most i.v. anaesthetic drugs occurs
predominantly in the liver. If metabolism is rapid
(indicated by a short elimination half-life), it may
contribute to some extent to the recovery of con-
sciousness. However, because of the large distribution
volume of i.v. anaesthetic drugs, total elimination
takes many hours, or, in some instances, days. A small
proportion of drug may be excreted unchanged in the
urine; the amount depends on the degree of ioniza-
tion and the pH of urine.

Factors Influencing the Distribution of
Thiopental in the Body

Viscera Muscle Fat Others
Relative blood  Rich Good Poor Very
flow poor
Blood flow 4.5 1.1 0.32 0.08
(Lmin™")
Tissue volume 6 33 15 13
LA
Tissue/blood 1.5 1.5 11.0 1.5
partition
coefficient (B)
Potential 9 50 165 20
capacity
(L; AXB)
Time constant 2 45 500 250
(capacity/
flow; min)

BARBITURATES

Amobarbital and pentobarbital were used i.v. to induce
anaesthesia in the late 1920s, but their actions were un-
predictable and recovery was prolonged. Manipulation
of the barbituric acid ring (Fig. 3.2) enabled a short
duration of action to be achieved by:

m substitution of a sulphur atom for oxygen at pos-
ition 2

® substitution of a methyl group at position 1; this
also confers potential convulsive activity and in-
creases the incidence of excitatory phenomena.

An increased number of carbon atoms in the side
chains at position 5 increases the potency of the agent.
The presence of an aromatic nucleus in an alkyl group
at position 5 produces compounds with convulsant
properties; direct substitution with a phenyl group
confers anticonvulsant activity.

The anaesthetically active barbiturates are classified
chemically into four groups (Table 3.4). The methyl-
ated oxybarbiturate hexobarbital was moderately suc-
cessful as an i.v. anaesthetic agent, but was superseded
by the development in 1932 of thiopental. Although
propofol has become very popular in a number of
countries, thiopental remains one of the most com-
monly used i.v. anaesthetic agents throughout the
world. Its pharmacology is therefore described fully in
this chapter. Many of its effects are shared by other i.v.
anaesthetic agents and consequently the pharmacol-
ogy of these drugs is described more briefly.
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FIGURE 3.2 ™ Structure of barbiturate ring.
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TABLE 3.4

Relation of Chemical Grouping to Clinical Action of Barbiturates

SUBSTITUENTS
Group Position 1 Position 2 Group Characteristics when Given Intravenously
Oxybarbiturates H o Delay in onset of action depending on 5 and 5' side chain. Useful as basal hypnotics.
Prolonged action
Methyl CH, o Usually rapid-acting with fairly rapid recovery. High incidence of excitatory
barbiturates phenomena
Thiobarbiturates  H S Rapid-acting, usually smooth onset of sleep and fairly prompt recovery
Methyl CH, S Rapid onset of action and very rapid recovery but with so high an incidence of

thiobarbiturates

excitatory phenomena as to preclude use in clinical practice

Thiopental Sodium
Chemical Structure

Sodium 5-ethyl-5-(1-methylbutyl)-2-thiobarbiturate.

Physical Properties and Presentation

Thiopental sodium, the sulphur analogue of pento-
barbital, is a yellowish powder with a bitter taste and a
faint smell of garlic. It is stored in nitrogen to prevent
chemical reaction with atmospheric carbon dioxide,
and mixed with 6% anhydrous sodium carbonate to
increase its solubility in water. It is available in single-
dose ampoules of 500 mg and is dissolved in distilled
water to produce 2.5% (25 mgml™) solution with a pH
of 10.8; this solution is slightly hypotonic. Freshly pre-
pared solution may be kept for 24 h. The oil/water par-
tition coefficient of thiopental is 4.7, and the pKa 7.6.

Central Nervous System. Thiopental produces anaes-
thesia usually less than 30's after i.v. injection, although
there may be some delay in patients with a low cardiac
output. There is progressive depression of the CNS,
including spinal cord reflexes. The hypnotic action of
thiopental is potent, but its analgesic effect is poor, and
surgical anaesthesia is difficult to achieve unless large
doses are used; these are associated with cardiorespira-
tory depression. The cerebral metabolic rate is reduced
and there are secondary decreases in CBF, cerebral
blood volume and intracranial pressure. Recovery of
consciousness occurs at a higher blood concentration
if a large dose is given, or if the drug is injected rapidly;
this has been attributed to acute tolerance, but may
represent only altered redistribution. Consciousness is

usually regained in 5-10 min. At subanaesthetic blood
concentrations (i.e. at low doses or during recovery),
thiopental has an antanalgesic effect and reduces the
pain threshold; this may result in restlessness in the
postoperative period. Thiopental is a very potent
anticonvulsant.

Sympathetic nervous system activity is depressed
to a greater extent than parasympathetic; this may oc-
casionally result in bradycardia. However, it is more
usual for tachycardia to develop after induction of
anaesthesia, partly because of baroreceptor inhibition
caused by modest hypotension and partly because of
loss of vagal tone which may predominate normally in
young healthy adults.

Cardiovascular System. Myocardial contractility is de-
pressed and peripheral vasodilatation occurs, particu-
larly when large doses are administered or if injection is
rapid. Arterial pressure decreases, and profound hypo-
tension may occur in the patient with hypovolaemia or
cardiac disease. Heart rate may decrease, but there is
often a reflex tachycardia (see above).

Respiratory System. Ventilatory drive is decreased by
thiopental as a result of reduced sensitivity of the re-
spiratory centre to carbon dioxide. A short period of
apnoea is common, frequently preceded by a few deep
breaths. Respiratory depression is influenced by pre-
medication and is more pronounced if opioids have
been administered; assisted or controlled ventilation
may be required. When spontaneous ventilation is
resumed, ventilatory rate and tidal volume are usu-
ally lower than normal, but they increase in response
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to surgical stimulation. There is an increase in bron-
chial muscle tone, although frank bronchospasm is
uncommon.

Laryngeal spasm may be precipitated by surgical
stimulation or the presence of secretions, blood or
foreign bodies (e.g. an oropharyngeal airway or su-
praglottic airway device) in the region of the pharynx
or larynx. Thiopental is less satisfactory than propofol
in this respect, and appears to depress the parasympa-
thetic laryngeal reflex arc to a lesser extent than other
areas of the CNS.

Skeletal Muscle. Skeletal muscle tone is reduced at
high blood concentrations, partly as a result of sup-
pression of spinal cord reflexes. There is no significant
direct effect on the neuromuscular junction. When
thiopental is used as the sole anaesthetic agent, there is
poor muscle relaxation, and movement in response to
surgical stimulation is common.

Uterus and Placenta. There is little effect on resting
uterine tone, but uterine contractions are suppressed
at high doses. Thiopental crosses the placenta readily,
although fetal blood concentrations do not reach the
same levels as those observed in the mother.

Eye. Intraocular pressure is reduced by approximately
40%. The pupil dilates first, and then constricts; the
light reflex remains present until surgical anaesthesia
has been attained. The corneal, conjunctival, eyelash
and eyelid reflexes are abolished.

Hepatorenal Function. The functions of the liver and
kidneys are impaired transiently after administration
of thiopental. Hepatic microsomal enzymes are in-
duced and this may increase the metabolism and elim-
ination of other drugs.

Pharmacokinetics

Blood concentrations of thiopental increase rapidly
after i.v. administration. Between 75 and 85% of the
drug is bound to protein, mostly albumin; thus, more
free drug is available if plasma protein concentrations
are reduced by malnutrition or disease. Protein bind-
ing is affected by pH and is decreased by alkalaemia;
thus the concentration of free drug is increased during
hyperventilation. Some drugs, e.g. phenylbutazone,

occupy the same binding sites, and protein binding of
thiopental may be reduced in their presence.

Thiopental diffuses readily into the CNS because
of its lipid solubility and predominantly un-ionized
state (61%) at body pH. Consciousness returns
when the brain concentration decreases to a thresh-
old value, dependent on the individual patient, the
dose of drug and its rate of administration, but at
this time nearly all of the injected dose is still present
in the body.

Metabolism of thiopental occurs predominantly
in the liver, and the metabolites are excreted by the
kidneys; a small proportion is excreted unchanged
in the urine. The terminal elimination half-life is
approximately 11.5h. Metabolism is a zero-order
process; 10-15% of the remaining drug is metabo-
lized each hour. Thus, up to 30% of the original
dose may remain in the body at 24 h. Consequently,
a ‘hangover’ effect is common; in addition, further
doses of thiopental administered within 1-2 days
may result in cumulation. Elimination is impaired in
the elderly. In obese patients, dosage should be based
on an estimate of lean body mass, as distribution to
fat is slow. However, elimination may be delayed in
obese patients because of increased retention of the
drug by adipose tissue.

Dosage and Administration

Thiopental is administered i.v. as a 2.5% solution; the
use of a 5% solution increases the likelihood of seri-
ous complications and is not recommended. A small
volume, e.g. 1-2mL in adults, should be administered
initially; the patient should be asked if any pain is ex-
perienced in case of inadvertent intra-arterial injec-
tion (see below) before the remainder of the induction
dose is given.

The dose required to produce anaesthesia varies,
and the response of each patient must be assessed
carefully; cardiovascular depression is exaggerated if
excessive doses are given. In healthy adults, an initial
dose of 4mgkg™" should be administered over 15-20s;
if loss of the eyelash reflex does not occur within 30s,
supplementary doses of 50—-100 mg should be given
slowly until consciousness is lost. In young children, a
dose of 6 mgkg™ is usually necessary. Elderly patients
often require smaller doses (e.g. 2.5-3mgkg™) than
young adults.



BARBITURATES 43

Induction is usually smooth and may be preceded
by a taste of garlic. Adverse effects are related to peak
blood concentrations, and in patients in whom cardio-
vascular depression may occur the drug should be ad-
ministered more slowly; in very frail patients, as little
as 50 mg may be sufficient to induce sleep.

No other drug should be mixed with thiopental.
Neuromuscular blocking drugs should not be given until
it is certain that anaesthesia has been induced. The i.v.
cannula should be flushed with saline before vecuronium
or atracurium is administered, to obviate precipitation.

Supplementary doses of 25-100 mg may be given
to augment nitrous oxide/oxygen anaesthesia during
short surgical procedures. However, recovery may be
prolonged considerably if large total doses are used
(>10mgkg™).

Adverse Effects

Hypotension. The risk is increased if excessive doses
are used, or if thiopental is administered to hypo-
volaemic, shocked or previously hypertensive patients.
Hypotension is minimized by administering the drug
slowly. Thiopental should not be administered to pa-
tients in the sitting position.

Respiratory depression. The risk is increased if ex-
cessive doses are used, or if opioid drugs have also been
administered. Facilities must be available to provide
artificial ventilation.

Tissue necrosis. Local necrosis may follow peri-
venous injection. Median nerve damage may occur af-
ter extravasation in the antecubital fossa, and this site
is not recommended. If perivenous injection occurs,
the needle should be left in place and hyaluronidase
injected.

Intra-arterial injection. This is usually the result
of inadvertent injection into the brachial artery or
an aberrant ulnar artery in the antecubital fossa but
has occurred occasionally into aberrant arteries at the
wrist. The patient usually complains of intense, burn-
ing pain, and drug injection should be stopped imme-
diately. The forearm and hand may become blanched
and blisters may appear distally. Intra-arterial thiopen-
tal causes profound constriction of the artery accom-
panied by local release of norepinephrine. In addition,
crystals of thiopental form in arterioles. Thrombosis
caused by endarteritis, adenosine triphosphate release
from damaged red cells and aggregation of platelets

result in emboli and may cause ischaemia or gangrene
in parts of the forearm, hand or fingers.

The needle should be left in the artery and a vaso-
dilator (e.g. papaverine 20mg) administered. Stellate
ganglion or brachial plexus block may reduce arterial
spasm. Heparin should be given i.v. and oral anti-
coagulants should be prescribed after operation.

The risk of ischaemic damage after intra-arterial in-
jection is much greater if a 5% solution of thiopental
is used.

Laryngeal spasm. The causes have been discussed
above.

Bronchospasm. This is unusual, but may be pre-
cipitated in asthmatic patients.

Allergic reactions. These range from cutaneous
rashes to severe or fatal anaphylactic or anaphylac-
toid reactions with cardiovascular collapse. Severe
reactions are rare (approximately 1 in 14000-20000).
Hypersensitivity reactions to drugs administered dur-
ing anaesthesia are discussed on pages 54-55.

Thrombophlebitis. This is uncommon (Table 3.5)
when the 2.5% solution is used.

Indications

® Induction of anaesthesia

® Maintenance of anaesthesia — thiopental is suit-
able only for short procedures because cumul-
ation occurs with repeated doses

m Treatment of status epilepticus

m Reduction of intracranial pressure (see Ch 32).

Absolute Contraindications

® Airway obstruction — intravenous anaesthesia
should not be used if there is anticipated diffi-
culty in maintaining an adequate airway e.g. epi-
glottitis, oral or pharyngeal tumours.

® Porphyria — barbiturates may precipitate lower
motor neurone paralysis or severe cardiovascular
collapse in patients with porphyria.

® Previous hypersensitivity reaction to abarbiturate.

Precautions

Special care is needed when thiopental is administered
in the following circumstances:

Cardiovascular disease. Patients with hypovolae-
mia, myocardial disease, cardiac valvular stenosis or
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TABLE 3.5

Percentage Incidences of Pain on Injection and Thrombophlebitis After Intravenous
Administration of Anaesthetic Drugs into a Large Vein in the Antecubital Fossa
or a Small Vein in the Dorsum of the Hand or Wrist

PAIN THROMBOPHLEBITIS
Agent Large Small Large Small
Saline 0.9% 0 0 0 0
Thiopental 2.5% 0 12 1 0
Methohexital 1% 8 21 0 0
Propofol - LCT emulsion 10 40 0 0
Propofol - MCT emulsion n/a 15 0 0
Etomidate - propylene glycol 8 80 15 20
Etomidate - MCT emulsion n/a 4 0 0

MCT=medium-chain triglyceride, LCT=long-chain triglyceride.

constrictive pericarditis are particularly sensitive to the
hypotensive effects of thiopental. However, if the drug
is administered with extreme caution, it is probably
no more hazardous than other i.v. anaesthetic agents.
Myocardial depression may be severe in patients with
right-to-left intracardiac shunt because of high coro-
nary artery concentrations of thiopental.

Severe hepatic disease. Reduced protein bind-
ing results in higher concentrations of free drug.
Metabolism may be impaired, but this has little effect
on early recovery. A normal dose may be administered,
but very slowly.

Renal disease. In chronic renal failure, protein
binding is reduced, but elimination is unaltered. A
normal dose may be administered, but very slowly.

Muscle disease. Respiratory depression is exagger-
ated in patients with myasthenia gravis or dystrophia
myotonica.

Reduced metabolic rate. Patients with myxoedema
are exquisitely sensitive to the effects of thiopental.

Obstetrics. An adequate dose must be given to en-
sure that the mother is anaesthetized. However, exces-
sive doses may result in respiratory or cardiovascular
depression in the fetus, particularly if the interval be-
tween induction and delivery is short.

Outpatient anaesthesia. Early recovery is slow in
comparison with other agents. This is seldom impor-
tant unless rapid return of airway reflexes is essential,

e.g. after oral or dental surgery. However, slow elimina-
tion of thiopental may result in persistent drowsiness
for 24-36h, and this impairs the ability to drive or use
machinery. There is also potentiation of the effect of
alcohol or sedative drugs ingested during that period. It
is preferable to use a drug with more rapid elimination
for patients who are ambulant within a few hours.

Adrenocortical insufficiency.

Extremes of age.

Asthma.

Methohexital Sodium
Chemical Structure

Sodium a-dl-5-allyl-1-methyl-5-(1-methyl-2-pentynyl)
barbiturate.

Physical Properties and Presentation

Although no longer available in the United Kingdom,
methohexital is still used in a number of other coun-
tries. The drug has two asymmetrical carbon atoms,
and therefore four isomers. The a-dl isomers are clini-
cally useful. The drug is presented as a white powder
mixed with 6% anhydrous sodium carbonate and
is readily soluble in distilled water. The resulting 1%
(10mgmL™) solution has a pH of 11.1 and pKa of 7.9.
Single-dose vials of 100 mg and multidose bottles con-
taining 500 mg or 2.5 g are available in some countries.
Although the solution is chemically stable for up to
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6 weeks, the manufacturers recommend that it should
not be stored for longer than 24 h because it does not
contain antibacterial preservative.

Pharmacology

Central Nervous System. Unconsciousness is usu-
ally induced in 15-30s. Recovery is more rapid with
methohexital than with thiopental, and occurs after
2-3 min; it is caused predominantly by redistribution.
Drowsiness may persist for several hours until blood
concentrations are decreased further by metabolism.
Epileptiform activity has been demonstrated by EEG
in epileptic patients. However, in sufficient doses,
methohexital acts as an anticonvulsant.

Cardiovascular System. In general, there is less
hypotension in otherwise healthy patients than occurs
after thiopental; the decrease in arterial pressure is me-
diated predominantly by vasodilatation. Heart rate may
increase slightly because of a decrease in baroreceptor
activity. The cardiovascular effects are more pronounced
in patients with cardiac disease or hypovolaemia.

Respiratory System. Moderate hypoventilation occurs.
There may be a short period of apnoea after i.v. injection.

Pharmacokinetics

A greater proportion of methohexital than thiopental
is in the un-ionized state at body pH (approximately
75%), although the drug is less lipid-soluble than the
thiobarbiturate. Binding to plasma protein occurs to a
similar degree. Clearance from plasma is higher than
that of thiopental, and the elimination half-life is con-
siderably shorter (approximately 4h). Thus, cumul-
ation is less likely to occur after repeated doses.

Dosage and Administration

Methohexital is administered iv. in a dose of
1-1.5mgkg™ to induce anaesthesia in healthy young
adult patients; smaller doses are required in the elderly
and infirm.

Adverse Effects

Cardiovascular and respiratory depression. This is
probably less than that associated with thiopental.
Excitatory phenomena duringinduction, including
dyskinetic muscle movements, coughing and hiccups.
Muscle movements are reduced by administration of

an opioid; the incidence of cough and hiccups is re-
duced by premedication with an anticholinergic agent.
The incidence of excitatory effects is dose-related.

Epileptiform activity on EEG in epileptic subjects.

Pain on injection (Table 3.5).

Tissue damage after perivenous injection is rare
with 1% solution.

Intra-arterial injection may cause gangrene, but
the risk with 1% solution is considerably less than with
2.5% thiopental.

Allergic reactions occur, but are uncommon.

Thrombophlebitis is a rare complication.

Indications

Induction of anaesthesia, particularly when a rapid re-
covery is desirable. Methohexital was used commonly
as the anaesthetic agent for electroconvulsive therapy
(ECT) and for induction of anaesthesia for outpatient
dental and other minor procedures.

Absolute Contraindications

These are the same as for thiopental.

Precautions

These are similar to the precautions listed for thiopen-
tal. However, methohexital is a suitable agent for out-
patients. It should not be used to induce anaesthesia in
patients who are known to be epileptic.

NON-BARBITURATE INTRAVENOUS
ANAESTHETIC AGENTS

Propofol

This phenol derivative was identified as a potentially
useful intravenous anaesthetic agent in 1980, and be-
came available commercially in 1986. It has achieved
great popularity because of its favourable recovery
characteristics and its antiemetic effect.

Chemical Structure

2,6-Di-isopropylphenol (Fig. 3.3).

Physical Properties and Presentation

Propofol is extremely lipid-soluble, but almost in-
soluble in water. The drug was formulated initially in
Cremophor EL. However, several other drugs formu-
lated in this solubilizing agent were associated with
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FIGURE 3.3 Chemical structure  of

(2,6-di-isopropylphenol).

propofol

release of histamine and an unacceptably high incidence
of anaphylactoid reactions, and similar reactions oc-
curred with this formulation of propofol. Consequently,
the drug was reformulated in a white, aqueous emulsion
containing soyabean oil and purified egg phosphatide.
Ampoules of the drug contain 200mg of propofol in
20mL (10mgmL™), and 50mL bottles containing 1%
(10mgmL™) or 2% (20mgmL) solution, and 100 mL
bottles containing 1% solution, are available for infu-
sion. In addition, 50 mL prefilled syringes of 1 and 2%
solution are available and are designed for use in target-
controlled infusion techniques (see below). Recently, a
0.5% solution has been made available (5mgmL™" in
20mL). This produces less pain on injection, and is in-
tended primarily for use in children.

Pharmacology

Central Nervous System. Anaesthesia is induced
within 20-40s after i.v. administration in otherwise
healthy young adults. Transfer from blood to the sites
of action in the brain is slower than with thiopental,
and there is a delay in disappearance of the eyelash
reflex, normally used as a sign of unconsciousness af-
ter administration of barbiturate anaesthetic agents.
Overdosage of propofol, with exaggerated side-effects,
may result if this clinical sign is used; loss of verbal
contact is a better end-point. EEG frequency decreases,
and amplitude increases. Propofol reduces the dura-
tion of seizures induced by ECT in humans. However,
there have been reports of convulsions following the
use of propofol and it is recommended that caution
be exercised in the administration of propofol to epi-
leptic patients. Normally cerebral metabolic rate, CBF
and intracranial pressure are reduced.

Recovery of consciousness is rapid and there is a
minimal ‘hangover’ effect even in the immediate post-
anaesthetic period.

Cardiovascular System. In healthy patients, arterial
pressure decreases to a greater degree after induction
of anaesthesia with propofol than with thiopental; the
reduction results predominantly from vasodilatation
although there is a slight negative inotropic effect. In
some patients, large decreases (>40%) occur. The degree
of hypotension is substantially reduced by decreasing the
rate of administration of the drug and by appreciation of
the kinetics of transfer from blood to brain (see above).
The pressor response to tracheal intubation is attenuated
to a greater degree by propofol than thiopental. Heart rate
may increase slightly after induction of anaesthesia with
propofol. However, there have been occasional reports of
severe bradycardia and asystole during or shortly after ad-
ministration of propofol, and it is recommended that a
vagolytic agent (e.g. glycopyrronium or atropine) should
be considered in patients with a pre-existing bradycardia
or when propofol is used in conjunction with other drugs
which are likely to cause bradycardia.

Respiratory System. After induction, apnoea occurs
more commonly, and for a longer duration, than after
thiopental. During infusion of propofol, tidal volume
is lower and respiratory rate higher than in the con-
scious state. There is decreased ventilatory response to
carbon dioxide. As with other agents, ventilatory de-
pression is more marked if opioids are administered.

Propofol has no effect on bronchial muscle tone
and laryngospasm is particularly uncommon. The
suppression of laryngeal reflexes results in a low inci-
dence of coughing or laryngospasm when a laryngeal
mask airway or other supraglottic airway device (SAD)
is introduced, and propofol is regarded by most anaes-
thetists as the drug of choice for induction of anaes-
thesia when a SAD is to be used.

Skeletal Muscle. Tone is reduced, but movements may
occur in response to surgical stimulation.

Gastrointestinal System. Propofol has no effect on
gastrointestinal motility in animals. Its use is associ-
ated with a low incidence of postoperative nausea and
vomiting.
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Uterus and Placenta. Propofol has been used exten-
sively in patients undergoing gynaecological surgery,
and it does not appear to have any clinically significant
effect on uterine tone. Propofol crosses the placenta.
Its safety to the neonate has not been established and
its use in pregnancy (except for termination), in ob-
stetric practice and in breast-feeding mothers is not
recommended by the manufacturers.

Hepatorenal. There is a transient decrease in renal
function, but the impairment is less than that associ-
ated with thiopental. Hepatic blood flow is decreased
by the reductions in arterial pressure and cardiac out-
put. Liver function tests are not deranged after infu-
sion of propofol for 24 h.

Endocrine. Plasma concentrations of cortisol are de-
creased after administration of propofol, but a normal
response occurs to the administration of Synacthen.

Pharmacokinetics

In common with other i.v. anaesthetic drugs, propofol
is distributed rapidly, and blood concentrations de-
cline exponentially. Clearance of the drug from plasma
is greater than would be expected if the drug was me-
tabolized only in the liver, and it is believed that extra-
hepatic sites of metabolism exist. The kidneys excrete
the metabolites of propofol (mainly glucuronides);
only 0.3% of the administered dose of propofol is ex-
creted unchanged. The terminal elimination half-life
of propofol is 3—4.8h, although its effective half-life
is much shorter (30—60min). The distribution and
clearance of propofol are altered by concomitant ad-
ministration of fentanyl. Elimination of propofol re-
mains relatively constant even after infusions lasting
for several days.

Dosage and Administration

In healthy, unpremedicated adults, a dose of 1.5-
2.5mgkg™" is required to induce anaesthesia. The
dose should be reduced in the elderly; an initial dose
of 1.25mgkg™ is appropriate, with subsequent ad-
ditional doses of 10 mg until consciousness is lost. In
children, a dose of 3-3.5mgkg™ is usually required;
the drug is not recommended for use in children less
than 1 month of age. Cardiovascular side-effects are
reduced if the drug is injected slowly. Lower doses

are required for induction in premedicated patients.
Sedation during regional analgesia or endoscopy may
be achieved with infusion rates of 1.5-4.5mgkg"h™".
Infusion rates of up to 15mgkg"'h™ are required to
supplement nitrous oxide/oxygen for surgical anaes-
thesia, although these may be reduced substantially if
an opioid drug is administered. The average infusion
rate is approximately 2 mgkg™"h = in conjunction with
a slow infusion of morphine (2mgh™) for sedation of
patients in ICU.

Adverse Effects

Cardiovascular depression. Unless the drug is given
very slowly, cardiovascular depression following a
bolus dose of propofol is greater than that associated
with a bolus dose of a barbiturate and is likely to cause
profound hypotension in hypovolaemic or untreated
hypertensive patients and in those with cardiac dis-
ease. Cardiovascular depression is modest if the drug
is administered slowly or by infusion.

Respiratory depression. Apnoea is more com-
mon and of longer duration than after barbiturate
administration.

Excitatory phenomena. These are more frequent
on induction than with thiopental, but less than with
methohexital. There have been occasional reports of
convulsions and myoclonus during recovery from an-
aesthesia in which propofol has been used. Some of
these reactions are delayed.

Pain on injection. This occurs in up to 40% of
patients (Table 3.5). The incidence is greatly reduced
if a large vein is used, if a small dose (10 mg) of lido-
caine is injected shortly before propofol, or if lidocaine
is mixed with propofol in the syringe (10-20mg, i.e.
1-2mL of 1% lidocaine per 20mL of propofol). A
preparation of propofol in an emulsion of medium-
chain triglycerides and soya (Propofol-Lipuro®)
causes a lower incidence of pain, and less severe pain in
those who still experience it, than other formulations
(which use long-chain triglycerides) and may obviate
the need for lidocaine. Propofol 0.5% causes less pain
than higher concentrations. Accidental extravasation
or intra-arterial injection of propofol does not appear
to result in adverse effects.

Allergic reactions. Skin rashes occur occasionally.
Anaphylactic reactions have also been reported, but
appear to be less common than with thiopental.
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Indications

Induction of anaesthesia. Propofol is indicated par-
ticularly when rapid early recovery of conscious-
ness is required. Two hours after anaesthesia, there
is no difference in psychomotor function between
patients who have received propofol and those given
thiopental or methohexital, but the former experi-
ence less drowsiness in the ensuing 12 h. The rapid
recovery characteristics are lost if induction is fol-
lowed by maintenance with inhalational agents for
longer than 10-15min. The rapid redistribution
and metabolism of propofol may increase the risks
of awareness during tracheal intubation after the
administration of non-depolarizing muscle relax-
ants, or at the start of surgery, unless the lungs are
ventilated with an appropriate mixture of inhaled
anaesthetics, or additional doses or an infusion of
propofol administered.

Sedation during surgery. Propofol has been used
successfully for sedation during regional analgesic
techniques and during endoscopy. Control of the air-
way may be lost at any time, and patients must be su-
pervised continuously by an anaesthetist.

Total i.v. anaesthesia (see below). Propofol is
the most suitable of the agents currently available.
Recovery time is increased after infusion of pro-
pofol compared with that after a single bolus dose,
but cumulation is significantly less than with the
barbiturates.

Sedation in ICU. Propofol has been used success-
fully by infusion to sedate adult patients for up to sev-
eral days in ICU. The level of sedation is controlled
easily, and recovery is rapid (usually <30 min).

Absolute Contraindications

Airway obstruction and known hypersensitivity
to the drug are probably the only absolute contra-
indications. Propofol appears to be safe in porphyric
patients. Propofol infusion syndrome is a rare reac-
tion to prolonged, high-dose infusion of propofol. It
is characterized by bradycardia, metabolic acidosis,
hyperlipidaemia, fatty liver enlargement, rhabdo-
myolysis and/or heart failure. It is more common in
children or adolescents, is associated with head injury
or the use of vasopressors and is often fatal. Therefore,
propofol should not be used for long-term sedation of
children (under 16 years of age) in ICU.

Precautions

These are similar to those listed for thiopental. The
side-effects of propofol make it less suitable than thio-
pental or etomidate for patients with existing cardio-
vascular compromise unless it is administered with
great care. Propofol is more suitable than thiopental
for outpatient anaesthesia, but its use does not obvi-
ate the need for an adequate period of recovery before
discharge.

Solutions of propofol do not possess any antibacte-
rial properties, and they support the growth of micro-
organisms. The drug must be drawn aseptically into a
syringe and any unused solution should be discarded
if not administered promptly. Propofol must not be
drawn up or administered via a microbiological filter.

Etomidate

This carboxylated imidazole compound was intro-
duced in 1972.

Chemical Structure

D-Ethyl-1-(a-methylbenzyl)-imidazole-5-carboxylate.

Physical Characteristics and Presentation

Etomidate is soluble but unstable in water. It is pre-
sented as a clear aqueous solution containing 35%
propylene glycol, or in an emulsion preparation
with medium-chain triglycerides and soya-bean oil
(Etomidate-Lipuro®). Ampoules contain 20mg of
etomidate in 10mL (2mgmL™). The pH of the pro-
pylene glycol solution is 8.1.

Pharmacology

Etomidate is a rapidly acting general anaesthetic agent
with a short duration of action (2-3min) resulting
predominantly from redistribution, although it is also
eliminated rapidly from the body. In healthy patients,
it produces less cardiovascular depression than does
thiopental; however, there is little evidence that this
benefit is retained if the cardiovascular system is com-
promised (e.g. by severe hypovolaemia). Large doses
may produce tachycardia. Respiratory depression is
less than with other agents.

Etomidate inhibits the 11p-hydroxylase enzyme
involved in adrenal cortisol synthesis, resulting in re-
duced synthesis of cortisol by the adrenal gland and an
impaired response to adrenocorticotrophic hormone.
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At much higher doses, adrenal 18f3-hydroxylase and
other enzymes are inhibited, thus reducing aldos-
terone and other steroid hormone synthesis. Long-
term infusions of the drug in the ICU are associated
with increased infection and mortality, probably re-
lated to reduced immunological competence. Its ef-
fects on the adrenal gland occur also after a single
bolus, and last for several hours.

Pharmacokinetics

Etomidate redistributes rapidly in the body.
Approximately 76% is bound to protein. It is me-
tabolized in the plasma and liver, mainly by esterase
hydrolysis, and the metabolites are excreted in the
urine; 2% is excreted unchanged. The terminal elimi-
nation half-life is 2.4-5h. There is little cumulation
when repeated doses are given. The distribution and
clearance of etomidate may be altered by concomitant
administration of fentanyl.

Dosage and Administration

An average dose of 0.3 mgkg™ i.v. induces anaesthesia.
The propylene glycol preparation of the drug should
be administered into a large vein to reduce the inci-
dence of pain on injection.

Adverse Effects

Suppression of synthesis of cortisol. See above.

Excitatory phenomena. Moderate or severe invol-
untary movements occur in up to 40% of patients dur-
ing induction of anaesthesia. This incidence is reduced
in patients premedicated with an opioid. Cough and
hiccups occur in up to 10% of patients.

Pain on injection. This occurs in up to 80% of pa-
tients if the propylene glycol preparation is injected
into a small vein, but in less than 10% when the drug
is injected into a large vein in the antecubital fossa
(Table 3.5). The incidence is reduced by prior injection
of lidocaine 10 mg. The incidence of pain on injection
has been reported to be as low as 4% when the emul-
sion formulation is injected.

Nausea and vomiting. The incidence of nausea
and vomiting is approximately 30%. This is very much
higher than after propofol.

Emergence phenomena. The incidence of severe
restlessness and delirium during recovery is greater
with etomidate than barbiturates or propofol.

Venous thrombosis is more common than with
other agents if the propylene glycol preparation is
used.

Indications

Etomidate is used usually for patients with a com-
promised cardiovascular system. It is suitable for
outpatient anaesthesia. The high incidence of pain
on injection of the propylene glycol preparation of
etomidate limited its use to patients in whom depres-
sion of the cardiovascular system was undesirable, but
the preparation as an emulsion with medium-chain
triglycerides has greatly reduced the incidence of pain
on injection.

Absolute Contraindications

® Airway obstruction

® Porphyria

m Adrenal insufficiency

® Long-term infusion in ICU.

Precautions

These are similar to the precautions listed for thio-
pental. Etomidate is suitable for outpatient anaesthe-
sia. However, the incidence of excitatory phenomena
is unacceptably high unless an opioid is adminis-
tered; this delays recovery and is unsuitable for most
outpatients.

Ketamine Hydrochloride

This is a phencyclidine derivative and was intro-
duced in 1965. It differs from other i.v. anaesthetic
agents in many respects, and produces dissociative
anaesthesia rather than generalized depression of
the CNS.

Chemical Structure

2-(0-Chlorophenyl)-2-(methylamino)-cyclohexanone
hydrochloride.

Physical Characteristics and Presentation

Ketamine is soluble in water and is presented as so-
lutions of 10mgmL™" containing sodium chloride to
produce isotonicity and 50 or 100 mgmL™ in multi-
dose vials which contain benzethonium chloride
0.1mgmL™" as preservative. The pH of the solutions is
3.5-5.5. The pKa of ketamine is 7.5.
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Pharmacology

Central Nervous System. Ketamine is extremely lipid-
soluble. After i.v injection, it induces anaesthesia in
30-60s. A single i.v. dose produces unconscious-
ness for 10-15min. Ketamine is also effective within
3—4 min after i.m. injection and has a duration of ac-
tion of 15-25min. It is a potent somatic analgesic at
subanaesthetic blood concentrations. Amnesia often
persists for up to 1h after recovery of consciousness.
Induction of anaesthesia is smooth, but emergence de-
lirium may occur, with restlessness, disorientation and
agitation. Vivid and often unpleasant nightmares or
hallucinations may occur during recovery and for up to
24h. The incidences of emergence delirium and hallu-
cinations are reduced by avoidance of verbal and tactile
stimulation during the recovery period, or by concomi-
tant administration of opioids, butyrophenones, ben-
zodiazepines or physostigmine; however, unpleasant
dreams may persist. Nightmares are reported less com-
monly by children and elderly patients.

The EEG changes associated with ketamine are
unlike those seen with other i.v. anaesthetics, and con-
sist of loss of alpha rhythm and predominant theta
activity. Cerebral metabolic rate is increased in several
regions of the brain, and CBE, cerebral blood volume
and intracranial pressure increase.

Cardiovascular System. Arterial pressure increases
by up to 25% and heart rate by approximately 20%.
Cardiac output may increase, and myocardial oxygen
consumption increases; the positive inotropic effect
may be related to increased calcium influx mediated by
cyclic adenosine monophosphate. There is increased
myocardial sensitivity to adrenaline. Sympathetic
stimulation of the peripheral circulation is decreased,
resulting in vasodilatation in tissues innervated pre-
dominantly by a-adrenergic receptors, and vasocon-
striction in those with B-receptors.

Respiratory System. Transient apnoea may occur after
i.v. injection, but ventilation is well maintained thereaf-
ter and may increase slightly unless high doses are given.
Pharyngeal and laryngeal reflexes and a patent airway
are maintained well in comparison with other i.v. agents;
however, their presence cannot be guaranteed, and nor-
mal precautions must be taken to protect the airway and
prevent aspiration. Bronchial muscle is dilated.

Skeletal Muscle. Muscle tone is usually increased.
Spontaneous movements may occur, but reflex move-
ment in response to surgery is uncommon.

Gastrointestinal System. Salivation is increased.

Uterus and Placenta. Ketamine crosses the placenta
readily. Fetal concentrations are approximately equal
to those in the mother.

The Eye. Intraocular pressure increases, although this
effect is often transient. Eye movements often persist
during surgical anaesthesia.

Pharmacokinetics

Only approximately 12% of ketamine is bound to pro-
tein. The initial peak concentration after i.v. injection
decreases as the drug is distributed, but this occurs
more slowly than with other i.v. anaesthetic agents.
Metabolism occurs predominantly in the liver by de-
methylation and hydroxylation of the cyclohexanone
ring; among the metabolites is norketamine, which is
pharmacologically active. Approximately 80% of the
injected dose is excreted renally as glucuronides; only
2.5% is excreted unchanged. The elimination half-life
is approximately 2.5h. Distribution and elimination
are slower if halothane, benzodiazepines or barbitu-
rates are administered concurrently.

After i.m. injection, peak concentrations are achieved
after approximately 20 min.

Dosage and Administration

Induction of anaesthesia is achieved with an average
dose of 2mgkg™ i.v; larger doses may be required
in some patients, and smaller doses in the elderly or
shocked patient. In all cases, the drug should be ad-
ministered slowly. Additional doses of 1-1.5mgkg™’
are required every 5-10 min. Between 8 and 10 mgkg™
is used i.m. A dose of 0.25-0.5mgkg™ or an infusion
of 50 pgkg”' min™ may be used to produce analgesia
without loss of consciousness.

Adverse Effects

® Emergence delirium, nightmares and hallucinations

m Hypertension and tachycardia — this may be
harmful in previously hypertensive patients and
in those with ischaemic heart disease
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Prolonged recovery

Salivation — anticholinergic premedication is
essential

Increased intracranial pressure

Allergic reactions — skin rashes have been reported.

Indications

The high-risk patient. Ketamine is useful in the
shocked patient. Arterial pressure may decrease if
hypovolaemia is present, and the drug must be given
cautiously. These patients are usually heavily sedated
in the postoperative period, and the risk of nightmares
is therefore minimized.

Paediatric anaesthesia. Children undergoing mi-
nor surgery, investigations (e.g. cardiac catheteriza-
tion), ophthalmic examinations or radiotherapy may
be managed successfully with ketamine administered
either i.m. or i.v.

Difficult locations. Ketamine has been used suc-
cessfully at the site of accidents, and for analgesia and
anaesthesia in casualties of war.

Analgesia and sedation. The analgesic action of
ketamine may be used when wound dressings are
changed, or while positioning patients with pain be-
fore performing regional anaesthesia (e.g. fractured
neck of femur). Ketamine has been used to sedate asth-
matic patients in the ICU.

Developing countries. Ketamine is used extensively
in countries where anaesthetic equipment and trained
staff are in short supply.

Absolute Contraindications

® Airway obstruction — although the airway is
maintained better with ketamine than with
other agents, its patency cannot be guaranteed.
Inhalational agents should be used for induction
of anaesthesia if airway obstruction is anticipated.
m Raised intracranial pressure.

Precautions

Cardiovascular disease. Ketamine is unsuitable for
patients with pre-existing hypertension, ischaemic
heart disease or severe cardiac decompensation.
Repeated administration. Because of the pro-
longed recovery period, ketamine is not the most
suitable drug for frequent procedures, e.g. prolonged

courses of radiotherapy, as it disrupts sleep and eating
patterns.

Visceral stimulation. Ketamine suppresses poorly
the response to visceral stimulation; supplementation,
e.g. with an opioid, is indicated if visceral stimulation
is anticipated.

Outpatient anaesthesia. The prolonged recovery
period and emergence phenomena make ketamine
unsuitable for adult outpatients.

Other Drugs

Opioids and benzodiazepines may also be used to in-
duce general anaesthesia. However, very large doses
are required, and recovery is prolonged. Their use is
confined to specialist areas, e.g. cardiac anaesthe-
sia. The pharmacology of these drugs is described in
Chapters 5 and 7, respectively.

INTRAVENOUS MAINTENANCE
OF ANAESTHESIA

Indications for Intravenous Maintenance
of Anaesthesia

There are several situations in which i.v. anaesthe-
sia (IVA; the use of an i.v. anaesthetic to supplement
nitrous oxide) or total i.v. anaesthesia (TIVA) may
offer advantages over the traditional inhalational
techniques. In the doses required to maintain clinical
anaesthesia, i.v. agents cause minimal cardiovascular
depression. In comparison with the most commonly
used volatile anaesthetic agents, IVA with propofol
(the only currently available i.v. anaesthetic with an
appropriate pharmacokinetic profile) offers rapid re-
covery of consciousness and good recovery of psycho-
motor function, although desflurane and sevoflurane
are also associated with rapid recovery and minimal
hangover effects.

The use of TIVA allows a high inspired oxygen con-
centration in situations where hypoxaemia may other-
wise occur, such as one-lung anaesthesia or in severely
ill or traumatized patients, and has obvious advantages
in procedures such as laryngoscopy or bronchoscopy,
when delivery of inhaled anaesthetic agents to the
lungs may be difficult. TIVA may also be used to pro-
vide anaesthesia in circumstances in which there are
clinical reasons to avoid nitrous oxide, such as middle-
ear surgery, prolonged bowel surgery and in patients
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with raised intracranial pressure. There are few contra-
indications to the use of IVA, provided that the anaes-
thetist is aware of the wide variability in response (see
below). For surgical anaesthesia, it is desirable either to
use nitrous oxide supplemented by IVA or to infuse an
opioid in addition to the i.v. anaesthetic.

Principles of IVA

The calibrated vaporizer allows the anaesthetist to es-
tablish stable conditions, usually with relatively few
changes in delivered concentration of volatile anaes-
thetic agents during an operation. This is largely be-
cause the patient tends to come into equilibrium with
the delivered concentration, irrespective of body size
or physiological variations; the total dose of drug
taken up by the body is variable, but is relatively un-
important, and is determined by the characteristics
of the patient and the drug rather than by the an-
aesthetist. The task of achieving equilibrium with i.v.
anaesthetic agents is more complex, as delivery must
be matched to the size of the patient and also to the
expected rates of distribution and metabolism of the
drug. Conventional methods of delivering i.v. agents
result in the total dose of drug being determined by
the anaesthetist, and the concentration achieved in
the brain depends on the volume and rate of distri-
bution, the relative solubility of the agent in various
tissues and the rate of elimination of the drug in the
individual patient. Consequently, there is considerably
more variability among patients in the infusion rate
of an i.v. anaesthetic required to produce satisfactory
anaesthesia than there is in the inspired concentration
of an inhaled agent.

Techniques of Administration
Intermittent Injection

Although some anaesthetists are skilled in the delivery
of i.v. anaesthetic agents by intermittent bolus injec-
tion, the plasma concentrations of drug and the an-
aesthetic effect fluctuate widely, and the technique is
acceptable only for procedures of short duration in
unparalysed patients.

Manual Infusion Techniques

The infusion rate required to achieve a predetermined
concentration of an i.v. drug can be calculated if the
clearance of the drug from plasma is known [infusion

rate (pgmin')=steady-state plasma concentration
(pgmL™)Xclearance (mLmin™)]. One of the difficul-
ties is that clearance is variable, and it is possible only
to estimate the value by using population kinetics; de-
pending on the patient’s clearance in relation to the
population average, the actual plasma concentration
achieved may be higher or lower than the intended
concentration.

A fixed-rate infusion is inappropriate because the
serum concentration of the drug increases only slowly,
taking four to five times the elimination half-life of the
drug to reach steady state (Fig. 3.4). A bolus injection
followed by a continuous infusion results initially in
achievement of an excessive concentration (with an
increased incidence of side-effects), and this is fol-
lowed by a prolonged dip below the intended plasma
concentration (Fig. 3.5). In order to achieve a reason-
ably constant plasma concentration (other than in
very long procedures), it is necessary to use a multistep
infusion regimen, a concept similar to that of over-
pressure for inhaled agents. A commonly used scheme
for propofol is injection of a bolus dose of 1 mgkg™
followed by infusion initially at a rate of 10mgkg™"h'
for 10 min, then 8 mgkg"h' for the next 10 min, and
a maintenance infusion rate of 6 mgkg™'h' thereafter.
This achieves, on average, a plasma concentration of
propofol of 3 pgmL™, and this is effective in achieving
satisfactory anaesthesia in unparalysed patients who
also receive nitrous oxide and fentanyl; higher infusion
rates are required if nitrous oxide and fentanyl are not
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FIGURE 3.4 = Average blood concentration during the first

2 hofacontinuousinfusion of propofolatarateof 6 mgkg ' h™.
Note that, even after 2h, the equilibrium concentration of
3pgmL" has not been achieved.
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FIGURE 3.5 ™ Average blood propofol concentration follow-

ing a bolus dose of propofol followed by a continuous infusion
of 6mgkg'h™'. Note that the target concentration is initially
exceeded, but that the blood concentration then decreases be-
low the target concentration, which is not achieved within 2 h.

administered. These infusion rates must be regarded
only as a guide and must be adjusted as necessary ac-
cording to clinical signs of anaesthesia.

Target-Controlled Infusion (TCl) Techniques

By programming a computer with appropriate phar-
macokinetic data and equations, it is possible at fre-
quent intervals (several times a minute) to calculate the
appropriate infusion rate required to produce a preset
target plasma concentration of drug. The drug is in-
fused by a syringe driver. To produce a step increase in
plasma concentration, the syringe driver infuses drug
very rapidly (a slow bolus) and then delivers drug at
a progressively decreasing infusion rate (Fig. 3.6). To
decrease the plasma concentration, the syringe driver
stops infusing until the computer calculates that the
target concentration has been achieved, and then in-
fuses drug at an appropriate rate to maintain a constant
level. The anaesthetist is required only to enter the de-
sired target concentration and to change it when clini-
cally indicated, in the same way as a vaporizer might be
manipulated according to clinical signs of anaesthesia.

The potential advantages of such a system are its
simplicity, the speed with which plasma concentration
can be changed (particularly upwards) and avoidance
of the need for the anaesthetist to undertake any calcu-
lations (resulting in less potential for error). The actual
concentration achieved may be >50% greater than or
less than the predicted concentration, although this is

5 —500
2] 400
T =
- -
£ 3 300 E
2 —\— F
° E
g 2 | 200 §
S &
o kS
1] L100
. .
0O 10 20 30 40 50 60 70 80 90 100 110 120
Time (min)
FIGURE 3.6 " Average blood concentrations of propofol

achieved using a target-controlled infusion system. The nar-
row vertical lines represent the infusion rate calculated by the
computer to achieve, and then to maintain, the target concen-
tration in blood. A target concentration of 3 pgmL™" was pro-
grammed initially. When the target concentration is reset to
2pgmL, the infusion is stopped and then restarted at a rate
calculated to maintain that concentration. The target concen-
tration is then increased to 3 pgmL™; the infusion pump deliv-
ers a rapid infusion rate to achieve the target concentration,
and then gradually decreases the infusion rate to maintain a
constant blood concentration.

not a major practical disadvantage provided that the
anaesthetist adjusts the target concentration according
to clinical signs relating to adequacy of anaesthesia,
rather than assuming that a specific target concentra-
tion always results in the desired effect.

Using a TCI system in female patients, the tar-
get concentration of propofol required to prevent
movement in response to surgical incision in 50% of
subjects (the equivalent of minimum alveolar concen-
tration; MAC) was 6 pgmL™ when patients breathed
oxygen, and 4.5pgmL™ when 67% nitrous oxide was
administered simultaneously.

A TCI system for administration of propofol is avail-
able in many countries. The anaesthetist is required to
input the weight and age of the patient, and then to select
the desired target concentration. These devices can be
used only with prefilled syringes, which contain an elec-
tronic tag that is recognized by the infusion pump. These
TCI systems are currently suitable for use only in patients
over the age of 16 years. Target concentrations selected for
elderly patients should be lower than those for younger
adults, in order to minimize the risk of side-effects.

The TCI infusion pumps assume that the patient is
conscious when the infusion is started. Consequently
it is inappropriate to connect and start a TCI system in
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a patient who is already unconscious, as this results in
an initial overdose.

In adult patients under 55 years of age, anaesthesia
may be induced usually with a target propofol concen-
tration of 4-8 ugmL™". An initial target concentration at
the lower end of that range is suitable for premedicated
patients. Induction time is usually between 1 and 2min.
The brain concentration of propofol increases more
slowly than the blood concentration, and following in-
duction it is usually appropriate to reduce the target con-
centration; target propofol concentrations in the range
of 3—-6pgmL™ usually maintain satisfactory anaesthesia
in patients who are also receiving an analgesic drug.

Later versions of the TCI infusion pumps show the
predicted brain concentration, which may be used as
a guide to the timing of alterations in the blood target
concentration.

Closed-Loop Systems

Target-controlled infusion systems may be used as
part of a closed-loop system to control depth of an-
aesthesia. Because there is no method of measuring
blood concentrations of i.v. anaesthetics on-line, it is
necessary to use some type of monitor of depth of an-
aesthesia (such as the auditory evoked response; see
Chapter 16) on the input side of the system.

Adverse Reactions to Intravenous
Anaesthetic Agents

These may take the form of pain on injection, venous
thrombosis, involuntary muscle movement, hiccup,
hypotension and postoperative delirium. All of these
reactions may be modified by the anaesthetic technique.

Hypersensitivity reactions, which resemble the ef-
fects of histamine release, are more rare and less pre-
dictable. Other vasoactive agents may also be released.
Reactions to i.v. anaesthetic agents are caused usually
by one of the following mechanisms:

Type I hypersensitivity response. The drug inter-
acts with specific immunoglobulin E (IgE) antibod-
ies, which are often bound to the surface of mast cells;
these become granulated, releasing histamine and
other vasoactive amines.

Classic complement-mediated reaction. The classic
complement pathway may be activated by type II (cell
surface antigen) or type III (immune complex forma-
tion) hypersensitivity reactions. IgG or IgM antibodies
are involved.

Alternate complement pathway activation.
Preformed antibodies to an antigen are not necessary
for activation of this pathway; these reactions may
therefore occur without prior exposure to the drug.

Direct pharmacological effects of the drug. These
anaphylactoid reactions result from a direct effect on
mast cells and basophils. There may be local cutaneous
signs only. In more severe reactions, there are signs of
systemic release of histamine.

Clinical Features

In a severe hypersensitivity reaction, a flush may de-
velop over the upper part of the body. There is usually
hypotension, which may be profound. Cutaneous and
glottic oedema may develop and may result in hypo-
volaemia because of loss of fluid from the circulation.
Very severe bronchospasm may also occur, although it
is a feature in less than 50% of reactions. Diarrhoea
often occurs some hours after the initial reaction.

Predisposing Factors

Age. In general, adverse reactions are less common in
children than in adults.

Pregnancy. There is an increased incidence of ad-
verse reactions in pregnancy.

Gender. Anaphylactic reactions are more common
in women.

Atopy. There may be an increased incidence of type
IV (delayed hypersensitivity) reactions in non-atopic
individuals, and a higher incidence of type I reactions
in those with a history of extrinsic asthma, hay fever or
penicillin allergy.

Previous exposure. Previous exposure to the drug,
or to a drug with similar constituents, exerts a much
greater influence on the incidence of reactions than
does a history of atopy.

Solvents. Cremophor EL, which was used as a sol-
vent for several i.v. anaesthetic agents, was associated
with a high incidence of hypersensitivity reactions.

Incidence

The incidences of hypersensitivity reactions associated
with i.v. anaesthetic agents are shown in Table 3.6.
Treatment

This is summarized in Table 3.7. Appropriate investi-
gations should be undertaken after recovery to identify
the drug responsible for the reaction.
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Drug Incidence
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Etomidate 1:450 000
Propofol 1:50 000-100 000 (estimated)

TABLE 3.7

Suggested Management of Suspected Anaphylaxis During Anaesthesia

Aims

® Correct arterial hypoxaemia

m Restore intravascular fluid volume

B |nhibit further release of chemical mediators

I, diate M, +

1. Stop administration of all agents likely to have caused the anaphylaxis

2. Call for help
3. Maintain airway, give 100% oxygen and lie patient supine with legs elevated
4. Give adrenaline (adrenaline). This may be given intramuscularly in a dose of 0.5-1mg (0.5-1 mL of 1:1000) and may be repeated

every 10 min according to the arterial pressure and pulse until improvement occurs

Alternatively, 50-100 pg intravenously (0.5-1TmL of 1:10 000) over 1 min has been recommended for hypotension with titration of
further doses as required

Never give undiluted adrenaline 1:1000 intravenously

In a patient with cardiovascular collapse, 0.5-1mg (5-10 mL of 1:10 000) may be required intravenously in divided doses by
titration. This should be given at a rate of 0.1 mgmin™' stopping when a response has been obtained

Paediatric doses of adrenaline depend on the age of the child. Intramuscular adrenaline 1:1000 should be administered as follows:

>12 years 500pgi.m. (0.5mL)
6-12 years 250pgi.m. (0.25mL)
6 months - 6 years 120pgi.m. (0.12mL)
<6 months 50pgi.m. (0.05mL)

5. Start rapid intravenous infusion of colloids or crystalloids. Adult patients may require 2-4 L of crystalloid

Secondary Management

1. Give antihistamines (chlorpheniramine 10-20 mg by slow i.v. infusion)

2. Give corticosteroids (100-500 mg hydrocortisone slowly i.v.)

3. Bronchodilators may be required for persistent bronchospasm




LOCAL ANAESTHETIC AGENTS

L ocal anaesthetics are analgesic drugs that suppress

action potentials by blocking voltage-activated sodium
ion (Na") channels in excitable tissues. Examples include
the anaesthetic amides (e.g. lidocaine, bupivacaine,
ropivacaine) and esters (e.g. cocaine and procaine)
(Table 4.1). Other drugs which can inhibit voltage-
activated Na* channels, such as diphenhydramine (a
first-generation histamine HI receptor antagonist)
and amitriptyline (a tricyclic antidepressant) also have
local anaesthetic properties. The blockade of voltage-
activated Na* channels accounts for both their analgesic
effects, mediated through inhibition of action potentials
in nociceptive neurones, and their systemic effects. The
inhibition of action potentials in the heart contributes
to local anaesthetic toxicity and also accounts for the
antiarrhythmic actions of intravenous lidocaine (a class
1b antiarrhythmic). Unlike general anaesthetics (the
pharmacology of which is described in Chs 1 and 2),
local anaesthetics do not diminish consciousness when
administered correctly.

Local anaesthetics block sensation at the site of
administration by inhibiting action potentials in all
nociceptive fibres and therefore do not discriminate
between pain modalities, unlike other analgesic drugs,
such as the anti-inflammatory agents and opioids.
Opioid analgesics (morphine, fentanyl, hydrocodone,
etc.) and other central analgesic drugs such as the
a,-adrenergic agents (clonidine, dexmedetomidine)
activate metabotropic (G protein-coupled) receptors
within the membranes of specific neurones located
within the pain pathway. A component of the ac-
tions of these drugs is centrally mediated (as described
in Ch 5).
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This chapter describes the pharmacology of local
anaesthetics: their molecular mechanism of action,
pharmacokinetics, systemic toxicity and recent devel-
opments which may improve their efficacy and safety.

MECHANISM OF ACTION OF LOCAL
ANAESTHETICS

The primary target of local anaesthetics, the voltage-
activated Na" channel (VASC) is one of numerous
membrane proteins which reside in the phospholipid
bilayers encapsulating neurones (Fig. 4.1). VASCs
provide selective permeability to Na* when the cell
becomes depolarized from the resting potential (ap-
proximately —70 mV), which is maintained in qui-
escent neurones by the tonic activity of potassium
ion (K*) channels. Local anaesthetics applied either
topically to the skin or by infiltration inhibit action
potentials in primary afferent nociceptive neurones,
the pain-sensing neurones which transmit to the dor-
sal horn of the spinal cord (Fig. 4.2).

Pain transmission begins as a depolarization in
the nerve ending of the primary afferent neurone
initiated by the activation of cation channels. When
the depolarization reaches the threshold for activation
of VASCs (approximately —45mV), action potentials
are generated, resulting in rapid depolarization to
approximately +20mV (Fig. 4.3). Each action po-
tential is brief (approximately 2ms) because VASCs
rapidly inactivate, leading to closure of their inacti-
vation gates, and at the same time voltage-activated
K* channels activate, leading to an increase in the
permeability of the cell membrane to K*. As a result,
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TABLE 4.1

The Features of Individual Local Anaesthetic Drugs

Partition Main use by
Proper Name/ % Equivalent Relative Coefficient % Protein Anaesthetists
Formula Concentration® Duration” Toxicity pK, at 36°C Bound in the UK
Cocaine 1 0.5 Very high 8.7 ? ? Nil
Benzocaine NA 2 Low NA 132 ? Topical
Procaine 2 0.75 Low 8.9 3.1 5.8 Nil
Chloroprocaine 1 0.75 Low 9.1 17 ? Not available
Tetracaine 0.25 2 High 8.4 541 76 Topical
Lidocaine 1 1 Medium 7.8 110 64 Infiltration
Nerve block
Epidural
Mepivacaine 1 1 Medium 7.7 42 77 Not available
Prilocaine 1 1.5 Low 7.7 50 55 Infiltration
Nerve block
IVRA
Ropivacaine 0.25 2-4 Medium 8.1 230 94 Epidural
Nerve block
Bupivacaine 0.25 2-4 Medium 8.1 560 95 Epidural
Spinal Nerve
block

“Lidocaine =1, NA=not applicable (not used in solution), ? = information not available.
NB: Published figures vary. Strichartz, G.R., Sanchez, V., Arthur, G.R., et al. 1990. Fundamental properties of local anesthetics. Il. Measured
octanol: buffer partition coefficients and pKa values of clinically used drugs. Anesth. Analg. 71, 158-170.

the membrane potential travels rapidly back towards
the K* equilibrium potential and this period is known
as the after-hyperpolarization, a phenomenon which
contributes to the refractory period during which it is
unlikely that another action potential will be gener-
ated (Fig. 4.3).

Mechanism of Local Anaesthetic Inhibition
of the Voltage-Activated Na* Channel

Local anaesthetics inhibit VASC activity by gaining
access to the open channel from the inside of the cell
and binding to specific amino acids lining the channel
lumen (Fig. 4.1). They bind preferentially to the open
channel and are therefore said to be use-dependent
(or open channel) blockers. First, the local anaesthetic
must cross the cell membrane, a passage which
requires lipid solubility. The molecule must then
diffuse into the aqueous environment within the

ion channel. Amide and ester local anaesthetics pos-
ses both lipophilic and hydrophilic properties and
are described as amphipathic (Fig. 4.4). They exist in
basic (uncharged) and cationic (charged) forms and
the relative proportion of each (determined using
the Henderson—Hasselbalch equation) is dependent
upon the pH of the solution and the pK_ of the local
anaesthetic:

[Cationic LA]

K =pH+lo
PR.=P g[UnchargedLA]

[Cationic LA]
g—— - PK,—pH
[Uncharged LA]

Local anaesthetics are weak bases and most
have a pK  of approximately 8.5. Therefore there is
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FIGURE 4.1 © The topology of the VASC a-subunit. (A) The

subunit has 24 membrane-spanning segments arranged in four
domains with positively charged amino acid residues in the fourth
segment of each domain providing voltage-sensitivity. Pore loops
between segments five and six line the channel and have negatively
charged amino acids which attract Na* into the channel’s outer
vestibule. The intracellular loop between domains three and four
contains the inactivation gate (or h gate). (B) The four domains
come together to form a channel. The ancillary -subunits, which
modulate channel function, are not shown.

approximately 10-fold more charged than uncharged
molecule at physiological pH (~7.5):

[Cationic LA]

[Uncharged LA |

[Cationic LA|
[Uncharged LA]

An alkaline solution speeds the onset of analgesia
by increasing the proportion of uncharged local an-
aesthetic on the outside of the nerve, resulting in more
rapid access to the inside of the cell where the balance
of isoforms re-establishes on the basis of the intracel-
lular pH. By contrast, infected and inflamed tissue has
a relatively low (acidic) pH leading to an increase in

the proportion of the membrane-impermeant cationic
local anaesthetic component and the requirement for
higher doses to achieve analgesia.

THE VOLTAGE-ACTIVATED Na*
CHANNEL

Local anaesthetics gain access to their binding site
within the inner lumen of the VASC when the acti-
vation gate opens in response to depolarization. The
VASC is formed by a large protein (the a-subunit) con-
sisting of 24 membrane-spanning segments arranged
in four repetitive motifs (Fig. 4.1). The fourth segment
of each motif is a voltage sensor, a series of positively
charged amino acids (arginine and lysine residues) ly-
ing within the membrane. Depolarization causes elec-
trostatic repulsion of the voltage sensors, providing the
energy required to open the activation gate (Fig. 4.3).
Na* ions, selected by the filter formed by the four pore
loops (between the 5th and 6th segments) lining the
outer vestibule of the channel, are then free to pass
down their concentration gradient into the cell, gen-
erating a depolarizing electrical current. However, Na*
current is inhibited by local anaesthetic bound within
the inner vestibule of the channel. The inactivation
gate, formed by intracellular components of the chan-
nel, closes rapidly following depolarization (Fig. 4.3)
and local anaesthetics stabilize the inactivated state.

There are multiple subtypes of VASCs, named after
the identity of their a-subunit (Na,1.1-Na 1.9) en-
coded by one of nine different genes (SCN1A-SCN5A,
SCN8A-SCN11A) which are differentially expressed in
tissues throughout the body and which have differing
pharmacological and biophysical properties. This het-
erogeneity provides the potential (to date unmet) for
selectively targeting VASCs in pain-sensing neurones.
Nociceptive neurones predominantly express Na, 1.7,
Na, 1.8 and/or Na 1.9 a-subunits. Mutations in the
SCN9A gene, which encodes Na 1.7, are associated
with several pain pathologies. Aspects of systemic tox-
icity relate to the ability of local anaesthetics to block
VASC:s outside the pain pathway. Cardiac VASCs are of
the Na, 1.5 subtype and local anaesthetics such as ropi-
vacaine and levobupivacaine are thought to have less
systemic toxicity due to their lower affinity for cardiac
channels. Additional VASC heterogeneity is conferred
by four genes which encode ancillary f-subunits.
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The ascending pain pathway. (A) Peripheral nociceptors in the skin are activated by painful stimuli. Rapid stab-

bing pain is transmitted by myelinated Ad fibres. Unmyelinated C fibres, activated by inflammatory mediators (e.g. bradykinin
(BK), serotonin (5-HT), prostoglandins (PG) and histamine (H)) transmit aching pain more slowly. These fibres express TRPV1
channels activated by both noxious heat and capsaicin. (B) Primary afferent fibres synapse on neurones in the dorsal horn of the
spinal cord, which transmit pain stimuli to the thalamus. Thalamic neurones project to the cortex.

PAIN FIBRES

Different peripheral nerve fibres have differing sensitiv-
ities to block by local anaesthetics and are classified as
A, B and C according to their conduction velocities, A
being the fastest conductors and C the slowest. AS and

C fibres both conduct pain (Fig. 4.2). Other subtypes
of A fibre supply skeletal muscles (« and y) and con-
duct tactile sensation (f), while type B are pregangli-
onic autonomic fibres. AJ fibres are heavily myelinated
and rapidly conduct acute stabbing pain. Myelination
enables a remarkably high velocity of transmission
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After-hyperpolarization

Most VASCs are closed at resting membrane potential (=70mV). Depolarization activates VASCs once the

threshold potential is reached. Open VASCs enable greater depolarization until channels become inactivated and no longer support
Na" influx due to closure of the h-gate. Voltage-activated K" channels (not shown) enable K* efflux leading to hyperpolarization.

(approximately 20ms™") through a mechanism known
as saltatory conduction. VASCs are segregated within
the neuronal membrane of Ad fibres at gaps in the
myelin sheaths (nodes of Ranvier), enabling action po-
tentials effectively to jump’ from one node to the next.
ASJ fibres are of small diameter and therefore have little
ability to conduct changes in membrane potential once
VASC activity has been inhibited. This makes them
particularly sensitive to local anaesthetic block. Unlike
ASJ fibres, C fibres are unmyelinated and their velocity

of conduction from the skin to the spinal cord is rela-
tively slow (approximately 1ms™'). Local anaesthetics
effectively block the transmission of dull, aching pain
mediated by C fibres. The fibre diameter is very small
(approximately 1 pm) and therefore there is little pas-
sive conduction, making transmission reliant on the ac-
tivity of VASCs. C fibres are activated by inflammatory
mediators and therefore the pain resulting from their
stimulation can also be treated by anti-inflammatory
agents.
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FIGURE 4.4 ™ General formula for local anaesthetic drugs.

LOCAL ANAESTHETIC STRUCTURE

Local anaesthetics of the amide and ester classes
share three structural moieties: an aromatic portion,
an intermediate chain and an amine group (Fig. 4.4).
The aromatic portion is lipophilic, and lipid solubil-
ity is further enhanced in local anaesthetics with
lengthy intermediate chains. The amine group is a
proton acceptor, providing the potential for both
charged and uncharged isoforms (i.e. the source of
the amphipathic nature of local anaesthetics). Amide
and ester anaesthetics are so named because of their
distinctive bonds within the intermediate chain.
Examples of esters are cocaine, procaine, chloro-
procaine and amethocaine; examples of amides are
lidocaine, prilocaine, mepivacaine, etidocaine, bupi-
vacaine, ropivacaine and levobupivacaine. A conve-
nient mnemonic is that the names of esters contain
one letter i while those of amides contain two let-
ters 7’s. The presence of either an amide or an ester
bond dictates the pathway through which the local
anaesthetic is metabolized and this has important
implications regarding allergy potential and phar-
macokinetic profile (described below). Since the
introduction of cocaine into clinical practice by
Koller in 1884, numerous local anaesthetics have
been synthesized, beginning with procaine in 1905.
Structural modifications influence pharmacokinet-
ics. For example, replacement of the tertiary amine
by a piperidine ring increased local anaesthetic lipid
solubility and duration of action; addition of an ethyl
group to lidocaine on the a-carbon of the amide
link created etidocaine; and addition of a propyl
group or butyl group to the amine end of mepiva-
caine resulted in [p]ropivacaine and bupivacaine

respectively. Halogenation of the aromatic ring of
procaine created chloroprocaine, an ester with faster
hydrolysis and shorter duration of action.

PHARMACOLOGICAL PROPERTIES
OF LOCAL ANAESTHETICS

A number of important factors influence the pharma-
cological profile of local anaesthetic drugs (Table 4.1).
The pK, molecular weight, lipid solubility, protein
binding and vasoactivity influence speed of onset,
potency and duration of action.

® pK is the pH at which the ionized and non-
ionized form of a compound is present in equal
amounts. For basic drugs such as local anaesthet-
ics, the greater the pK, the greater the ionized
fraction. As diffusion across the nerve sheath and
nerve membrane requires non-ionized drug, a
local anaesthetic with a low pK_ has a fast onset
of action while a high pK, causes a slow onset of
action. For example, lidocaine (pK 7.6) has a fast
onset in comparison with bupivacaine (pK, 8.2),
because, at pH 7.4, 35% of lidocaine exists in the
non-ionized base form compared to only 20% of
bupivacaine.

m Molecular weight influences the rate of transfer of
drug across nerve membranes and through the
dura mater. The lower the molecular weight the
more rapid is the transfer.

m Lipid solubility, often expressed as the partition
coefficient, influences potency. The partition
coefficient is the ratio of aqueous and lipid
concentrations when a local anaesthetic is in-
troduced into a mixture of oil- and water-based
solvents.

m Protein binding, including local anaesthetic at-
tachment to protein components of the nerve
membrane, increases the duration of action of
a local anaesthetic. In plasma, amide anaesthet-
ics bind predominantly to a-acid glycoprotein
(AAG), a high-affinity limited capacity protein,
and albumin, a low-affinity large capacity pro-
tein. The bioavailability of anaesthetic is deter-
mined by the availability of plasma proteins; the
greater the AAG availability, the greater the bind-
ing of anaesthetic, and the lower the free plasma
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concentration. After surgery, trauma or malig-
nancy, AAG concentrations increase significantly
and protect patients receiving local anaesthetic
epidural or perineural infusions from anaesthetic
toxicity by curbing increases in the free fraction
of local anaesthetics.

m Vasoactivity influences potency and duration of
action. The vasoactivity of commonly used local
anaesthetics is biphasic with dilatation occur-
ring with anaesthetic concentrations >0.25%
and vasoconstriction at concentrations <0.25%.
When measured by Laser Doppler flowmetry
in the forearm, the vasoactive potencies occur
in the order: lidocaine>bupivacaine>levobu-
pivacaine>ropivacaine. Adrenaline at a dose
of 1.25ug provides significant vasoconstric-
tion when administered with bupivacaine and
levobupivacaine.

DIFFERENTIAL SENSORY AND
MOTOR BLOCKADE

Local anaesthetics provide differential sensory and
motor block dependent on fibre size. For example
epidural administration of 0.5% bupivacaine provides
excellent motor block for Caesarean section, yet ad-
ministration of 0.1% bupivacaine, often with fentanyl
2 pgml™!, can provide analgesia during labour but with
full lower limb movement.

PHARMACOKINETICS
Absorption

The site, dose and rate of injection, and pharmaco-
logical properties, with or without addition of adren-
aline, determine the absorption of a local anaesthetic
drug from its site of injection. The maximum recom-
mended clinical doses are shown in Table 4.2. The
rank order of plasma concentration after injection
at various sites is: intrapleural>intercostal>lumbar
epidural>brachial plexus>sciatic>femoral, which
reflects the vascular supply to these tissues. First-
pass pulmonary metabolism limits the concentra-
tion of local anaesthetic which reaches the systemic
circulation.

Distribution

Tissue distribution of local anaesthetics is proportional
to the lipid solubility of the drug and the blood supply.
Local anaesthetic drugs are distributed rapidly to brain,
heart, liver and lungs but more slowly to muscle and fat,
which have a lower blood supply. The patient’s age, car-
diovascular status and hepatic function influence tissue
blood flow.

Metabolism

Amide metabolism is dependent on hepatic blood
flow. Toxicity of amides is more likely with prolonged
infusions in sick, elderly patients, although the

TABLE 4.2

Maximum Doses of Local Anaesthetics Administered as a Bolus

Plain Plain per kg With Adrenaline With Adrenaline Maximum Dose
(mg) (mgkg™') (mg) (mgkg™') Over 24 h (mg)
2-Chloroprocaine 800 11 1000 mg 13
Prilocaine 600 8 600 mg 8
Lidocaine 200 3 500mg
Mepivacaine 400 6 500mg 7
Bupivacaine 150 2 225mg 3 400
Levobupivacaine 150 2 400
Ropivacaine 225 3 800

Adapted from MclLeod GA, Butterworth JF, Wildsmith JAW (2008) Local anesthetic systemic toxicity. In: Cousins, Bridenbaugh, Horlecker, Carr
(eds) Neural blockade. Lippincott, Williams & Wilkins, Ch 5 pp 114-132.
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postoperative increase in AAG attenuates the rise in
plasma concentrations. Esters are hydrolysed rapidly
in plasma by pseudocholinesterase to the metabolite
para-aminobenzoic acid (PABA), which can generate
an allergic reaction. Amides are not metabolized to
PABA and so allergic reactions are very rare.

Clearance

Clearance of amide local anaesthetics is dependent on
hepatic metabolism, and metabolites may accumulate
in renal failure. Metabolism is fastest in the rank order:
prilocaine>lidocaine>bupivacaine.

Placental Transfer

Protein binding determines the rate and degree of dif-
fusion of local anaesthetics across the placenta. The
relative concentration of bupivacaine between umbili-
cal vein and maternal circulation is 0.3, but fetal toxic-
ity is dependent primarily on the free fraction of local
anaesthetic, which is the same in mother and fetus.

CLINICAL PREPARATION OF LOCAL
ANAESTHETICS

Local anaesthetics are presented clinically as hydro-
chloride salts with pH 5-6 because an alkaline pH de-
stabilizes local anaesthetic solutions. Alteration of pH
influences the rate of onset. For example, carbonated
lidocaine favours the un-ionized molecule and has a
faster onset of action whereas acidic tissue enhances
ionization and reduces the onset and efficacy of local
anaesthetics.

ENANTIOMER PHARMACOLOGY

Bupivacaine is a chiral molecule consisting of two
structurally similar, non-superimposable, mirror images
called enantiomers (Table 4.3). The nomenclature of
enantiomers is based on the Cahn-Ingold-Prelog pri-
ority rules whereby the smallest atom is placed to the
rear of the central atom about which the molecule ro-
tates, and the sequence of the remaining three atoms is
determined. For example, an increase in atomic mass
in a clockwise direction is indicative of an S (sinistra)
or laevo enantiomer whereas an increase in atomic
mass in an anticlockwise direction is indicative of an
R (rectus) or dextro enantiomer. Levobupivacaine is

TABLE 4.3

Chiral Terminology

Chirality Spatial arrangement of atoms, non-
superimposable on each other
Isomer Molecule with the same atomic

composition but different
stereochemical formulae and hence
different physical or chemical properties

Identical isomers which differ in the
arrangement of their atoms in space

Stereoisomers

Enantiomer One of a pair of molecules which
are mirror images of each other and

non-superimposable

Racemate An equimolar mixture of a pair of

enantiomers

the S (-) or laevo enantiomer of bupivacaine whereas
ropivacaine is a single enantiomer from the same se-
ries as bupivacaine, but with a propyl rather than a
butyl group.

INDIVIDUAL LOCAL ANAESTHETIC
PHARMACOLOGY

Bupivacaine

Bupivacaine is a chiral compound, used clinically
for 50 years. Initial benefits of bupivacaine were
sensory-motor separation and minimal tachyphy-
laxis, unlike repeated doses of lidocaine. However,
inadvertent intravenous administration of bupi-
vacaine may result in systemic toxicity (see Local
Anaesthetic Toxicity below) although addition of
adrenaline may reduce this.

Levobupivacaine

The laevo enantiomer of bupivacaine with the same
molecular structure. Potency is less than bupivacaine
but greater than ropivacaine. Both single enantiomers
are less toxic than racemic bupivacaine.

Ropivacaine

A single enantiomer. Substitution of a propyl for the
butyl side chain of levobupivacaine confers less lipid
solubility and greater sensory motor separation.



64 4 LOCAL ANAESTHETIC AGENTS

Lidocaine

This is the most popular local anaesthetic as it is safe,
rapidly metabolized, and has a short duration of ac-
tion. Efficacy is enhanced markedly by addition of
adrenaline. A testament to the relative safety of the
use of lidocaine is the fact that the drug is used sys-
temically as a class 1b antiarrhythmic and in the treat-
ment of chronic pain that is refractory to alternative
approaches.

Prilocaine

This is less toxic than lidocaine, with a high clear-
ance, attributable to metabolism in lung and
kidneys and liver. It is associated with methemo-
globinaemia at doses greater than 600 mg. The best
application of prilocaine is as a 0.5% concentra-
tion, the provision of Bier’s block for manipulation
of wrist fractures. Prilocaine is contained in a eu-
tectic mixture with lidoacaine (EMLA) for topical
anaesthesia. A 2% formulation is also available for
spinal anaesthesia.

LOCAL ANAESTHETIC TOXICITY
Early Clinical Reports

In 1979, Albright reported six cases of cardiac arrest
without prodromal symptoms secondary to local
anaesthetic toxicity. Four years later, he presented to
the U.S. Food and Drug Administration (FDA) 53
cases of inadvertent intravascular injection of bu-
pivacaine or etidocaine associated with prolonged
and difficult resuscitation, 35 during pregnancy, and
resulting in 24 deaths. The overriding clinical im-
pression at that time was that toxicity secondary to
bupivacaine appeared to be considerably out of pro-
portion to its clinical potency relative to lidocaine,
and, indeed, changes in anaesthetic practice such as
needle aspiration, slow incremental injection and
catheter insertion did much to reduce subsequent
mortality.

Scientific Investigations

Animal studies indicated that the dextro enantiomer
of bupivacaine was considerably more toxic than the
laevo enantiomer. In electrophysiology experiments,

dextro-bupivacaine attenuated the maximum up-
stroke velocity of the action potential (V__ ) and
lengthened action potential duration (APD), and in
isolated small animal hearts it induced QRS widening,
increasing both atrioventricular (AV) conduction time
and arrhythmias.

In order to mimic inadvertent intravascular
injection, lidocaine, bupivacaine, ropivacaine and
levobupivacaine were infused into instrumented, con-
scious sheep in several studies designed to measure
the cardiac and cerebral responses to systemic toxic-
ity. The rank order of local anaesthetic dose needed
to induce convulsions, arrhythmias, cardiac arrest and
death was consistently: lidocaine>ropivacaine>le-
vobupivacaine>bupivacaine. Importantly, arrhyth-
mias induced by ropivacaine and levobupivacaine
were more likely to revert to sinus rhythm, indicating
that resuscitation may be easier in patients receiving
these drugs.

Human Volunteer Studies

Results from animal studies cannot necessarily be
translated to humans. Therefore, in order to mea-
sure the cardiovascular effects of local anaesthetics,
bupivacaine, ropivacaine and levobupivacaine were
infused into human volunteers in a series of stud-
ies using cardiac output monitoring until prodromal
symptoms such as paraesthesiae, visual impairment,
light-headedness or tinnitus occurred. The rank order
of reduced ejection fraction was bupivacaine>levobu-
pivacaine=ropivacaine. Thus, data from animal and
human volunteer studies suggest that levobupivacaine
and ropivacaine both exhibit a stereospecific effect on
cardiac arrhythmogenesis, cardiac mechanical func-
tion and resuscitation.

Systemic Toxicity

Levobupivacaine and ropivacaine were introduced
into clinical practice because both drugs showed
equivalent potency for nerve block compared to bu-
pivacaine but a greater therapeutic index from ani-
mal studies. However, systemic toxicity still remains a
problem in clinical practice. Reasons for thisinclude an
increase in the practice of upper limb block, increased
surgical use of local anaesthetics in high volumes for
procedures such as tissue infiltration and tumescent
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anaesthesia, use of high-concentration compound lo-
cal anaesthetic mixtures in the United States, inappro-
priate use of medical devices and administration of
levobupivacaine and ropivacaine at doses greater than
those recommended by the manufacturers.

Upper limb block is associated with a greater
incidence of toxicity than lower limb or neuraxial
block. For example, the incidence of convulsions
secondary to epidural anaesthesia has been esti-
mated at 1 in 8435, compared to 1 in 827 for ax-
illary block, and 1 in 130 for supraclavicular and
interscalene block. Tumescent anaesthesia for lipo-
suction using doses of lidocaine >50mgkg™" has
been associated with a mortality rate between 1 in
5000 to 10000. Deaths have also been reported af-
ter application of 6-10% lidocaine and tetracaine
compound local anaesthetic cream with cellophane
wrapping to the legs before laser hair removal. In
the UK, three patients died after unintentional
connection of epidural infusions to intravenous
lines, also between January 2005 and May 2006, the
National Patient Safety Agency (NPSA) identified
more than 346 incidents with epidural infusions
which resulted in harm to patients. Most impor-
tantly, introduction of new ‘safer’ local anaesthetic
drugs has encouraged some practitioners to admin-
ister higher doses of local anaesthetics than those
recommended by drug manufacturers, narrowing
the therapeutic window, and paradoxically increas-
ing the risk of systemic toxicity.

Mechanisms of Systemic Toxicity

Direct injection into the vasculature (especially
arterial injection in the head and neck) can lead
to blindness, aphasia, hemiparesis, ventricular ar-
rhythmias including fibrillation, convulsions,
respiratory depression, coma or cardiac arrest.
The most potent local anaesthetics have the high-
est tendency to cause systemic toxicity. For ex-
ample, bupivacaine is more toxic than lidocaine.
Cardiovascular effects are caused by blockade of
cardiac VASCs and K* channels. Levobupivacaine
and ropivacaine are thought less likely to interact
with cardiac VASCs. Convulsions may be caused by
the blockade of GABA, receptors in the CNS and
respond to positive modulators of GABA, receptor

function (barbiturates, propofol and benzodiaz-
epines). Involvement of mitochondria in local an-
aesthetic toxicity was proposed when a patient with
carnitine deficiency showed marked sensitivity to
a low dose of bupivacaine, suggesting that local
anaesthetics interfere with mitochondrial energy
functions. Animal experiments and many case re-
ports have shown the benefits of Intralipid infusion
during resuscitation following local anaesthetic-
induced cardiac arrest.

MANAGEMENT OF SEVERE LOCAL
ANAESTHETIC TOXICITY

Treatment of systemic toxicity is outlined in the guide-
lines produced by the Association of Anaesthetists of
Great Britain and Ireland (AAGBI) (Table 4.4).
Recognition of the prodromal symptoms, such
as agitation and disruption of sensory perception, is
essential in order to instigate full life support mea-
sures. Immediate management should follow the
Airway, Breathing, Circulation (ABC) mnemonic
of resuscitation as outlined by the UK Resuscitation
Council. Seizures should be controlled with small
doses of thiopental, propofol or midazolam, depend-
ing on what is at hand. Hypoxaemia, hypercapnia and
acidosis should be avoided because they all suppress
myocardial function. If cardiac arrest occurs, cardio-
pulmonary resuscitation (CPR) should be started us-
ing standard protocols, but it should be recognized
that arrhythmias may be very refractory. If so, consid-
eration should be given to using an intravenous bolus
dose of 20% Intralipid 1.5mLkg™" over 1 min followed
by an infusion of 15mLkgh™". If still unresponsive, a
further two boluses may be given and the infusion rate
doubled (Table 4.5). The role of adrenaline in lipid-
based resuscitation from local anaesthetic-induced
cardiac arrest is the subject of debate and is still to be
resolved. Several case reports now allude to the success
of Intralipid in both paediatric and adult resuscitation.

Prevention of Severe Local Anaesthetic Toxicity

m Regional blocks should always be performed in
an area equipped to deal with cardiorespiratory
collapse, such as an anaesthetic room or block
room within the theatre suite.



TABLE 4.4

Management of Severe Local Anaesthetic Toxicity: AAGBI Safety Guideline

1 Recognition Sudden alteration in mental status, severe agitation or loss of consciousness, with or without
tonic-clonic convulsions
Cardiovascular collapse: sinus bradycardia, conduction blocks, asystole and ventricular
tachyarrhythmias

2 Immediate Stop injecting the LA
management Call for help

Maintain the airway and, if necessary, secure it with a tracheal tube
Give 100% oxygen and ensure adequate lung ventilation (hyperventilation may help by increasing
plasma pH in the presence of metabolic acidosis)
Confirm or establish intravenous access
Control seizures: give a benzodiazepine, thiopental or propofol in small incremental doses
Assess cardiovascular status throughout
Consider drawing blood for analysis, but do not delay definitive treatment to do this

3 Treatment In circulatory arrest Without circulatory arrest
Start cardiopulmonary resuscitation (CPR) Use conventional therapies to treat:
using standard protocols hypotension, bradycardia,
Manage arrhythmias using the same tachyarrhythmia
protocols, recognising that arrhythmias may Consider lipid emulsion
be very refractory Propofol is not a suitable substitute for lipid
Consider the use of cardiopulmonary bypass emulsion
if available

Consider lipid emulsion
Continue CPR with lipid emulsion
Recovery may be >1 hour

4 Follow-up Arrange safe transfer to a clinical area with appropriate equipment and suitable staff until
sustained recovery is achieved
Exclude pancreatitis by regular clinical review, including daily amylase or lipase assays for two days
Report cases as follows:
in the United Kingdom to the National Patient Safety Agency (via www.npsa.nhs.uk)
in the Republic of Ireland to the Irish Medicines Board (via www.imb.ie)
If lipid has been given, please also report its use to the international registry at www.lipidregistry.
org. Details may also be posted at www.lipidrescue.org

Reproduced with permission from AAGBI Safety Guideline Management of severe local anaesthetic toxicity http://www.aagbi.org/publications/
guidelines/docs/la_toxicity_ 2010.pdf.

TABLE 4.5

Intralipid Doses

Immediately

Give an initial intravenous bolus injection of 20% lipid and Start an intravenous infusion of 20% lipid emulsion at
emulsion 15mLkg™'h™

1.5mLkg™ over 1 min

After 5min

Give a maximum of two repeat boluses (same dose) if: and Continue infusion at same rate, but

cardiovascular stability has not been restored or an double the rate to 30mLkg™"h™" at any time after 5min, if:
adequate circulation deteriorates cardiovascular stability has not been restored or an
Leave 5min between boluses adequate circulation deteriorates

A maximum of three boluses can be given (including the Continue infusion until stable and adequate circulation
initial bolus) restored or maximum dose of lipid emulsion given

Do not exceed a maximum cumulative dose of 12mLkg™".
Reproduced with permission from AAGBI Safety Guideline Management of severe local anaesthetic toxicity http://www.aagbi.org/publications/
guidelines/docs/la_toxicity_ 2010.pdf.
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® The age, weight and infirmity of the patient
should be taken into account, and doses adjusted
accordingly.

m Syringes of local anaesthetics and perineu-
ral and epidural infusions should be labelled
clearly. Use of premixed sterile solutions is
encouraged.

m Gentle aspiration of the syringe should precede
every injection, but anaesthetists should be aware
that negative aspiration does not guarantee extra-
vascular positioning of the needle tip — false nega-
tives do occur.

® Both during and after drug administration, the
anaesthetist must keep talking to the patient.

® An appropriate test dose should be given depend-
ing on the situation. For example, a test dose of
3mL of ‘epidural’ bupivacaine 0.5% (15mg) in-
jected accidentally into the intrathecal space will
provide a definitive outcome — spinal anaesthe-
sia. In contrast, injection of 0.5 to 1 mL during a
perineural block under ultrasound is usually suf-
ficient to differentiate between intraneural and
extraneural injection.

m Examples of alternative epidural test doses are
lidocaine 2% or adrenaline 15 pg, but neither test
is specific or sensitive

m Ultrasound allows visualization of the position
of the needle or catheter, their relationship to
other structures — both nerves and large blood
vessels — and the spread of local anaesthetic
solution, although no definitive evidence exists
yet that its use reduces overall complication
rates.

EMERGING LOCAL ANAESTHETIC
APPROACHES

Imaging and Local Anaesthesia

Ultrasound has become an important 2-D tech-
nique for guiding regional anaesthesia. Direct vi-
sualization of peripheral nerves, blood vessels and
muscle is now possible during needle insertion
both in-plane and out-of-plane of the ultrasonic
beam. Local anaesthetic is deposited precisely
around nerves using the hydrolocation technique
whereby 1-mL boluses of local anaesthetic are used
to distend connective tissue. The spread of local

anaesthetic on a standard ‘B-Mode’ image is rela-
tively easy to see and is quite distinct from the intra-
neural swelling characteristic of direct intraneural
injection in laboratory preparations. However, de-
spite undoubted improvements in block efficacy, no
evidence as yet exists to demonstrate that the inci-
dences of inadvertent intraneural or intravascular
injection have declined.

TRP Channels and Pain

There has been a great deal of recent interest in tar-
geting ion channels of the transient receptor poten-
tial (TRP) family to produce analgesia. Noxious heat
activates TRP channels of the TRPV1 subtype in pri-
mary afferent nociceptive neurones. TRPV1 channel
activation triggers the influx of Na* and Ca’" ions,
leading to depolarization and activation of VASCs.
The resulting action potentials in pain fibres trigger
the burning pain stimulus (Fig. 4.2). TRPV1 channels
are also activated by the vanilloid capsaicin, a pun-
gent substance extracted from chilli peppers. Other
subtypes of TRP channel (TRPMS8 and TRPA1) ap-
pear to be stimulated by noxious cold. There is in-
terest in antagonists of TRP channels as potential
analgesic drugs. Recent studies also demonstrate that
TRPV1 channels can flux the positively charged qua-
ternary lidocaine molecule QX-314. The drug is per-
manently charged and therefore cannot pass across
the membrane of nociceptive neurones without an
aqueous passage. Stimulation of TRPV1 channels
by capsaicin provides a conduit for entry of QX-314
into pain fibres. Once inside neurones, the charged
molecule binds to the local anaesthetic binding site
within VASCs and inhibits action potentials. There
is interest in this approach for targeting local anaes-
thesia to nociceptive neurones, thereby increasing the
selectivity of block. Animal studies demonstrate that
this method provides prolonged analgesia with much
less motor block than is caused by equivalent analge-
sia using lidocaine.
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T he ideal analgesic should relieve pain with a
minimum of side-effects. When formulating a man-
agement plan, it is worth considering what contrib-
utes to pain perception and associated distress. The
International Association for the Study of Pain (IASP)
defines pain as ‘an unpleasant sensory and emotional
experience associated with actual or potential tis-
sue damage or described in terms of such damage’
It is clear from this definition that the degree of tis-
sue damage and perception of pain are not necessarily
correlated. Pain perception is a complex phenomenon,
involving sensory, emotional and cognitive processes.
Thus, while analgesic drugs can be effective in reliev-
ing both acute and chronic pain, other factors may also
need to be addressed.

There is considerable evidence that patients con-
tinue to suffer pain, despite a wide range of available
analgesic drugs. When devising a management plan
for both acute and chronic settings, using ‘balanced’
or ‘multimodal analgesia’ may be helpful. These terms
refer to the use of combinations of drugs acting by
different mechanisms or at different sites within the
pain pathway. Analgesic combinations may be additive
or synergistic in their mode of action, with resultant
dose-sparing effects and a reduction in side-effects.
Effective and repeated assessment of patients is essen-
tial in determining optimal analgesic management.

OPIOIDS

Opioids are the most frequently used analgesics for
the treatment of moderate to severe pain. Despite this,
there are still major gaps in our knowledge of their

clinical pharmacology, with the choice of drug and
dose being largely empirical. Although they may be
highly effective, control of dynamic (pain on move-
ment) or incident (breakthrough) pain may be poor
and side-effects may be a significant problem. The
term opioid refers to all drugs, both synthetic and nat-
ural, that act on opioid receptors. Opiates are natu-
rally occurring opioids derived from the opium poppy
Papaver somniferum. The most widely used opioid is
morphine, although a variety of different opioids are
available. Incomplete cross-tolerance occurs between
them, so an alternative should be tried if morphine
is poorly tolerated. There is increasing evidence
that in any one individual both analgesic response
and side effect profile will be, at least partly, due to
that person's genetic make up. Differences in Single
Nucleotide Polymorphisms (SNPs) almost certainly
contribute to this variability in response between dif-
ferent opioids, with potential candidate genes includ-
ing ABCB1 (encoding p-glycoprotein, a membrane
transporter), STAT6 (signal transducer and activator
of transcription 6) and beta-arrestin (intracellular
protein involved in receptor internalization).

Dose conversion between different opioids is an in-
exact science, with equi-analgesic doses being based on
relative potencies, often derived from studies that are
not designed for dose equivalence calculation. Table 5.1
shows suggested equi-analgesic doses for some opioids.

Mechanism of Action

Opioid receptors belong to the G-protein coupled
family of receptors with seven transmembrane do-
mains, an extracellular N-terminal and intracellular

69
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TABLE 5.1

Equi-Analgesic Doses of Opioids
~ EQUI-ANALGESIC DOSE

Opioid Parenteral Oral
Morphine 10mg 20-30mg
Meperidine (pethidine) 100 mg 300mg
Oxycodone 15mg 20-30mg
Fentanyl 100 pg NA
Hydromorphone 1.5mg 7.5mg
Methadone 1-10mg 20mg
Codeine NA 200mg

C-terminal. Activation results in changes in enzyme
activity such as adenylate cyclase or alterations in cal-
cium and potassium ion channel permeability.

Opioid receptors were originally classified by phar-
macological activity in animal preparations, and later
by molecular sequence. The three main receptors were
classified as p (mu) or OP3, x (kappa) or OP1 and &
(delta) or OP2. Another opioid-like receptor has been
identified recently; it is termed the nociceptin or-
phanin FQ peptide receptor. Receptor nomenclature
has changed several times in the last few years; the cur-
rent International Union of Pharmacology (IUPHAR)
classification is MOP (mu), KOP (kappa), DOP (delta)
and NOP for the nociceptin orphanin FQ peptide re-
ceptor (Table 5.2).

Opioid receptors are distributed widely in both
central and peripheral nervous systems. The differ-
ent effects of currently available opioids are depen-
dent on complex interactions at various receptors.
There is a range of endogenous neuropeptide ligands
active at these receptors (Table 5.2); they function as
neurotransmitters, neuromodulators and neurohor-
mones. The endogenous tetrapeptide endomorphins
1 and 2 are potent agonists acting specifically at the
MOP receptor; they play a role in modulating inflam-
matory pain.

The analgesic action of morphine and most other
opioids is related mainly to agonist activity at the MOP
receptor. Unfortunately, many of the unwanted effects
of opioids are also related to activity at this receptor.
At a cellular level, MOP receptor activation has an
overall inhibitory effect via: (i) inhibition of adenylate
cyclase; (ii) increased opening of potassium channels
(hyperpolarization of postsynaptic neurones, reduced
synaptic transmission); and (iii) inhibition of calcium
channels (decreases presynaptic neurotransmitter
release).

Pharmacodynamic Effects of Opioids

The ubiquitous nature of opioid receptors implies that
agents acting at them have wide-ranging effects, some
of which may be problematic. Some opioids or their
metabolites also have activity at other receptors, e.g.
methadone acts at the N-methyl-p-aspartate (NMDA)
receptor. These particular actions are discussed for

TABLE 5.2

Classification of Opioid Receptors as Defined by the International Union of Pharmacology

Receptor Previous Classifications Endogenous Ligand Site
MOP Mu; OP3 Endomorphin 1 and 2; met-enkephalin; Peripheral inflammation, pre- and
dynorphin A and B postsynaptic neurones in spinal cord,

periaqueduct grey matter, limbic system,
caudate putamen, thalamus, cerebral cortex

KOP Kappa; OP1 Dynorphin A and B; B-endorphin Nucleus raphe magnus (midbrain),
hypothalamus, spinal cord

DOP Delta; OP2 Leu- and met-enkephalins; B-endorphin Olfactory centres, cerebral cortex, nucleus

accumbens, caudate putamen, spinal cord

NOP Orphan; ORL-1

Orphanin FQ (nociceptin)

Nucleus raphe magnus, spinal cord, afferent
neurones
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individual agents below. The more general effects of
opioids are described in this section.

Analgesic Action

Opioids with agonist activity mainly at the MOP re-
ceptor, and to a lesser extent at the KOP receptor,
have analgesic effects. Analgesic effects have also been
demonstrated for the spinal DOP receptor in certain
situations.

Opioids should be titrated against pain; if higher
than necessary doses are given, respiratory depression
and excessive sedation may result. If the pain is incom-
pletely opioid-responsive, as may occur with neuro-
pathic pain, then care must be taken with dose titration
and a detailed reassessment of analgesic response is es-
sential. Opioids exert their analgesic effect by:

m supraspinal effects in the brainstem, thalamus
and cortex, in addition to modulating descend-
ing systems in the midbrain periaqueductal grey
matter, nucleus raphe magnus and the rostral
ventral medulla

® inhibitory effects within the dorsal horn of the
spinal cord both pre- and postsynaptically

m a peripheral action in inflammatory states, where
MOP receptors modulate immune function and
nociceptors are important in regulating periph-
eral sensitization.

Central Nervous System

In addition to analgesia there are several potential cen-
tral nervous system (CNS) effects of opioids:
Sedation and sleep. Opioids interfere with rapid-
eye-movement sleep with changes in the EEG including
a progressive decrease in EEG frequency and produc-
tion of delta waves. However, burst suppression is not
seen, even with large doses. Opioid-related ventilatory
depression is more common during sleep. Opioid-
induced sedation may be used therapeutically, e.g.
critical care setting. There is a dose-related reduction
in minimum alveolar concentration (MAC) for vola-
tile anaesthetics, though there is a floor to this effect.
Opioids alone do not act as reliable anaesthetic agents.
Mood. Significant euphoria is uncommon when
opioids are used to treat pain but it occurs frequently
when they are used inappropriately. Dysphoria

(possibly via a KOP receptor action) and hallucina-
tions can occur. Commonly, the hallucinations are vi-
sual in nature and may only affect part of the visual
field.

Miosis. This is mediated via a KOP receptor effect
on the Edinger-Westphal nucleus of the oculomotor
nerve.

Tolerance (i.e. requirement of increasing doses
to achieve the same effect) is important clinically be-
cause a significant number of patients are receiving
long-term opioid therapy for malignant and chronic
non-malignant pain; it is also relevant in illicit drug
use. Additionally, tolerance may develop much more
acutely, e.g. when opioids are used for pain control be-
fore surgery or when given intrathecally. However, after
initial dose titration, the majority of patients on long-
term opioids are usually maintained on a stable dose.

Ata cellular level, tolerance is caused by a progressive
loss of active receptor sites combined with uncoupling
of the receptor from the guanosine triphosphate (GTP)-
binding subunit. There is also some evidence that the
NMDA receptor may play a role in acute tolerance, via
protein kinase C activity lifting the magnesium block
at the NMDA site. There may therefore be a rationale
for using ketamine in situations of acute tolerance, for
example in the postoperative period. Interactions with
the NOP receptor may also be important.

The incomplete cross-tolerance between different
types of opioids may result from differential activity
at opioid receptor subtypes. Withdrawal may occur if
there is abrupt cessation of opioids or if an antagonist
is given.

Opioid-induced hyperalgesia. This is a paradoxical
response where an increase in opioid dose results in
hyperalgesia. There is good basic science evidence of
underlying mechanisms, but its importance in clinical
practice is unclear. It may be part of the spectrum of
opioid toxicity, or can occur in isolation. It has been
shown to occur after systemic administration of po-
tent short acting opioids such as remifentanil.

Addiction. This is defined as the compulsive use
of opioids to the detriment of the patient in terms
of physical, psychological or social function. Drug-
seeking behaviour is not usually a problem if opioids
are used appropriately for pain relief in both acute and
chronic situations.
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Respiratory

Opioids may cause respiratory depression, particu-
larly in the elderly, neonates and when given without
titrating effect to analgesic response. Tolerance does
develop to this phenomenon, so it is less of a problem
in chronic use. However, care must be taken if noci-
ceptive input is reduced or removed, e.g. after a nerve
block. Sensitivity to CO, is reduced, even with small
doses of MOP agonists. This is caused by depression
of sensitivity of neurones on the ventral surface of the
medulla.

Opioids, given at sufficient dose, are effective at
suppressing the stress response to laryngoscopy and
airway manipulation. They may reduce the plasma
concentrations of catecholamines, cortisol and other
stress hormones by inhibiting the pituitary-adrenal
axis, reducing central sympathetic outflow and in-
fluencing central neuroendocrine responses. Opioids
also suppress cough activity and mucociliary func-
tion. This may cause inadequate clearing of secre-
tions and hypostatic pneumonia, especially if there
is associated sedation and respiratory depression.
This antitussive activity is, at least in part, mediated
peripherally.

Gastrointestinal

All opioids may cause nausea and vomiting, although
tolerance develops. This may be mediated both cen-
trally and peripherally, with a direct effect on the
chemoreceptor trigger zone in addition to a delay in
gastric emptying. Opioids increase gastrointestinal
muscle tone and decrease motility. An increase in bili-
ary pressure with gallbladder contraction may also oc-
cur. Constipation occurs commonly via a direct action
on opioid receptors in the smooth muscle of the gut;
many patients do not become tolerant to this when
receiving long-term opioids.

Cardiovascular

In normovolaemic patients, the majority of opioids
have no significant cardiovascular depressant effect.
However, if histamine is released, then there may be
tachycardia, decrease in systemic vascular resistance
and a reduction in arterial pressure. Bradycardia may
occur in response to some opioids. There is no direct
action on baroreceptors but a minimal reduction in
preload and afterload may occur. There is no effect

on cerebral autoregulation. However, if respiratory
depression is present, then the resultant increase in
PaCO, may increase cerebral blood flow.

Opioids decrease central sympathetic outflow.
Therefore, in patients who are relying on increased
sympathetic tone to maintain cardiovascular stability,
opioids may lead to haemodynamic compromise. This
may be severe, particularly if potent opioids are given
by rapid intravenous bolus.

Other Effects

Myoclonic jerks may occur if there is opioid toxicity
and may be associated with sedation and halluci-
nations. Urinary retention and urgency may occur,
probably related to a centrally mediated mechanism
as these problems are much more common when
neuraxial opioids are used. Pruritus is relatively com-
mon after neuraxial administration. The nose, face
and torso are particularly affected and this may be
reversed by a low dose of a MOP antagonist. Muscle
rigidity is a recognized complication, particularly
after intravenous bolus administration of potent
phenylpiperidines. This may cause significant prob-
lems with ventilation because of chest wall rigid-
ity and decreased respiratory compliance. It may be
minimized by co-administration of opioids with in-
travenous anaesthetic agents and benzodiazepines,
reversed by naloxone or prevented by neuromuscular
blocking agents. Thermoregulation is impaired to a
similar extent as that seen with volatile agents. With
long-term use, depression of the immune system may
occur. Endocrine problems include impaired adrenal
and sexual function, and infertility.

Opioid Structure

The structures of opioid analgesics are diverse, al-
though for most opioids it is usually the laevorotatory
(laevo) stereoisomer that is the active compound. The
structures of some of the common agents are shown
in Figures 5.1 and 5.2. Agents in current use include
phenanthrenes (e.g. morphine — Fig. 5.1), phenyl-
piperidines (e.g. meperidine (pethidine), fentanyl —
Fig. 5.2) and diphenylpropylamines (e.g. methadone,
dextropropoxyphene). Structural modification affects
agonist activity and alters physicochemical properties
such as lipid solubility. A tertiary nitrogen is necessary
for activity separated from a quaternary carbon by an
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FIGURE 5.1  The structure of morphine and the phenanthrenes.

ethylene chain. Chemical modifications that produce
a quaternary nitrogen significantly reduce potency as
a result of decreased CNS penetration. If the methyl
group on the nitrogen is changed, antagonism of an-
algesia may be produced.

Other important positions for activity and me-
tabolism, as seen on the morphine molecule (Fig. 5.1),
include the C-3 phenol group (the distance of this
from the nitrogen affects activity) and the C-6 alco-
hol group. Potency may be increased by hydroxylation
of the C-3 phenol; oxidation of C-6 (e.g. hydromor-
phone); double acetylation at C-3 and C-6 (e.g. dia-
morphine); hydroxylation of C-14 and reducing the
double bond at C-7/8. Further additions at the C-3 OH
group reduce activity. A short-chain alkyl substitution

is found in mixed agonist-antagonists, hydroxylation
or bromination of C-14 produces full antagonists and
removal or substitution of the methyl group reduces
agonist activity.

Pharmacokinetics and Physicochemical
Properties

Knowledge of the specific physicochemical proper-
ties and pharmacokinetics of individual agents is
important in determining the optimal route of drug
delivery in order to achieve an effective receptor site
concentration for an appropriate duration of action.
All opioids are weak bases. The relative proportion of
free and ionized fractions is dependent on plasma pH
and the pK of the particular opioid. The amount of



74 5 = ANALGESIC DRUGS

Alfentanil
O

)k CH,~O-CH,
CH4~CH,~N” N-CH,~CH, NC>\
Il\l—N N- C -CH,-CH,

NCCH ~CH,

Fentanyl

@CH ~CH,~

@@;

Sufentanil

H,-~O-CH,
s C

HCH ~CH,~N

NCCH ~CH,

Remifentanil

-0-CH,
NCCH —CH,

FIGURE 5.2 ™ The structures of phenylpiperidine opioids.

opioid diffusing to the site of action (diffusible frac-
tion) is dependent on lipid solubility, concentration
gradient and degree of binding. Plasma concentra-
tions of albumin and o -acid glycoprotein as well as
tissue binding determine the availability of the un-
bound, unionized fraction. This diffusible fraction
moves into tissue sites in the brain and elsewhere; the
amount reaching receptors is dependent not only on
lipophilicity but also on the amount of non-specific
tissue binding, e.g. CNS lipids.

The ionized, protonated form is active at the re-
ceptor site. This has important implications for speed
and duration of activity. For example, morphine is
relatively hydrophilic and penetrates the blood-brain
barrier slowly. However, a large mass of any given
dose eventually reaches the receptor site because of
low levels of nonspecific tissue binding. This effect-
site equilibration time (z,k_) is measured by assessing
the effect of opioids on the EEG. The offset time may
also be prolonged, resulting in a longer duration of ac-
tion than would be expected from the plasma half-life.
Most opioids have a very steep dose-response curve.
Therefore, if the dose is near the minimum effective
analgesic concentration (MEAC), very small fluctu-
ations in plasma or effect-site concentrations may lead
to large changes in the level of analgesia.

Opioids tend to have a large volume of distribution
(V) because of their high lipid solubility. A conse-
quence of this can be that redistribution, particularly
after a bolus dose or short infusion, can have signifi-
cant effects on plasma concentrations. In addition,
first-pass effects in the lung may remove significant
amounts of drug from the circulation, reducing the
initial peak plasma concentration. However, the drug
re-enters the plasma several minutes later. Plasma
concentrations of opioids such as fentanyl, sufentanil
and meperidine (pethidine) are affected by this; the
effect is negligible for remifentanil. Other lipophilic
amines such as lidocaine and propranolol are affected
similarly and may reduce pulmonary uptake of co-
administered opioids.

After prolonged infusion, significant sequestration
in fat stores and other body tissues occurs for highly
lipid-soluble opioids. This is reflected in the ‘context-
sensitive ¢, i.e. the time taken for the plasma concen-
tration to reduce by 50% after an infusion designed
to maintain constant plasma concentrations has been
stopped (see Chapter 1). The context-sensitive £, is
increased after prolonged infusion for most opioids
apart from remifentanil. For example, the elimination
t,, for fentanyl after bolus administration is 3-5h, but
increases to 7—12h after prolonged infusion.

Most opioid metabolism occurs in the liver (phase I
and II reactions) with the hydrophilic metabolites pre-
dominantly excreted renally, although a small amount
may be excreted in the bile or unchanged in the urine.
As a result, hepatic blood flow is one of the major
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TABLE 5.3

Metabolism and Excretion of Some Opioids

Drug Metabolism Faeces Urine
Morphine Glucuronidation, Trace 90% in 24h (10% morphine; 70% glucuronides;
sulphation 10% 3-sulphate; 1% normorphine; 3% normorphine
N-dealkylation glucuronide)
Codeine O-demethylation, Trace 86% in 24 h (5-10% codeine; 60% codeine glucuronide;

glucuronidation

5-15% morphine (mainly conjugated); trace
normorphine)

Diamorphine O-deacetylation, Trace

glucuronidation

80% in 24 h (5-7% morphine; 90% morphine
glucuronides; 1% 6-acetylmorphine; 0.1% diamorphine)

Buprenorphine

Glucuronidation, 70% mainly
N-dealkylation unchanged

2-13% in 7 days; mainly N-dealkylbuprenorphine (and
glucuronide); buprenorphine-3-glucuronide

Meperidine (pethidine) N-demethylation,

70% in 24h (10% meperidine; 10% normeperidine; 20%

hydrolysis meperidinic acid; 16% meperidinic acid glucuronide;
8% normeperidinic acid; 10% normeperidinic acid
glucuronide; plus small amounts of other metabolites)
Methadone N-dealkylation 30% 60% in 24h (33% methadone; 43% EDDP; 10% EMDP
plus small amounts of other metabolites)
Fentanyl N-dealkylation, 9% 70% in 4 days (5-25% fentanyl; 50% 4-N-(N-
hydroxylation propionylanilino-piperidine) plus other metabolites)

EDDP; 2-ethylidine-1,5-dimethyl-3,3-diphenylpyrrolidine
EMDP; 2-ethyl-5-methyl-3,3-diphenylpyraline

determinants of plasma clearance. Metabolism of in-
dividual drugs is shown in Table 5.3. Enterohepatic re-
circulation may occur when water-soluble metabolites
excreted in the gut may be metabolized by gut flora to
the parent opioid and then reabsorbed. Lipid-soluble
opioids may diffuse into the stomach, become ion-
ized because of the low pH and then be reabsorbed in
the small intestine; this results in a secondary peak in
plasma concentration.

A summary of physicochemical and pharmaco-
kinetic properties of some opioids is shown in
Table 5.4. Metabolism (including production of ac-
tive metabolites), distribution between different tis-
sues and elimination all interact within individual
subjects to produce clinically important actions at
receptor sites.

Factors affecting pharmacokinetics include:

m Age. Systemic dose is often calculated on body
weight, although there is little evidence to support
this in adult clinical practice. Age is often more
important because of both pharmacokinetic

and pharmacodynamic factors. Metabolism and
volume of distribution are often reduced in the
elderly, leading to increased free drug concentra-
tions in the plasma. Hepatic blood flow may have
declined by 40-50% by age 75 years, with reduced
clearance of opioids. Increased CNS sensitivity to
opioid effects is also found in the elderly.
Hepatic disease has unpredictable effects, al-
though there may be little clinical difference
unless there is coexisting encephalopathy.
Reductions in plasma protein concentrations
also have effects on plasma concentrations of free
unbound drug.

Renal failure may have significant effects for opi-
oids with renally excreted active metabolites such
as morphine, diamorphine and meperidine.
Obesity will result in a larger V and prolonged
elimination ¢,. This may be a particular problem
if infusions are being used.

Hypothermia, hypotension and hypovolaemia may
also result in variable absorption and altered dis-
tribution and metabolism.
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TABLE 5.4

Pharmacokinetic and Physicochemical Properties of Some Opioids

Protein Octanol:Water Terminal Clearance Volume of Duration of

Opioid pKa  Binding (%)  Partition Coefficient ~ Half-Life (h)  (mLkg " min~") Distribution (Lkg™")  Action (h)
Morphine 7.9 30 6 1.7-3.0 15-20 3-5 3-5
Oxycodone 8.5 45 3-4 13 2-3 2-4
Codeine 8.2 20 0.6 2-4 2.5-3.5
Meperidine 8.5 70 39 3-5 8-18 3-5 2-4
(pethidine)
Fentanyl 8.4 90 813 2-4 10-20 3-5 1-1.5
Alfentanil 6.5 91 128 1-2 4-9 0.4-1 0.25-0.4
Remifentanil 7.3 70 18 0.1-0.2 40-60 0.3-0.4 2-5min
Sufentanil 8.0 93 1778 2-3.5 10-15 2.5-3 0.8-1.3
Methadone 8.3 90 26-57 15-20 2 5 4-8

Routes of Administration

Opioids given parenterally have 100% bioavailability
(see Chapter 1), although peak plasma concentrations
may be affected by site of administration and haemo-
dynamic status. Opioids may be given by many routes;
variations between specific agents are discussed be-
low. It is unclear how much cross-tolerance exists for
different routes of administration, e.g. intravenous
versus epidural.

The choice of route is dependent on the clinical sit-
uation and several factors may need to be considered:

m If there is delayed gastrointestinal transit time,
the biological half-life may be prolonged with
orally administered agents. Similarly, if there is
rapid GI transit time or reduced area for absorp-
tion, then there may be reduced absorption, par-
ticularly of long acting agents.

® Intrathecal administration is associated with
fewer supraspinal effects, although both urinary
retention and pruritus may be more common.
Highly lipid-soluble opioids (e.g. fentanyl) do
not spread readily in cerebrospinal fluid (CSF).
It is claimed that they are less likely than water-
soluble opioids (e.g. morphine) to cause late re-
spiratory depression due to rostral spread.

® Dural penetration from epidural administration
is dependent on molecular size and lipophilicity

For example, only 3-5% of morphine crosses
into the CSF, with a peak concentration after 60—
240 min; fentanyl peaks at approximately 20 min.

MOP Agonists

Morphine is the standard opioid against which other
agents are compared. Other MOP agonists have a
similar pharmacodynamic profile but differ in relative
potency, pharmacokinetics and biotransformation to
other active metabolites.

Phenylpiperidine opioids (Fig. 5.2) are potent MOP
receptor agonists with moderate (alfentanil) to high
(sufentanil) lipid solubility and good diffusion through
membranes. Both potency and time to reach the effect
site vary considerably. In contrast to morphine, these
agents do not cause histamine release. All except remi-
fentanil may cause postoperative respiratory depression
as a result of secondary peaks in plasma concentrations.
This may be caused by release from body stores if large
doses have been infused intra-operatively. Fentanyl,
alfentanil and sufentanil are metabolized mainly in
the liver to inactive metabolites. Very little is excreted
unchanged in the urine (Table 5.3).

Morphine
Morphine is a relatively hydrophilic phenanthrene

derivative. It may be given orally, rectally, topically,
parenterally and via the neuraxial route. The standard
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parenteral dose for adults is 10mg, although many
factors affect this and the dose should be titrated to
effect. Its oral bioavailability is dependent on first-
pass hepatic metabolism and may be unpredict-
able (35-75%). Oral morphine is available either as
immediate-release liquid, simple tablet or as a modified-
release preparation. Single-dose studies of morphine
bioavailability indicate that the relative potency of
oral:intramuscular morphine is 1:6 although, with
repeated regular administration, this ratio becomes
approximately 1:3. The dose of short-acting morphine
for breakthrough pain should be approximately one-
sixth of the total daily dose. Morphine has a plasma
half-life of approximately 3h and a duration of analgesia
of 4-6h.

Morphine is metabolized, at least in part, by micro-
somal UDP glucuronyl transferases (UDPGT) found
in the liver, kidney and intestines. Several of these
metabolites may have clinically significant effects (see
below). Although morphine conjugation occurs in the
liver, there is evidence that extrahepatic sites may also
be important, e.g. kidney, gastrointestinal tract. The
site of conjugation on the molecule also varies, lead-
ing to a variety of metabolites (Table 5.3). After gluc-
uronidation, metabolites are excreted in urine or bile,
dependent on molecular weight and polarity; more
than 90% of morphine metabolites are excreted in the
urine. The main metabolite in humans is morphine-3-
glucuronide (60-80%) and this may have an excitatory
effect via CNS actions not related to opioid receptor
activation. Morphine-6-glucuronide (M-6-G) is active
at the MOP receptor, producing analgesia and other
MOP-related effects. It is significantly more potent
than morphine. Therefore, M-6-G produces signifi-
cant clinical effects despite only 10% of morphine be-
ing metabolized in this way. As it is renally excreted, it
may accumulate in patients with impaired renal func-
tion, causing respiratory depression. Current evidence
indicates that accumulation of morphine metabolites,
especially M-6-G, becomes significant when creatinine
clearance declines to 50 mL min™ or less.

Diamorphine

Diamorphine is a prodrug; it is inactive at opioid
receptors. However, it is converted rapidly to the ac-
tive metabolites 6-monoacetylmorphine, morphine
and M-6-G. Further metabolism is similar to that of

morphine (Table 5.3) and similar problems may arise
if there is renal impairment.

It is available for parenteral and oral use. Diamor-
phine is more lipid soluble than morphine, affecting
distribution and tissue penetration. One advantage over
morphine is in settings where high concentrations are
required in relatively low volumes, such as palliative
care. Additionally, when lipid solubility is important in
regulating site of action (e.g. epidural, intrathecal use),
some practitioners believe that diamorphine has spe-
cific advantages over morphine.

Papaveretum

This naturally occurring opioid is rarely used now.
It is a mixture of morphine hydrochloride (253 parts),
codeine hydrochloride (20 parts) and papaverine hy-
drochloride (23 parts). There is no oral preparation.
A dose of 15.4 mg is approximately equivalent to 10 mg
of anhydrous morphine.

Hydromorphone

This potent opioid is used mainly in the palliative care
setting or in patients who are not opioid naive. It can be
useful if considering opioid rotation. Hydromorphone
1.3mg is ~equi-analgesic to morphine 10mg. Both
immediate- and sustained-release preparations are
available.

Meperidine (Pethidine)

Meperidine (pethidine) is available as parenteral and
oral preparations. There is no evidence that this opioid
provides any advantage over morphine, e.g. treatment
of colic-type pain. It is fairly short acting in terms of
analgesia, and if repeated doses are given, the metabo-
lite normeperidine can accumulate (¢, ~15h). This is
a CNS stimulant and can cause seizures, especially if
there is renal dysfunction. Its clearance is significantly
reduced in hepatic disease. Chronic use may result in
enzyme induction and an increase in normeperidine
plasma concentrations. Its metabolism is decreased by
the oral contraceptive pill.

Meperidine has other significant effects related
to activity at non-opioid receptors. For example, its
atropine-like action may cause a tachycardia, in ad-
dition to direct myocardial depression at high doses.
It was used originally as a bronchodilator. It can also
reduce shivering related to hypothermia or epidurals,
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although the mechanism for this is not fully under-
stood. Meperidine also has a local anaesthetic-like
membrane stabilizing action.

Fentanyl

Fentanyl is available in a variety of preparations for
parenteral, transdermal and transmucosal (includ-
ing buccal) administration. Due to high first-pass
metabolism (~70%) it is not given orally. It is ap-
prox. 80—100 times more potent than morphine in
the acute setting, although it is approx. 30—40 times
as potent when given chronically e.g. slow-release
transdermal patches. With transdermal adminis-
tration, the patch and underlying dermis act as a
reservoir and plasma concentration does not reach
steady state until approx 15h after initial applica-
tion. Plasma concentration also declines slowly after
removal (¢, ~15-20h).

Fentanyl is very lipophilic with a relatively short
duration of action. There are several new buccal/
transmucosal preparations developed for rapid onset
breakthrough pain. These aim to have a very rapid
onset in ~10 minutes, although this may not be the
case in clinical practice. Fentanyl has a large V with
rapid peripheral tissue uptake limiting initial hepatic
metabolism. This may result in significant variabil-
ity in plasma concentrations and secondary plasma
peaks. It binds to o -acid glycoprotein and albumin;
40% of the protein-bound fraction is taken up by
erythrocytes. The lung may be important in exert-
ing a first-pass effect on fentanyl (up to 75% of the
dose), thus buffering the plasma from high peak drug
concentrations.

Alfentanil

The low pK_ of alfentanil (6.9) results in it being largely
unionized at plasma pH, allowing rapid diffusion to
the effect site (¢, k, ~1min) and rapid onset of action.
Although less lipid-soluble than some opioids, it has
the most rapid onset time. It does not bind strongly
to opioid receptors and the effect-site concentration
also decreases rapidly as plasma concentrations de-
crease. It is metabolized by one of the most abundantly
expressed isoforms of hepatic P450 (CYP3 A3/4).
Genetic variability in the activity of this enzyme may
result in two- to three-fold variations in pharmaco-
kinetic values when given by infusion. Low, medium

or high metabolizers have been identified; this has im-
plications for duration of action when prolonged use
is contemplated.

Sufentanil

Sufentanil is one of the most potent opioids; it has a
rapid onset of action after intravenous administration
and peak analgesic effect is at approximately 8 min. It
is 625 times more potent than morphine and 12 times
more potent than fentanyl. However, diffusion to tis-
sues is slower than alfentanil because, although suf-
entanil is highly lipid soluble, it is also highly protein
bound, resulting in low unbound plasma fractions at
body pH. It has very low levels of non-specific binding
that may increase potential effect-site concentrations.
The speed of onset of a large dose is caused by satura-
tion of receptors and non-specific sites, with potential
for overdose. One of its metabolites (desmethylsufent-
anil) is active at the MOP receptor (10% of sufentanil’s
potency).

Remifentanil

Remifentanil is available for parenteral use as a lyo-
philized white crystalline powder containing glycine.
It should not be administered epidurally or spinally.
After being made up in solution, it is stable for 24 h.
This MOP receptor agonist has a similar potency to
fentanyl and is ~20 times more potent than alfentanil.
It differs from other opioids in that it has an ester link-
age, resulting in degradation by tissue and non-specific
plasma esterases. This process is non-saturable and
clearance is significantly greater than hepatic blood
flow. Plasma cholinesterase deficiency does not affect
clearance. Hepatic and renal dysfunction have no ef-
fect on clearance also, although increased opioid sen-
sitivity in hepatic disease may result in a lower dosage
requirement. Other situations requiring a reduction in
dose include haemorrhage or shock. Hydrolysis pro-
duces a carboxylic acid metabolite with limited action
at the MOP receptor (~1000 times<remifentanil). It
is not thought to be clinically significant, even in renal
dysfunction.

Remifentanil has a rapid blood-brain equilibra-
tion time of just over 1 min, with a short context-
sensitive half-time of 3—5min which is unaffected
by duration of infusion. This makes it ideally suited
for infusion during anaesthesia and in the critical
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care setting. It may be titrated rapidly to achieve the
desired effect. The high clearance and low V im-
ply that the offset of effect is caused by metabolism
rather then redistribution. Hypothermia, such as
may occur in cardiac surgery, may reduce clearance
by up to 20%.

There is some evidence to suggest that acute opi-
oid tolerance and hyperalgesia may occur after remi-
fentanil infusions. If high doses are used without
neuromuscular blockade, muscle rigidity may be a
problem. It is unlikely to be a problem when using
a concentration of 100 pgmL ' or less and an infu-
sion rate of 0.2-0.5 pgkg™ min~'. Bradycardia has also
been reported.

Oxycodone

This potent semi-synthetic opioid has been in use for
many years. In addition to actions at the MOP recep-
tor, it may also have analgesic effects mediated via the
KOP receptor, resulting in incomplete cross-tolerance
with morphine. It has a good oral bioavailability, and
its plasma concentrations are more predictable than
those of morphine after oral administration. It is avail-
able in both long- and short-acting oral preparations
and, more recently, in a parenteral formulation. Oral
oxycodone is roughly 1.5 times more potent than oral
morphine.

Methadone

Methadone is a diphenylpropylamine. It has very
good oral bioavailability (~85%) with an oral to
parenteral ratio of 1:2. Its plasma half-life can be
very variable (3-50h, average 24 h) but its duration
of action is relatively short. With repeated dosing,
problems with accumulation can occur because of
this discrepancy between half-life and analgesic ef-
fect. Careful monitoring is therefore required when
converting patients to long-term methadone. Also,
there is incomplete cross-tolerance with morphine.
The racemic mixture in common use has agonist ac-
tions at the MOP receptor (mainly the laevo-isomer)
as well as antagonist activity at the NMDA receptor
(dextro-isomer). Given the importance of this recep-
tor in central sensitization in a variety of pain states,
there may be cases where methadone offers particular
advantages over and above other opioids, e.g. neuro-
pathic pain.

Plasma concentrations of methadone can be re-
duced by carbamazepine and its metabolism is accel-
erated by phenytoin.

Codeine

Codeine is a constituent of opium. Up to 10% of a dose
of codeine is metabolized by the hepatic microsomal
enzyme CYP2D6 to morphine, which contributes sig-
nificantly to its analgesic effect. The rest is metabolized
in the liver to norcodeine and then conjugated to pro-
duce glucuronide conjugates of codeine, norcodeine
and morphine. Codeine is considerably less potent
than morphine. Around 8% of Western Europeans
are deficient in the CYP2D6 enzyme due to genetic
polymorphism and such individuals may not experi-
ence adequate analgesia with codeine. Similarly, with
“super-metabolizers”, there may be problems with
opioid toxicity. It can cause significant histamine re-
lease and its intravenous administration should be
avoided. It has marked antitussive effects and also
causes significant constipation. It is often combined
with paracetamol.

Dihydrocodeine

Dihydrocodeine is a synthetic opioid developed in the
early 1900s. Its structure and pharmacokinetics are
similar to codeine and it is used for the treatment of
postoperative and chronic pain. Both immediate- and
sustained-release preparations are available. Despite its
common use, there are very few clinical trials demon-
strating efficacy. It has significant abuse potential.

Tramadol

Tramadol is thought to produce analgesia by two dis-
tinct actions. Firstly, it has agonist activity at the MOP
and KOP receptors. Most of its analgesia is mediated by
a metabolite - O-desmethyltramadol - that has a 200
fold higher affinity for the MOP receptor. Secondly, it
enhances the descending inhibitory systems in the spi-
nal cord by inhibiting noradrenaline (norepinephrine)
reuptake and releasing serotonin from nerve endings.
It is available in immediate- and sustained-release oral
preparations and for parenteral administration. Its use
is contraindicated in patients receiving monoamine oxi-
dase inhibitors (MAOIs). Caution must also be exercised
in hepatic impairment as its clearance is reduced to a
much greater extent than morphine and related agents.
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Mixed Agonist-Antagonist Opioids

These agents have a ceiling effect for analgesia and
possibly respiratory depression. They have agonist
effects at the KOP receptor and weak antagonist ef-
fects at the MOP receptor. Dysphoria and hallucina-
tions are relatively common and withdrawal effects
may occur if given to patients taking MOP agonists.
Pentazocine may be given orally or parenterally but is
now rarely used. It may increase pulmonary and aor-
tic blood pressure and myocardial oxygen demand.
Hallucinations and dysphoria occur less commonly
with nalbuphine.

Partial Agonists

These agents have high affinity for the MOP receptor
but limited efficacy (see Chapter 1). A ceiling effect is
seen in the dose-response curve at less than the maxi-
mal analgesic effect of full MOP agonists. If given with
a full MOP agonist, there may be a reduction in the
maximal analgesic effect.

Buprenorphine

This is the only partial agonist in common use. It binds
to the MOP receptor and dissociates very slowly from
it. Consequently, although significant respiratory de-
pression is less likely compared with morphine, it may
be more difficult to reverse. It has poor oral bioavail-
ability and parenteral, sublingual or transdermal for-
mulations are used. In addition to it having a partial
agonist effect at the MOP receptor, it is also a par-
tial agonist at the NOP receptor, as well as being an
antagonist at the KOP receptor. This may contribute to
some of its analgesic effects. Increasingly it is also used
(usually in relatively large does up to 24 mg day™") for
the management of opioid use, instead of methadone.

Opioid Antagonists

Naloxone is a short-acting opioid antagonist that is
relatively selective for the MOP receptor. It is structur-
ally similar to morphine, with some modifications re-
sulting in antagonist activity including an OH group at
C-14.It can reverse opioid-induced respiratory depres-
sion but repeated administration may be required be-
cause of its short duration of action; it can be given by
continuous infusion. However, sudden and complete
reversal of the analgesic effects of opioids may be ac-
companied by major cardiovascular and sympathetic

responses. Naloxone has a very low oral bioavailability
(~3%), allowing its use in combination with oxyco-
done (see below) to reduce gastrointestinal effects.

Naltrexone is a long-acting opioid antagonist used
in the management of opioid dependence. It is avail-
able only in oral formulation.

New Developments in Opioid Pharmacology

There is considerable interest in developing opioid an-
algesics with an improved side effect profile, and there
are some promising recent developments in this area.
It has been recognized that by using agents which act
on more than one type of opioid receptor there may
be beneficial effects (see Fig. 5.3) Some recently devel-
oped agents include:

® Oxycodone/Naloxone (Targinact®). This drug
combination utilizes a fixed ratio of oxycodone
and naloxone (2:1). The oral naloxone has a
greater affinity for opioid receptors in the gut
than oxycodone and therefore preferentially
binds to these receptors. As a result, gastrointes-
tinal side effects may be reduced, without any ef-
fect on the central analgesic effect of oxycodone.

m Tapentadol. The analgesic effect of this agent
is due to actions at several receptors, including
the MOP receptor. It is much more potent at
the MOP receptor than tramadol and also has
a strong action in inhibiting noradrenaline
reuptake. Preliminary evidence is that it is equi-
analgesic to oxycodone, but has reduced gastro-
intestinal side effects.

® MoxDuo® is a novel opioid combination of
morphine and oxycodone in a 3:2 ratio, with
promising evidence of at least 50% decrease in
clinically significant side effects such as nau-
sea, vomiting, and dizziness when compared to
either opioid alone. This seems to be achieved
by the need to use lower doses of both mor-
phine and oxycodone to reach an equivalent
analgesic effect.

PARACETAMOL

Paracetamol (acetaminophen) was first used in 1893
and is the only remaining p-aminophenol available
in clinical practice. It is the active metabolite of the
earlier, more toxic drugs acetanilide and phenacetin.
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Schemtic representation of the potential clinical advantages of using bivalent ligands, with the various combina-

tions of pharmacophores (antagonists and agonists). (Adapted from Dietis N, et al. British Journal of Anaesthesia 2009;103:38-49.)
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OH
Paracetamol Aspirin
FIGURE 5.4 ™ The structures of paracetamol and aspirin.

Its structure is shown in Figure 5.4. Paracetamol is
an effective analgesic and antipyretic but has no anti-
inflammatory activity. In recommended doses, it is
safe and has remarkably few side-effects.

Mechanism of Action

The mechanism of action of paracetamol is not well
understood but it may act by inhibiting prostaglan-
din synthesis in the central nervous system with lim-
ited effect on the peripheral nervous system. Unlike
opioids, paracetamol has no well-defined endo-
genous binding sites. There is however some recent

evidence that paracetamol has an inhibitory action
on peripheral prostaglandin synthesizing cyclo-
oxygenase enzymes, inhibiting both isoforms in cer-
tain tissues. In some circumstances it may exhibit
a preferential effect on cyclo-oxygenase 2 (COX-2)
inhibition. There is growing evidence of a central
antinociceptive effect of paracetamol. It has also
been shown to prevent prostaglandin production at
cellular transcriptional level, independent of COX
activity.

Pharmacokinetics

Paracetamol is absorbed rapidly from the small intes-
tine after oral administration; peak plasma concentra-
tions are reached after 30—-60 min. It may also be given
rectally and intravenously (either as paracetamol or
the prodrug proparacetamol). It has good oral bio-
availability (70-90%); rectal absorption is more vari-
able (bioavailability ~50-80%) with a longer time to
reach peak plasma concentration. The plasma half-life
is approx. 2-3h.

Paracetamol is metabolized by hepatic micro-
somal enzymes mainly to the glucuronide, sulphate
and cysteine conjugates. None of these metabolites is
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pharmacologically active. A minimal amount of the
metabolite N-acetyl-p-amino-benzoquinone imine
is normally produced by cytochrome P450-mediated
hydroxylation. This reactive toxic metabolite is ren-
dered harmless by conjugation with liver glutathione,
then excreted renally as mercapturic derivatives. With
larger doses of paracetamol, the rate of formation of
the reactive metabolite exceeds that of glutathione
conjugation, and the reactive metabolite combines
with hepatocellular macromolecules, resulting in cell
death and potentially fatal hepatic failure. The forma-
tion of this metabolite is increased by drugs inducing
cytochrome P450 enzymes, such as barbiturates or
carbamazepine.

Pharmacodynamics

Paracetamol has been shown to be effective in both
acute and chronic settings and is available for oral or
intravenous use. It is an effective postoperative an-
algesic but probably less effective than NSAIDs in
many situations. It may reduce postoperative opi-
oid requirements by up to 30%. The combination of
paracetamol with an NSAID also improves efficacy.
Paracetamol is also a very effective antipyretic. This is
a centrally mediated effect.

Overdose and Hepatic Toxicity

In overdose, there is the potential for the toxic metabo-
lite described above to cause centrilobular hepatocel-
lular necrosis, occasionally with acute renal tubular
necrosis. The threshold dose in adults is ~10-15g.
Accidental overdosage can occur if combined prepa-
rations such as co-codamol are used together with
paracetamol. Doses of more than 150mgkg™ taken
within 24h may result in severe liver damage, hypo-
glycaemia and acute tubular necrosis. Individuals tak-
ing enzyme-inducing agents are more likely to develop
hepatotoxicity.

Early signs include nausea and vomiting, followed
by right subcostal pain and tenderness. Hepatic dam-
age is maximal 3—4 days after ingestion, and may lead
to liver failure and death. Treatment consists of gas-
tric emptying and the specific antidotes methionine
and acetylcysteine. The former offers effective pro-
tection up to 10-12h after ingestion. Acetylcysteine
is effective within 24h and perhaps beyond. The
plasma paracetamol concentration related to time

from ingestion indicates the risk of liver damage.
Acetylcysteine is given if the plasma paracetamol con-
centration is >200mgL™" at 4h and 6.25mgL™" at 24h
after ingestion.

NON-STEROIDAL ANTI-
INFLAMMATORY DRUGS

The analgesic, anti-inflammatory and antipyretic
effects of salicylates, derived from the bark of
the willow tree, were described as early as 1763.
Acetylsalicylic acid (aspirin) was first produced in
1853 (Fig. 5.4). More recently, many other NSAIDs
have been developed with actions similar to aspirin.
Perioperative analgesia using NSAIDs is free from
many of the adverse effects of opioids, such as respir-
atory depression, sedation, nausea and vomiting and
gastrointestinal stasis. NSAIDs have been shown to be
effective analgesics in acute and chronic conditions,
although significant contraindications and adverse
effects limit their use.

Mechanism of Action

The mechanism of action of aspirin was discovered
in the 1970s. It was shown to irreversibly inhibit the
production of prostanoids (i.e. prostaglandins and
thromboxanes) from arachidonic acid released from
phospholipids in cell membranes (Fig. 5.5). The basal
rate of prostaglandin production is low and regulated
by tissue stimuli or trauma that activate phospho-
lipases to release arachidonic acid. Prostaglandins are
then produced by the enzyme prostaglandin endoper-
oxide synthase which has both cyclo-oxygenase and
hydroperoxidase sites. At least two subtypes of cyclo-
oxygenase enzyme have been identified in humans:
COX-1 and COX-2. The prostanoids produced by
COX-1 are functionally active in many areas, including
the gastrointestinal tract, kidney, lung and cardiovas-
cular systems. By contrast, the functional COX-2 en-
zyme is normally found less widely, e.g. brain, spinal
cord, renal cortex, tracheal epithelium and vascular
endothelium. However, COX-2 mRNA is widely dis-
tributed. In response to specific stimuli, especially
those associated with inflammation, the expression
of COX-2 isoenzyme is induced or upregulated, lead-
ing to increased local production of prostaglandins.
A range of specific prostanoid receptors (e.g. EP1-4)
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are involved in peripheral sensitization associated with
inflammation.

NSAIDs also have central effects as cyclo-oxygenases
are widely distributed in both the peripheral and cen-
tral nervous systems. NSAIDs may also have other
mechanisms of action independent of any effect on
prostaglandins, including effects on basic cellular and
neuronal processes. NSAIDs are ‘non-selective’; they
inhibit both COX-1 and COX-2.

Pharmacokinetics

All NSAIDs are rapidly absorbed. They are weak
acids and are therefore mainly unionized in the
stomach where absorption can occur. When given
orally, most absorption occurs in the small intes-
tine because the absorptive area of the microvilli
of the small intestine is much more extensive. Most
have pK_ values lower than 5 and are therefore 99%
ionized at a pH value greater than 7. Most are al-
most insoluble in water at body pH, although the
sodium salt (diclofenac sodium, naproxen sodium)
is more soluble. Ketorolac trometamol is the most
soluble and can be given intravenously as a bolus
and intramuscularly with less chance of significant
irritation.

Arachidonicacid metabolism. AA=arachidonic acid, COX=cyclo-oxygenase, PG=prostaglandin, TXs=thromboxanes.

Most NSAIDs are highly protein bound (90-99%),
with low volumes of distribution (approx. 0.1-
0.2Lkg™"). The unbound fraction is active. NSAIDs
may potentiate the effects of other highly protein-
bound drugs by displacing them from protein-binding
sites (e.g. oral anticoagulants, oral hypoglycaemics,
sulphonamides, anticonvulsants).

NSAIDs are mostly oxidized or hydroxylated and
then conjugated and excreted in the urine. A few have
active metabolites. For example, nabumetone is me-
tabolized to 6-methoxy-2-naphthyl acetic acid, which
is more active than the parent drug.

The interaction between NSAID and cyclo-oxygenase
enzyme is often complex and plasma half-life may not re-
flect pharmacodynamic half-life. Diclofenac has a termi-
nal half-life of 1-2h. It is conjugated to glucuronides and
sulphates, with 65% being excreted in the urine and 35%
in the bile. The metabolites are less active than the parent
compound. Ketorolac trometamol has a terminal half-life
of 5h and more than 90% is excreted renally. Naproxen
has a terminal half-life of 12-15h and is excreted almost
entirely through the kidney as the conjugate. Tenoxicam
is cleared mainly through the urine as the inactive hy-
droxypyridyl metabolite, although approximately 30% is
via biliary excretion as the glucuronide.
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Pharmacodynamics

NSAIDs are very effective analgesics, although their
use is limited by adverse effects due to their general
effect on prostanoid synthesis and the ubiquitous
nature of prostanoids. Generally, the risk and sever-
ity of NSAID-associated side-effects is increased in
the elderly population or those with other significant
co-morbidity.

Analgesia

NSAIDs have well-demonstrated efficacy both as post-
operative analgesics and in chronic conditions such as
rheumatoid and osteoarthritis. They can have signifi-
cant opioid-sparing effects. NSAIDs are insufficient
alone for severe pain after major surgery but are valu-
able as part of a multimodal analgesic regimen.

Gastrointestinal System

The gastric and duodenal epithelia have various pro-
tective mechanisms against acid and enzyme attack,
and many of these involve prostaglandin production
via a COX-1 pathway. Acute and particularly chronic
NSAID administration can result in gastroduodenal
ulceration and bleeding; the latter is exacerbated by
the antiplatelet effect.

Platelet Function

Platelet COX-1 is essential for the production of the cy-
clic endoperoxides and thromboxane A, that mediate
the primary haemostatic response to vessel injury by
producing vasoconstriction and platelet aggregation.
Aspirin acetylates COX-1 irreversibly, whereas other
NSAIDs do so in a reversible fashion. This can result
in prolonged bleeding times and increased periopera-
tive blood loss has been reported in some studies. The
presence of a bleeding diathesis or co-administration
of anticoagulants may increase the risk of significant
surgical blood loss.

Renal Function

Renal prostaglandins have many physiological roles,
including the maintenance of renal blood flow and
glomerular filtration rate in the presence of circulat-
ing vasoconstrictors, regulation of tubular electrolyte
handling and modulation of the actions of renal hor-
mones. NSAIDs can adversely affect renal function.
High circulating concentrations of the vasoconstrictors

renin, angiotensin, noradrenaline (norepinephrine)
and vasopressin increase production of intrarenal va-
sodilators including prostacyclin, and renal function
may be particularly sensitive to NSAIDs in these situ-
ations. Co-administration of other potential nephro-
toxins, such as gentamicin, may increase the likelihood
of renal toxicity.

Aspirin-Induced Asthma

Aspirin-induced asthma may affect up to 20% of
asthmatics; it may be severe and there is often cross-
sensitivity with other NSAIDs. Patients with coexisting
chronic rhinitis and nasal polyps appear to be at most
risk. A history of aspirin-induced asthma is a contra-
indication to NSAID use after surgery. There is no rea-
son to avoid NSAIDs in other asthmatics if previous
exposure has not been associated with bronchospasm.
However, patients should be warned of potential prob-
lems and advised to stop taking them if their asthma
worsens. The mechanism of this problem is unclear; it
may be that cyclo-oxygenase inhibition increases ara-
chidonic acid availability for production of inflamma-
tory leukotrienes by lipo-oxygenase pathways.

Contraindications

Specific contraindications to NSAID administration
include a history of a bleeding diathesis, peptic ulcer-
ation, significant renal impairment or aspirin-induced
asthma. Care should be taken in high-risk groups, such
as the elderly, those with cardiovascular disease and
the dehydrated.

COX-2-SPECIFIC INHIBITORS

These drugs are anti-inflammatory analgesics that
reduce prostaglandin synthesis by specifically inhibit-
ing COX-2 with little or no effect on COX-1 (relative
specificity varies between drugs). They were developed
as an alternative to traditional NSAIDs with the aim of
avoiding COX-1-mediated side-effects, primarily gas-
tric ulceration and platelet effects.

Mechanism of Action

The mechanism of action is similar to that of NSAIDs
(Fig. 5.4). Both COX-1 and COX-2 enzymes have
very similar active sites and catalytic properties, al-
though COX-2 has a larger potential binding site



KETAMINE 85

because of a secondary internal pocket. This has al-
lowed design of drugs to target predominantly COX-2.
COX-2 is induced at sites of inflammation and trauma,
producing prostaglandins, and these drugs, inhibit this
process. However, COX-2 is an important constitutive
enzyme in the CNS, including the spinal cord, and
inhibition at this site is thought to be an important
mechanism also.

Pharmacodynamics
Analgesia

Systematic reviews and meta-analyses indicate similar
efficacy to NSAIDs in both acute postoperative pain
and for chronic conditions such as osteoarthritis.
Agents are available orally (e.g. celecoxib, etoricoxib,
valdecoxib) and parenterally (parecoxib).

Gastrointestinal

One of the commonest side-effects of NSAIDs is gas-
trointestinal toxicity. Approximately 1 in 1200 patients
receiving chronic NSAID treatment (>2 months) die
from related gastroduodenal complications. COX-1
isoenzyme is the predominant cyclo-oxygenase found
in the gastric mucosa. The prostanoids produced here
help to protect the gastric mucosa by reducing acid
secretion, stimulating mucus secretion, increasing
production of mucosal phospholipids and bicarbon-
ate and regulating mucosal blood flow. Specific COX-2
inhibitors have less effect on these processes.

Short- to medium-term treatment with specific
COX-2 inhibitors (up to 3 months) is associated with a
significant reduction in the incidence of gastroduode-
nal ulceration. However, this effect is reduced during
prolonged treatment and in patients taking low-dose
aspirin. It is likely that the degree of COX-2 specificity
is related to the efficacy of gastric protection.

Haematological

COX-2-specific agents have very little adverse effect
on platelet function. This is potentially advantageous
when compared with NSAIDs with respect to peri-
operative or gastrointestinal bleeding.

Cardiovascular

Some large long-term studies of COX-2 inhibitors
have found an increased risk of cardiovascular events
(e.g. myocardial infarction, stroke) compared with

traditional NSAIDs and placebo. This has led to the
recommendation that they should not be used in pa-
tients with ischaemic heart or cerebrovascular disease
and that their use in others should be guided by indi-
vidual risk assessments for each patient. Some drugs
have been withdrawn. A similar phenomenon has been
reported when some of these drugs have been used af-
ter coronary artery bypass surgery. An increased risk
of myocardial events may not be confined to COX-2
inhibitors — there is some evidence for increased risk
with general NSAIDs.

The mechanism of this adverse outcome is under
investigation. However, it may be that COX-2 specifi-
city itself is the cause. COX-2 is present in vessel endo-
thelium where it produces prostacyclins which inhibit
platelet function and cause vasodilatation. Inhibition
of COX-2 at this site may increase the likelihood of
thrombus formation and occlusion, and therefore
myocardial infarction and stroke. NSAIDs inhibit
COX-2 in addition but they also inhibit COX-1 which
causes significant impairment of platelet function.
Therefore, the combined effect of NSAIDs is such that
the risk of adverse cardiovascular and cerebrovascular
events is not increased; in fact, the incidence may be
decreased (certainly true for low-dose aspirin).

Renal

COX-2 is normally found in the renal cortex and is
therefore inhibited both by conventional NSAIDs and
COX-2 inhibitors. There is the potential both for pe-
ripheral oedema and hypertension, as well as direct
effects on renal excretory function with oliguria and
decreased creatinine clearance.

KETAMINE

Ketamine (2-chlorophenyl-2-methylaminocyclohexanone
hydrochloride) is an anaesthetic agent that has an-
algesic actions at low doses. It is structurally similar to
phencyclidine. It is available in parenteral formulation
in a variety of concentrations (10-100 mgmL™). It is
normally presented as a racemic mixture, although the
S(+) isomer is available in some countries and may
have an improved therapeutic index. This isomer may
be administered orally but bioavailability is relatively
low and unpredictable. If given by the epidural route,
the preservative-free formulation must be used.
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Mechanism of Action

The main analgesic effect of ketamine is likely to be
mediated via antagonism at a specific glutamate recep-
tor, the NMDA receptor. This receptor plays a role in
central sensitization of the spinal cord, although its
ubiquitous distribution in the CNS accounts for side-
effects that often limit its use. The NMDA receptor is
important in the mechanisms of neuropathic pain,
both acutely and chronically, and may be involved in
opioid tolerance.

Pharmacokinetics

Ketamine is water soluble, forming an acidic solu-
tion (pH=3.5-5.5). It is ~45% unionized at body pH
and rapidly distributed across the blood-brain bar-
rier. It is mainly metabolized in the liver by mixed
function oxidases, and has an elimination half-life of
~200 min. Its main metabolite is norketamine, which
is excreted renally and has some limited activity.
Other metabolites include hydroxynorketamine and
hydroxyketamine glucuronide. Ketamine has a vol-
ume of distribution of 2.9-3.1 Lkg™" and clearance of
~20mL kg min~".

Pharmacodynamics

Low-dose ketamine has analgesic effects in both acute
and chronic pain. It appears to have an opioid-sparing
effect in the postoperative setting, and there is evidence
from systematic reviews of its efficacy for neuropathic
pain. Its use may be limited by side-effects, although a
Cochrane review of its use in the perioperative period

did not find this to be a major problem. It is unclear
what the optimal route of administration is. Given
parenterally either intravenously or subcutaneously,
bolus doses of 0.25-0.5mgkg™ or infusion rates of
0.125-0.25mgkg" h™' can provide analgesia.

Psychotomimetic effects can often limit use.
Hallucinations and nightmares may be troublesome.
In large doses, or in susceptible individuals, excess se-
dation can occur. Ketamine can cause hypertension,
increased heart rate and cardiac output, and increased
intracranial pressure.
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n the last 70 years, neuromuscular blocking
drugs have become an established part of anaesthetic
practice. They were first administered in 1942, when
Griffith and Johnson in Montreal used Intocostrin, a
biologically standardized mixture of the alkaloids of
the Indian rubber plant Chondrodendron tomentosum,
to facilitate relaxation during cyclopropane anaesthe-
sia. Previously, only inhalational agents (nitrous oxide,
diethyl ether, cyclopropane and chloroform) had been
used during general anaesthesia, making surgical ac-
cess for some procedures difficult because of lack of
muscle relaxation. To achieve significant muscle relax-
ation, it was necessary to deepen anaesthesia, which
often had adverse cardiac and respiratory effects. Local
analgesia was the only alternative.

At first, muscle relaxants were used only occa-
sionally, in small doses, as an adjuvant to aid in the
management of a difficult case; they were not used
routinely. A tracheal tube was not always used, the
lungs were not ventilated artificially and residual block
was not routinely reversed; all of these caused signifi-
cant morbidity and mortality, as demonstrated in the
retrospective study by Beecher & Todd (1954). By 1946,
however, it was appreciated that using drugs such as
curare in larger doses allowed the depth of anaesthesia
to be lightened, and it was suggested that incremental
doses should also be used during prolonged surgery,
rather than deepening anaesthesia — an entirely new
concept at that time. The use of routine tracheal intu-
bation and artificial ventilation then evolved.

In 1946, Gray & Halton in Liverpool reported their
experience of using the pure alkaloid tubocurarine in
more than 1000 patients receiving various anaesthetic

MUSCLE FUNCTION AND
NEUROMUSCULAR BLOCKADE

agents. Over the following 6 years, they developed a
concise description of the necessary ingredients of any
anaesthetic technique; narcosis, analgesia and muscle
relaxation were essential — the friad of anaesthesia. A
fourth ingredient, controlled apnoea, was added at a
later stage to emphasize the need for fully controlled
ventilation, reducing the amount of relaxant required.

This concept is the basis of the use of neuromuscular
blocking drugs in modern anaesthetic practice. In par-
ticular, it has allowed seriously ill patients undergoing
complex surgery to be anaesthetized safely and to be
cared for postoperatively in the intensive therapy unit.

PHYSIOLOGY OF NEUROMUSCULAR
TRANSMISSION

Acetylcholine, the neurotransmitter at the neuromus-
cular junction, is released from presynaptic nerve
endings on passage of a nerve impulse (an action
potential) down the axon to the nerve terminal. The
neurotransmitter is synthesized from choline and acetyl-
coenzyme A by the enzyme choline acetyltransferase
and stored in vesicles in the nerve terminal. The ac-
tion potential depolarizes the nerve terminal to release
the neurotransmitter; entry of Ca?* ions into the nerve
terminal is a necessary part of this process, promot-
ing further acetylcholine release. On the arrival of an
action potential, the storage vesicles are transferred to
the active zones on the edge of the axonal membrane,
where they fuse with the terminal wall to release the
acetylcholine (Fig. 6.1). Three proteins, synaptobrevin,
syntaxin and synaptosome-associated protein SNAP-
25, are involved in this process. These proteins along
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FIGURE 6.1

The neuromuscular junction with an axon terminal, containing vesicles of acetylcholine. The neurotransmitter is

released on arrival of an action potential and crosses the junctional cleft to stimulate the postjunctional receptors on the shoul-
ders of the secondary clefts. (Reproduced with kind permission of Professor WC Bowman.)

with vesicle membrane-associated synaptotagmins
cause the docking, fusion and release (exocytosis) of
acetylcholine from the vesicles. There are about 1000
active sites at each nerve ending and any one nerve ac-
tion potential leads to the release of 200-300 vesicles.
In addition, small quanta of acetylcholine, equivalent
to the contents of one vesicle, are released at the neu-
romuscular junction spontaneously, causing minia-
ture end-plate potentials (MEPPs) on the postsynaptic
membrane, but these are insufficient to generate a
muscle action potential.

The active sites of release are aligned directly op-
posite the acetylcholine receptors on the junctional
folds of the postsynaptic membrane, lying on the mus-
cle surface. The junctional cleft, the gap between the
nerve terminal and the muscle membrane, has a width
of only 60 nm. It contains the enzyme acetylcholinester-
ase, which is responsible for the ultimate breakdown
of acetylcholine. This enzyme is also present, in higher
concentrations, in the junctional folds in the postsyn-
aptic membrane (Fig. 6.1). The choline produced by
the breakdown of acetylcholine is taken up across the
nerve membrane to be reused in the synthesis of the
transmitter.

The nicotinic acetylcholine receptors on the post-
synaptic membrane are organized in discrete clusters
on the shoulders of the junctional folds (Fig. 6.1). Each
cluster is about 0.1 pm in diameter and contains a few
hundred receptors. Each receptor consists of five sub-
units, two of which, the alpha (o MW=40000 Da), are
identical. The other three, slightly larger subunits, are
the beta (), delta (8) and epsilon (g). In fetal muscle,
the epsilon is replaced by a gamma (y) subunit. Each
subunit of the receptor is a glycosated protein —a chain
of amino acids — coded by a different gene. The recep-
tors are arranged as a cylinder which spans the mem-
brane, with a central, normally closed, channel — the
ionophore (Fig. 6.2). Each of the o subunits carries a
single acetylcholine binding region on its extracellular
surface. They also bind neuromuscular blocking drugs.

Activation of the receptor requires both o sites to be
occupied, producing a structural change in the recep-
tor complex that opens the central channel running
between the receptors for a very short period, about
1 ms (Fig. 6.2). This allows movement of cations such
as Na’, K*, Ca’* and Mg?* along their concentration
gradients. The main change is influx of Na* ions, the
end-plate current, followed by efflux of K* ions. The
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Postjunctional receptor

FIGURE 6.2
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Cytoskeleton

Two postjunctional receptors, embedded in the lipid layer of the postsynaptic muscle membrane. The «, B, € and

d subunits are demonstrated on the surface of one receptor and the ionophore is seen in cross-section on the other receptor. On
stimulation of the two o subunits by two molecules of acetylcholine, the ionophore opens to allow the passage of the end-plate

current. (Reproduced with kind permission of Professor WC Bowman.)

summation of this current through a large number of
receptor channels lowers the transmembrane potential
of the end-plate region sufficiently to depolarize it and
generate a muscle action potential sufficient to allow
muscle contraction.

At rest, the transmembrane potential is about
—90mV (inside negative). Under normal physiological
conditions, a depolarization of about 40mV occurs,
lowering the potential from —90 to —50mV. When
the end-plate potential reaches this critical threshold,
it triggers an all-or-nothing action potential that passes
around the sarcolemma to activate muscle contraction
via a mechanism involving Ca?* release from the sarco-
plasmic reticulum.

Each acetylcholine molecule is involved in opening
one ion channel only before it is broken down rapidly
by acetylcholinesterase; it does not interact with any of
the other receptors. There is a large safety factor in the

transmission process, in respect of both the amount of
acetylcholine released and the number of postsynaptic
receptors. Much more acetylcholine is released than
is necessary to trigger the action potential. The end-
plate region is depolarized for only a very short period
(a few milliseconds) before it rapidly repolarizes and is
ready to transmit another impulse.

Acetylcholine receptors are also present on the
presynaptic area of the nerve terminal. These are of
a slightly different structure to the postsynaptic nic-
otinic receptors (a3f2). It is thought that a positive
feedback mechanism exists for the further release of
acetylcholine, such that some of the released molecules
of acetylcholine stimulate these presynaptic receptors,
producing further mobilization of the neurotransmit-
ter to the readily releasable sites, ready for the arrival
of the next nerve stimulus (Fig. 6.3). Acetylcholine
activates sodium channels on the prejunctional nerve
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FIGURE 6.3 ™ Acetylcholine receptors are present on the
shoulders of the axon terminal, as well as on the postjunc-
tional membrane. Stimulation of the prejunctional receptors
mobilizes (MOB) the vesicles of acetylcholine to move into the
active zone, ready for release on arrival of another nerve im-
pulse. The mechanism requires Ca*" ions. (Reproduced with kind
permission of Professor WC Bowman.)
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membrane, which in turn activate voltage-dependent
calcium channels (P-type fast channels) on the motor
neurone causing an influx of calcium into the nerve
cytoplasm to promote further acetylcholine release.

In health, postsynaptic acetylcholine receptors are
restricted to the neuromuscular junction by a mecha-
nism involving the presence of an active nerve termi-
nal. In many disease states affecting the neuromuscular
junction, this control is lost and acetylcholine recep-
tors of the fetal type develop on the adjacent muscle
surface. The excessive release of K* ions from diseased
or swollen muscle on administration of succinylcho-
line is probably the result of stimulation of these extra-
junctional receptors. They develop in many conditions,
including polyneuropathies, severe burns and muscle
disorders.

PHARMACOLOGY OF
NEUROMUSCULAR TRANSMISSION

Neuromuscular blocking agents used regularly by
anaesthetists are classified into depolarizing (or non-
competitive) and non-depolarizing (or competitive)
agents.

Depolarizing Neuromuscular Blocking
Agents

The only depolarizing relaxant now available in clini-
cal practice is succinylcholine. Decamethonium was
used clinically in the UK for many years, but it is now
available only for research purposes.

Succinylcholine Chloride (Suxamethonium)

This quaternary ammonium compound is compara-
ble to two molecules of acetylcholine linked together
(Fig. 6.4). The two quaternary ammonium radicals,
N*(CH,), have the capacity to cling to each of the a
units of the postsynaptic acetylcholine receptor, alter-
ing its structural conformation and opening the ion
channel, but for a longer period than does a molecule
of acetylcholine. Administration of succinylcho-
line therefore results in an initial depolarization and
muscle contraction, termed fasciculation. As this effect
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FIGURE 6.4 " The chemical structures of acetylcholine and
succinylcholine. The similarity between the structure of suc-
cinylcholine and two molecules of acetylcholine can be seen.
The structure of decamethonium is also shown. The quater-
nary ammonium radicals N*(CH,), cling to the a subunits of
the postsynaptic receptor.
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persists, however, further action potentials cannot
pass down the ion channels and the muscle becomes
flaccid; repolarization does not occur.

The dose of succinylcholine necessary for tracheal
intubation in adults is 1.0-1.5mgkg™". This dose has
the most rapid and reliable onset of action of any of
the muscle relaxants presently available, producing
profound block within 1 min. Succinylcholine is there-
fore of particular benefit when it is essential to achieve
tracheal intubation rapidly, e.g. in a patient with a full
stomach or an obstetric patient. It is also indicated if
tracheal intubation is expected to be difficult for ana-
tomical reasons, because it produces optimal intubat-
ing conditions.

The drugis metabolized predominantly in the plasma
by the enzyme plasma cholinesterase, at one time termed
pseudocholinesterase, at a very rapid rate. Recovery from
neuromuscular block may start to occur within 3 min
and is complete within 12-15min. The use of an anti-
cholinesterase such as neostigmine, which would inhibit
such enzyme activity, is contraindicated (see below).
About 10% of the drug is excreted in the urine; there is
very little metabolism in the liver although some break-
down by non-specific esterases occurs in the plasma.

If plasma cholinesterase is structurally abnormal
because of inherited factors, or if its concentration is
reduced by acquired factors, then the duration of ac-
tion of the drug may be altered significantly.

Inherited Factors. The exact structure of plasma
cholinesterase is determined genetically, by auto-
somal genes, and this has been completely defined.
Several abnormalities in the amino acid sequence
of the normal enzyme, usually designated Ej, are
recognized. The most common is produced by the
atypical gene, E], which occurs in about 4% of the
Caucasian population. Thus a patient who is a hetero-
zygote for the atypical gene (Ef,E‘i’) demonstrates a
longer effect from a standard dose of succinylcholine
(about 30min). If the individual is a homozygote for
the atypical gene (ET,E?), the duration of action of
succinylcholine may exceed 2h. Other, rarer, abnor-
malities in the structure of plasma cholinesterase are
also recognized, e.g. the fluoride (Ef) and silent (Ef)
genes. The latter has very little capacity to metabolize
succinylcholine and thus neuromuscular block in the

s

homozygous state (E1 ,Ei) lasts for at least 3h. In such

patients, non-specific esterases gradually clear the
drug from plasma.

It has been suggested that a source of cholinesterase,
such as fresh frozen plasma, should be administered in
such cases, or an anticholinesterase such as neostig-
mine be used to reverse what has usually developed
into a dual block (see below). However, it is wiser to:

m keep the patient anaesthetized and the lungs ven-
tilated artificially, and

® monitor neuromuscular transmission accurately,
until full recovery from residual neuromuscular
block.

This condition is not life-threatening, but the risk
of awareness is considerable, especially after the end of
surgery, when the anaesthetist, who may not yet have
made the diagnosis, is attempting to waken the patient.
Anaesthesia must be continued until full recovery
from neuromuscular block is demonstrable.

As plasma cholinesterase activity is reduced by the
presence of succinylcholine, a plasma sample to mea-
sure the patient’s cholinesterase activity should not be
taken for several days after prolonged block has been ex-
perienced, by which time new enzyme has been synthe-
sized. A patient who is found to have reduced enzyme
activity and structurally abnormal enzyme should be
given a warning card or alarm bracelet, detailing his or
her genetic status. Examining the genetic status of the
patient’s immediate relatives should be considered.

In 1957, Kalow & Genest first described a method
for detecting structurally abnormal cholinesterase. If
plasma from a patient of normal genotype is added to
a water bath containing a substrate such as benzoyl-
choline, a chemical reaction occurs with plasma cho-
linesterase, emitting light of a given wavelength, which
may be detected spectrophotometrically. If dibucaine
is also added to the water bath, this reaction is inhib-
ited; no light is produced. The percentage inhibition
is referred to as the dibucaine number. A patient with
normal plasma cholinesterase has a high dibucaine
number of 77-83. A heterozygote for the atypical gene
has a dibucaine number of 45-68; in a homozygote,
the dibucaine number is less than 30.

If fluoride is added to the solution instead of dibu-
caine, the fluoride gene may be detected. If there is no
reaction in the presence of the substrate only, the silent
gene is present.
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Acquired Factors. In these instances, the structure
of plasma cholinesterase is normal but its activity is
reduced. Thus, neuromuscular block is prolonged by
only minutes rather than hours. Causes of reduced
plasma cholinesterase activity include:

m liver disease, because of reduced enzyme
synthesis.

® carcinomatosis and starvation, also because of
reduced enzyme synthesis.

® pregnancy, for two reasons: an increased circu-
lating volume (dilutional effect) and decreased
enzyme synthesis.

m anticholinesterases, including those used to re-
verse residual neuromuscular block after a non-
depolarizing muscle relaxant (e.g. neostigmine
or edrophonium); these drugs inhibit plasma
cholinesterase in addition to acetylcholinesterase.
The organophosphorus compound ecothiopate,
once used topically as a miotic in ophthalmol-
ogy, is also an anticholinesterase.

m other drugs which are metabolized by plasma
cholinesterase, and which therefore decrease its
availability, include etomidate, propanidid, es-
ter local anaesthetics, anti-cancer drugs such as
methotrexate, monoamine oxidase inhibitors
and esmolol (the short-acting B-blocker).

® hypothyroidism.

m cardiopulmonary bypass, plasmapheresis.

® renal disease.

Side-Effects of Succinylcholine

Although succinylcholine is a very useful drug for
achieving tracheal intubation rapidly, it has several
undesirable side-effects which may limit its use.

Muscle Pains. These occur especially in the patient
who is ambulant soon after surgery, such as the day-
case patient. The pains, thought possibly to be caused
by the initial fasciculations, are more common in
young, healthy patients with a large muscle mass.
They occur in unusual sites, such as the diaphragm
and between the scapulae, and are not relieved eas-
ily by conventional analgesics. The incidence and se-
verity may be reduced by the use of a small dose of a
non-depolarizing muscle relaxant given immediately
before administration of succinylcholine, e.g. galla-
mine 10mg (which is thought to be most efficacious

in this respect) or atracurium 2.5mg. However, this
technique, termed pre-curarization or pretreatment,
reduces the potency of succinylcholine, necessitating
administration of a larger dose to produce the same
effect. Many other drugs have been used in an attempt
to reduce the muscle pains, including lidocaine, cal-
cium, magnesium and repeated doses of thiopental,
but none is completely reliable.

Increased Intraocular Pressure. This is thought to be
caused partly by the initial contraction of the external
ocular muscles and contracture of the internal ocular
muscles after administration of succinylcholine. It is
not reduced by pre-curarization. The effect lasts for as
long as the neuromuscular block and concern has been
expressed that it may be sufficient to cause expulsion
of the vitreal contents in the patient with an open eye
injury. This is unlikely. Protection of the airway from
gastric contents must take priority in the patient with a
full stomach in addition to an eye injury, as inhalation
of gastric contents may threaten life.

It is also possible that succinylcholine may increase
intracranial pressure, although this is less certain.

Increased Intragastric Pressure. In the presence of
a normal lower oesophageal sphincter, the increase
in intragastric pressure produced by succinylcholine
should be insufficient to produce regurgitation of
gastric contents. However, in the patient with incom-
petence of this sphincter from, for example, hiatus her-
nia, regurgitation may occur.

Hyperkalaemia. It has long been recognized that ad-
ministration of succinylcholine during halothane an-
aesthesia increases the serum potassium concentration
by 0.5 mmol L. This effect is thought to be caused by
muscle fasciculation. It is probable that the effect is less
marked with the newer potent inhalational agents, e.g.
isoflurane, sevoflurane. A similar increase occurs in
patients with renal failure, but as these patients may
already have an elevated serum potassium concentra-
tion, such an increase may precipitate cardiac irregu-
larities and even cardiac arrest.

In some conditions in which the muscle cells are
swollen or damaged, or in which there is proliferation
of extrajunctional receptors, this release of potassium
may be exaggerated. This is most marked in the burned
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patient, in whom potassium concentrations up to
13mmol L™ have been reported. In such patients, pre-
curarization is of no benefit. Succinylcholine should
be avoided in this condition. In diseases of the mus-
cle cell, or its nerve supply, hyperkalaemia after suc-
cinylcholine may also be exaggerated. These include
the muscular dystrophies, dystrophia myotonica and
paraplegia. Hyperkalaemia has been reported to cause
death in such patients. Succinylcholine may also pre-
cipitate prolonged contracture of the masseter muscles
in patients with these disorders, making tracheal in-
tubation impossible. The drug should be avoided in
any patient with a neuromuscular disorder, including
the patient with malignant hyperthermia, in whom the
drug is a recognized trigger factor (see p. 879).

Hyperkalaemia after succinylcholine has also been
reported, albeit rarely, in patients with widespread
intra-abdominal infection, severe trauma and closed
head injury.

Cardiovascular Effects. Succinylcholine has musca-
rinic in addition to nicotinic effects, as does acetyl-
choline. The direct vagal effect (muscarinic) produces
sinus bradycardia, especially in patients with high va-
gal tone, such as children and the physically fit. It is
also more common in the patient who has not received
an anticholinergic agent (such as glycopyrrolate) or
who is given repeated increments of succinylcholine.
It is advisable to use an anticholinergic routinely if it is
planned to administer more than one dose of succinyl-
choline. Nodal or ventricular escape beats may develop
in extreme circumstances.

Anaphylactic Reactions. Anaphylactic reactions to
succinylcholine are rare, but may occur, especially
after repeated exposure to the drug. They are more

common after succinylcholine than any other neuro-
muscular blocking agent.

Characteristics of Depolarizing Neuromuscular Block

If neuromuscular block is monitored (see below),
several differences between depolarizing and non-
depolarizing block may be defined. In the presence of
a small dose of succinylcholine:

m a decreased response to a single, low-voltage
(1Hz) twitch stimulus applied to a peripheral
nerve is detected. Tetanic stimulation (e.g. at
50Hz) produces a small, but sustained, response.

m if four twitch stimuli are applied at 2Hz over 2s
(train-of-four stimulus), followed by a 10-s inter-
val before the next train-of-four, no decrease in
the height of successive stimuli is noted (Fig. 6.5).

m the application of a 5-s burst of tetanic stimula-
tion after the application of single twitch stim-
uli, followed 3s later by a further run of twitch
stimuli, produces no potentiation of the twitch
height; there is no post-tetanic potentiation
(sometimes termed facilitation).

m neuromuscular block is potentiated by the ad-
ministration of an anticholinesterase such as
neostigmine or edrophonium.

m if repeated doses of succinylcholine are given, the
characteristics of this depolarizing block alter;
signs typical of a non-depolarizing block develop
(see below). Initially, such changes are demon-
strable only at fast rates of stimulation, but
with further increments of succinylcholine they
may occur at slower rates. This phenomenon is
termed ‘dual block’

® muscle fasciculation is typical of a depolarizing
block.

1.
f

CONTROL
FIGURE 6.5

succ

The train-of-four twitch response recorded before (CONTROL) and after a dose of succinylcholine. Before ad-

ministration of succinylcholine Tmgkg™, four twitches of equal height are visible. After giving the drug (SUCC), the height of all
four twitches decreases equally; no ‘fade’ of the train-of-four is seen. Within 1 min, the trace has been ablated.
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Decamethonium

This depolarizing neuromuscular blocking agent has
as rapid an onset of action as succinylcholine, but a
longer duration of effect (about 20 min), as it is not
metabolized by plasma cholinesterase, but mainly ex-
creted unchanged through the kidneys. It is prone to
produce tachyphylaxis — a rapid increase in the dose
required incrementally to produce the same effect —
which, together with its route of excretion, limits its
use. It is no longer available for clinical use.

Non-Depolarizing Neuromuscular
Blocking Agents

Unlike succinylcholine, these drugs do not alter the
structural conformity of the postsynaptic acetylcholine
receptor and therefore do not produce an initial con-
traction. Instead, they compete with the neurotrans-
mitter at this site, binding reversibly to one or two of
the a-receptors, whenever these are not occupied by
acetylcholine. The end-plate potential produced in
the presence of a non-depolarizing agent is therefore
smaller; it does not reach the threshold necessary to
initiate a propagating action potential to activate the
sarcolemma and produce an initial muscle contrac-
tion. More than 75% of the postsynaptic receptors
have to be blocked in this way before there is failure of
muscle contraction — a large safety factor. However, in
large doses, non-depolarizing muscle relaxants impair
neuromuscular transmission sufficiently to produce
profound neuromuscular block.

Metabolism of neuromuscular blocking agents
does not occur at the neuromuscular junction. By the
end of surgery, the end-plate concentration of the re-
laxant is decreasing as the drug diffuses down a con-
centration gradient back into the plasma, from which
it is cleared. Thus, more receptors are stimulated by
the neurotransmitter, allowing recovery from block.
An anticholinesterase given at this time increases the
half-life of acetylcholine at the neuromuscular junc-
tion, facilitating recovery.

Non-depolarizing muscle relaxants are highly
ionized, water-soluble drugs, which are distributed
mainly in plasma and extracellular fluid. Thus, they
have a relatively small volume of distribution. They
are of two main types of chemical structure: either
benzylisoquinolinium compounds, such as tubo-
curarine, alcuronium, atracurium, mivacurium and

cisatracurium, or aminosteroid compounds, such as
pancuronium, vecuronium, pipecuronium and ro-
curonium. All these drugs possess at least one qua-
ternary ammonium group, N*(CH,),, to bind to an «
subunit on the postsynaptic receptor. Their structural
type determines many of their chemical properties.
Some benzylisoquinolinium compounds consist of
quaternary ammonium groups joined by a thin chain
of methyl groups. They are therefore more liable to
breakdown in the plasma than are the aminosteroids.
They are also more likely to release histamine.

Non-depolarizing muscle relaxants are adminis-
tered usually in multiples of the effective dose (ED)
required to produce 95% neuromuscular block (ED,,).
A dose of at least 2XED, is required to produce ad-
equate conditions for reliable tracheal intubation in all
patients.

Benzylisoquinolinium Compounds

Tubocurarine Chloride. This is the only naturally oc-
curring muscle relaxant. It is derived from the bark
of the South American plant Chondrodendron tomen-
tosum which has been used for centuries by South
American Indians as an arrow poison. It was the first
non-depolarizing neuromuscular blocking agent to be
used in humans, by Griffith and Johnson in Montreal,
in 1942. The intubating dose is 0.5-0.6 mgkg™". It has a
slow onset of action and a prolonged duration of effect
(Table 6.1), and its effects are potentiated by inhala-
tional agents and prior administration of succinylcho-
line. It has a marked propensity to produce histamine
release and thus hypotension, with possibly a compen-
satory tachycardia. In large doses, it may also produce
ganglion blockade, which potentiates these cardio-
vascular effects. It is excreted unchanged through the
kidneys, with some biliary excretion. It is no longer
available in the UK.

Alcuronium Chloride. This drug is a semi-synthetic
derivative of toxiferin, an alkaloid of calabash curare.
It has less histamine-releasing properties, and there-
fore cardiovascular effect, than tubocurarine, although
it may have some vagolytic effect, producing a mild
tachycardia. It also has a slow onset time and nearly as
long a duration of effect as tubocurarine (Table 6.1). It
is almost entirely excreted unchanged through the kid-
neys. The intubating dose is 0.2-0.25mgkg™". Before
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TABLE 6.1

Time to 95% Depression of the Twitch Response, After a Dose of 2XED,, of a Neuromuscular Blocking
Drug (When Tracheal Intubation Should be Possible), and Time to 20-25% Recovery, When an Anti-
Cholinesterase May be Used Reliably to Reverse Residual Block Produced by a Non-Depolarizing Drug

95% Twitch Depression ('s)

20-25% Recovery (min)

Succinylcholine 60 10
Tubocurarine 220 80+
Alcuronium 420 70
Gallamine 300 80
Atracurium 110 43
Cisatracurium 150 45
Doxacurium 250 83
Mivacurium 170 16
Pancuronium 220 75
Vecuronium 180 33
Pipecuronium 300 95
Rocuronium 75 33
Rapacuronium <75 15

the advent of atracurium and vecuronium, this inex-
pensive agent was used widely, but now its popularity
has declined and it is no longer available commercially
in the UK.

Gallamine Triethiodide. This synthetic substance is
a trisquaternary amine. It was first used in France in
1948. The intubating dose in adults is of the order of
160mg. It has a similar onset to, but slightly shorter
duration of action than, tubocurarine, and is excreted
almost entirely by the kidneys. Consequently, it should
not be used in patients with renal impairment. Being
more lipid-soluble than bisquaternary amines, it
crosses the placenta to a significant degree and should
not be used in obstetric practice. Gallamine has potent
vagolytic properties and produces some direct sympa-
thomimetic stimulation. Thus, it increases pulse rate
and arterial pressure.

The only recent use of gallamine in the UK has been
as a small pretreatment dose (10 mg) prior to succinyl-
choline, when it seems to be more efficacious than any
other non-depolarizing muscle relaxant in minimizing
muscle pains.

Atracurium Besylate. This drug, introduced into
clinical practice in 1982, was developed by Stenlake
at Strathclyde University. Quaternary ammonium
compounds break down spontaneously at varying
temperature and pH, a phenomenon recognized for
over 100 years and known as Hofmann degradation.
Many such substances also have neuromuscular block-
ing properties, and atracurium was developed in the
search for such an agent which broke down at body
temperature and pH. Hofmann degradation may be
considered as a ‘safety net’ in the sick patient with im-
paired liver or renal function, because atracurium is
still cleared from the body. Some renal excretion oc-
curs in the healthy patient (10%), as does ester hydro-
lysis in the plasma; probably only about 45% of the
drug is eliminated by Hofmann degradation in the
normal patient.

Atracurium (and vecuronium) was developed in
an attempt to obtain a non-depolarizing agent which
had a more rapid onset, was shorter-acting and had
fewer cardiovascular effects than the older agents.
Atracurium 0.5mgkg™ does not produce neuromus-
cular block as rapidly as succinylcholine; the onset time



96 6

MUSCLE FUNCTION AND NEUROMUSCULAR BLOCKADE

is 2.0-2.5 min, depending on the dose used (Table 6.1).
However, recovery occurs more rapidly from it than
after use of the older non-depolarizing agents and
atracurium may be reversed easily 2025 min after ad-
ministration of a dose of 2XED,_ (0.45mgkg™). The
drug does not have any direct cardiovascular effect, but
may release histamine (about a third of that released
by tubocurarine) and may therefore produce a local
wheal and flare around the injection site, especially if a
small vein is used. This may be accompanied by a slight
reduction in arterial pressure. It can produce ana-
phylaxis, but to a lesser degree than succinylcholine.

A metabolite of Hofmann degradation, laudano-
sine, has epileptogenic properties, although fits have
never been reported in humans. The plasma concen-
trations of laudanosine required to make animals con-
vulse are much higher than those occurring during
general anaesthesia, even if large doses of atracurium
are given during a prolonged procedure, and there is
little cause for concern about this metabolite in clini-
cal practice. In patients in the ITU with multiple organ
failure, who may receive atracurium for several days,
laudanosine concentrations are higher, but as yet no
reports of cerebral toxicity have occurred.

Cisatracurium. This is the most recently introduced
benzylisoquinolinium neuromuscular blocker. It is of
particular interest because it is an example of the de-
velopment of a specific isomer of a drug to produce a
‘clean’ substance with the desired clinical actions but
with reduced side-effects. Cisatracurium is the 1R-cis
1’R-cis isomer of atracurium, and one of 10 isomers
of the parent compound. It is three to four times more
potent than atracurium (ED,,=0.05mgkg™) and has
a slightly slower onset and longer duration of action.
Its main advantage is that it does not release histamine
and therefore is associated with greater cardiovas-
cular stability. It undergoes even more Hofmann degra-
dation than atracurium. Because a lower dose of this
more potent drug is given, it produces less laudanosine
than an equipotent dose of atracurium. It is therefore
particularly useful in the critically ill patient requiring
prolonged infusion of a neuromuscular blocking drug.

Doxacurium Chloride. This bisquaternary ammo-
nium compound is only available in the USA. It un-
dergoes a small amount of metabolism in the plasma

by cholinesterase (6%), but is excreted mainly through
the kidneys. It is the most potent non-depolarizing
neuromuscular blocking agent available; an intubating
dose is only 0.05mgkg™. It has a very slow onset of
action (Table 6.1) and a prolonged and unpredictable
duration of effect. However, it has no cardiovascular
effects and may therefore be of use during long surgi-
cal procedures in which cardiovascular stability is re-
quired, e.g. cardiac surgery.

Mivacurium Chloride. This drug is metabolized by
plasma cholinesterase at 88% of the rate of succinyl-
choline. An intubating dose (2XED,,=0.15mgkg™)
has a similar onset of action to an equipotent dose
of atracurium, but in the presence of normal plasma
cholinesterase, recoveryafter mivacuriumis much faster
(Table 6.1) and administration of an anticholinester-
ase may not be necessary (if neuromuscular function
is being monitored and good recovery can be dem-
onstrated). Full recovery in such circumstances takes
about 20-25min, but the drug may be antagonized
easily within 15min. Mivacurium is useful particu-
larly for surgical procedures requiring muscle relax-
ation in which even atracurium and vecuronium seem
too long-acting, and when it is desirable to avoid the
side-effects of succinylcholine, e.g. for bronchoscopy,
oesophagoscopy, laparoscopy or tonsillectomy. The
drug produces a similar amount of histamine release
to atracurium.

In the presence of reduced plasma cholinesterase
activity, because of either inherited or acquired fac-
tors, the duration of action of mivacurium may be
increased. In patients heterozygous for the atypical
cholinesterase gene, the duration of action of miva-
curium is comparable to that of atracurium, negat-
ing its advantages. The action of the drug may also be
prolonged in patients with hepatic or renal disease, in
whom plasma cholinesterase activity may be reduced.

Aminosteroid Compounds

These non-depolarizing neuromuscular blocking
agents possess at least one quaternary ammonium
group, attached to a steroid nucleus. They produce
fewer adverse cardiovascular effects than do the ben-
zylisoquinolinium compounds and do not stimulate
histamine release from mast cells to the same degree.
They are excreted unchanged through the kidneys and
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also undergo deacetylation in the liver. The deacetyl-
ated metabolites may possess weak neuromuscular
blocking properties. The parent compound may also
be excreted unchanged in the bile.

Pancuronium Bromide. This bisquaternary amine, the
first steroid muscle relaxant used clinically, was devel-
oped by Savege and Hewitt and marketed in 1964. The
intubating dose is 0.1 mgkg™, which takes 3—4 min to
reach its maximum effect (Table 6.1). The clinical du-
ration of action of the drug is long, especially in the
presence of potent inhalational agents or renal dys-
function, as 60% of a dose of the drug is excreted un-
changed through the kidneys. It is also deacetylated in
the liver; some of the metabolites have neuromuscular
blocking properties.

Pancuronium does not stimulate histamine release
and is therefore useful in patients with a history of
allergy. However, it has direct vagolytic and sympa-
thomimetic effects which may cause tachycardia and
hypertension. It slightly inhibits plasma cholinesterase
and therefore potentiates any drug metabolized by this
enzyme, e.g. succinylcholine and mivacurium.

Vecuronium Bromide. This steroidal agent was developed
in an attempt to reduce the cardiovascular effects of
pancuronium. It is similar in structure to the older drug,
differing only in the loss of a methyl group from one
quaternary ammonium radical. Thus it is a monoquater-
nary amine. An intubating dose of 0.1 mgkg™ produces
profound neuromuscular block within 3 min, which is
slightly longer than the onset time of atracurium, but
shorter than those of tubocurarine and pancuronium.
This dose produces clinical block for about 30min.
Vecuronium rarely produces histamine release, nor does
it have any direct cardiovascular effects, although it al-
lows the cardiac effects of other anaesthetic agents, such
as bradycardia produced by the opioids, to go unchal-
lenged. Vecuronium is excreted through the kidneys
(30%), although to a lesser extent than pancuronium,
and undergoes hepatic deacetylation; the deacetylated
metabolites have neuromuscular blocking properties.
Repeated doses should be used with care in patients with
renal or hepatic disease because they accumulate.

Pipecuronium Bromide. This analogue of pan-
curonium was developed in Hungary in 1980 and is

marketed in Eastern Europe and the USA. The intubat-
ing dose is 0.07 mgkg™". The onset time and time to re-
covery from block are similar to those of pancuronium
(Table 6.1), and excretion of the drug through the kid-
neys is significant (66%). In contrast to pancuronium,
pipecuronium possesses marked cardiovascular stabil-
ity, having no vagolytic or sympathomimetic effects. It
may therefore be useful during major surgery in pa-
tients with cardiac disease.

Rocuronium Bromide. This monoquaternary amine
has a very rapid onset of action for a non-depolarizing
muscle relaxant. It is six to eight times less potent than
vecuronium but has approximately the same molecular
weight; consequently, a greater number of drug mol-
ecules may reach the postjunctional receptors within
the first few circulations, enabling faster development
of neuromuscular block. In a dose of 0.6 mgkg™, good
or excellent intubating conditions are achieved within
60-90s; this is only slightly slower than the onset time of
succinylcholine. The clinical duration is 30—45 min. At
higher doses, such as 0.9 mgkg™, rocuronium has an on-
set time similar to succinylcholine, albeit with a greater
range of effect. In such doses, however, rocuronium is a
very long-acting drug, lasting about 90 min.

In most other respects, rocuronium resembles ve-
curonium. The drug stimulates little histamine release
or cardiovascular disturbance, although in high doses
it has a mild vagolytic property which sometimes re-
sults in an increase in heart rate. The drug is excreted
unchanged in the urine and in the bile, and thus the
duration of action may be increased by severe renal or
hepatic dysfunction. Rocuronium has no metabolites
with significant neuromuscular blocking activity.

Anaphylactic reactions are more common after ro-
curonium than after any other aminosteroid neuro-
muscular blocking drug. They occur at a similar rate to
anaphylactic reactions to atracurium and mivacurium.

Rapacuronium Bromide. This was the last amino-
steroid to become available. It is less potent than
rocuronium (2XED, =1.15mgkg™) and in equipotent
doses has an even more rapid onset of action (<75s).
It is cleared rapidly from the plasma by hepatic uptake
and deacetylation and thus has a shorter duration of
effect than rocuronium, 12—15 min (Table 6.1). As with
the deacetylation of pancuronium and vecuronium,
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a metabolite of rapacuronium has neuromuscular
blocking properties (Org 9488). This may prolong the
effect of incremental doses of the drug.

Rapacuronium has similar cardiovascular effects to
rocuronium but it may also produce bronchospasm,
possibly because of the release of histamine or leuko-
trienes. After several reports to the US Food and Drug
Administration of bronchospasm and hypoxaemia
following administration of rapacuronium, especially
in small children, the manufacturers voluntarily with-
drew the drug from release in the USA in 2002. It has
never been commercially available in the UK.

Factors Affecting Duration of Non-Depolarizing
Neuromuscular Block

The duration of action of non-depolarizing muscle re-
laxants is affected by several factors. Effects are most
marked with the longer-acting agents, such as tubo-
curarine and pancuronium. Prior administration of
succinylcholine potentiates the effect and prolongs
the duration of action of non-depolarizing drugs.
Concomitant administration of a potent inhalational
agent increases the duration of block. This is most
marked with the ether anaesthetic agents such as iso-
flurane, enflurane and sevoflurane, but occurs to a
lesser extent with halothane.

pH changes. Metabolic and, to a lesser extent, re-
spiratory acidosis extend the duration of block. With
monoquaternary amines such as tubocurarine and ve-
curonium, this effect is produced probably by the ion-
ization, under acidic conditions, of a second nitrogen
atom in the molecule, making the drug more potent.

Body temperature. Hypothermia potentiates block
because impairment of organ function delays metabo-
lism and excretion of these drugs. Enzyme activity is
also reduced. This may occur in patients undergoing
cardiac surgery; reduced doses of muscle relaxants are
required during cardiopulmonary bypass.

Age. Non-depolarizing muscle relaxants which de-
pend on organ metabolism and excretion may be ex-
pected to have a prolonged effect in old age, as organ
function deteriorates. In healthy neonates, who have
a higher extracellular volume than adults, resistance
may occur, but if the baby is sick or immature then,
because of underdevelopment of the neuromuscular
junction and other organ function, increased sensitiv-
ity may be encountered. Children of school age tend

to be relatively resistant to non-depolarizing muscle
relaxants, when given on a weight basis.

Electrolyte changes. A low serum potassium con-
centration potentiates neuromuscular block by chang-
ing the value of the resting membrane potential of the
postsynaptic membrane. A reduced ionized calcium
concentration also potentiates block by impairing pre-
synaptic acetylcholine release.

Mpyasthenia gravis. In this disease, the number and
half-life of the postsynaptic receptors are reduced by
autoantibodies produced in the thymus gland. Thus,
the patient is more sensitive to the effects of non-
depolarizing muscle relaxants. Resistance to succinyl-
choline may be encountered.

Other disease states. Due to the altered pharmaco-
kinetics of muscle relaxants in hepatic and renal
disease, prolongation of action may be found in these
conditions, especially if excretion of the drug is depen-
dent upon these organs.

Characteristics of Non-Depolarizing
Neuromuscular Block

If a small, subparalysing dose of a non-depolarizing
neuromuscular blocking drug is administered, the
following characteristics are recognized:

® decreased response to a low-voltage twitch
stimulus (e.g. 1 Hz) which, if repeated, decreases
further in amplitude. This effect, which is in con-
trast to that produced by a depolarizing drug,
also occurs to a greater degree when the train-of-
four (TOF) twitch response is applied, and even
more so with higher, tetanic rates of stimulation.
It is referred to as ‘fade’ or decrement.

m post-tetanic potentiation (PTP) or facilitation
(PTF) of the twitch response may be demon-
strated (Fig. 6.6).

m neuromuscular block is reversed by administra-
tion of an anticholinesterase.

® no muscle fasciculation is visible.

REVERSAL AGENTS

Anticholinesterases

These agents are used in clinical practice to inhibit the
action of acetylcholinesterase at the neuromuscular
junction, thus prolonging the half-life of acetylcholine
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FIGURE 6.6

A 5-s burst of tetanus (50 Hz), applied after a run of single twitch stimuli, causes a transient increase in the height

of subsequent twitches, although they gradually decrease to their former height; this is post-tetanic potentiation (PTP) or facilita-
tion (PTF). The number of twitches detectable after the burst of tetanus is referred to as the ‘post-tetanic count’.

and potentiating its effect, especially in the presence of
residual amounts of non-depolarizing muscle relaxant
at the end of surgery. The most commonly used anti-
cholinesterase during anaesthesia is neostigmine, but
edrophonium and pyridostigmine are also available.
These carbamate esters are water-soluble, quaternary
ammonium compounds which are absorbed poorly
from the gastrointestinal tract. The more lipid-soluble
tertiary amine, physostigmine, has a similar effect and
is more suitable for oral administration, but crosses the
blood-brain barrier. Organophosphorus compounds
which are used as poisons in farming and in nerve gas,
also inhibit acetylcholinesterase, but unlike other agents,
their effect is irreversible; recovery occurs only on
generation of more enzyme, which takes some weeks.
Anticholinesterases are given orally to patients with
myasthenia gravis. In this disease, the patient possesses
antibodies to the postsynaptic nicotinic receptor, re-
ducing the efficacy of acetylcholine. The use of these
drugs is thought to increase the amount and duration
of action of acetylcholine at the neuromuscular junc-
tion, thus enhancing neuromuscular transmission.

Neostigmine. This drug combines reversibly with
acetylcholinesterase by formation of an ester linkage.
Neostigmine is excreted largely unchanged through
the kidneys and has a half-life of about 45min. It is
presented in brown vials because it breaks down on
exposure to light. Neostigmine potentiates the action
of acetylcholine wherever it is a neurotransmitter, in-
cluding all cholinergic nerve endings; thus, it produces

bradycardia, salivation, sweating, bronchospasm, in-
creased intestinal motility and blurred vision. These
cholinergic effects may be reduced by simultaneous
administration of an anticholinergic agent such as
atropine or glycopyrrolate. The usual dose of neostig-
mine is of the order of 0.035mgkg™, in combination
with either atropine 0.015mgkg™ or glycopyrrolate
0.01 mgkg™". Neostigmine takes at least 2 min to have
an initial effect, and recovery from neuromuscular
block is maximally enhanced by 10 min.

Edrophonium. This anticholinesterase forms an ionic
bond with the enzyme but does not undergo a chemi-
cal reaction with it. The effect is therefore more short-
lived than with neostigmine, of the order of only a few
minutes. Edrophonium has a quicker onset of action
than neostigmine, producing signs of recovery within
1 min. However, its effects are more evanescent; when
edrophonium is given in the presence of profound
neuromuscular block, the degree of neuromuscular
block may increase after an initial period of recovery.
The dose of edrophonium is 0.5-1.0 mgkg™.

Pyridostigmine. This drug has a slower onset time than
neostigmine or edrophonium, and also a longer dura-
tion of action. It is used more frequently as oral therapy
in patients with myasthenia gravis than in anaesthesia.

Physostigmine. This anticholinesterase, also known
as eserine, is a tertiary amine and is more lipid-
soluble than the other carbamate esters. It is therefore
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absorbed more easily from the gastrointestinal tract,
and also crosses the blood—brain barrier.

Organophosphorus Compounds. These substances are
irreversible inhibitors of acetylcholinesterase; by phos-
phorylation of the enzyme, they produce a very stable
complex which is resistant to reactivation or hydrolysis.
Synthesis of new enzyme must occur before recovery.
These agents, which include di-isopropylfluorophos-
phonate (DFP) and tetraethylpyrophosphate (TEPP),
are used as insecticides and chemical warfare agents.
They are absorbed readily through the lungs and skin.
Poisoning is not uncommon among farm workers.
Muscarinic effects such as salivation, sweating and bron-
chospasm are combined with nicotinic effects, such as
muscle weakness. Central nervous effects such as tremor
and convulsions may occur, as may unconsciousness and
respiratory failure. Reactivators of acetylcholinesterase
are used to treat this form of poisoning: they include
pralidoxime and obidoxime. Atropine, anticonvulsants
and artificial ventilation may be necessary. Chronic
exposure may produce polyneuritis. Carbamates such
as pyridostigmine are used prophylactically in those
threatened by chemical warfare with these compounds.

Ecothiopate is an organophosphorus compound
with a quaternary amine group; it was used as an eye
drop preparation in ophthalmology to produce miosis
in narrow-angle glaucoma. It inhibits cholinesterase
by phosphorylation and thus potentiates all esters me-
tabolized by this enzyme. It has now been withdrawn
from the UK market.

A new generation of organophosphorus compounds
may be beneficial in Alzheimer’s disease, and clinical
trials are in progress. Neuromuscular blockers must be
used with caution if such patients require anaesthesia.

Cyclodextrins
Sugammadex

Anticholinesterases, although used routinely in anaes-
thetic practice, are recognized to have disadvantages.
The most important is that recovery from block must
be established before they are given (see below). Their
muscarinic effects may be disadvantageous in patients
with a history of nausea and vomiting, or in the pres-
ence of cardiac arrhythmias or bronchospasm.

A novel approach to reversal of neuromuscular
block was therefore developed. Sugammadex (Org

25969), a y-cyclodextrin, was designed to chelate or
encapsulate rocuronium (and to a lesser extent ve-
curonium) in the plasma, preventing its access to the
nicotinic receptor and encouraging dissociation from
it. Sugammadex consists of eight oligosaccharides ar-
ranged in a cylindrical structure to encapsulate all four
steroidal rings of rocuronium completely (Fig. 6.7).
This cylindrical structure is known as a toroid. The
hydrophilic external tails on the toroid are negatively
charged, attracting the quaternary nitrogen group on
the muscle relaxant and drawing it into the lipophilic
core of sugammadex. The complex of sugammadex
and rocuronium is excreted in the urine and has no
muscarinic effect: the use of anticholinergic agents is
unnecessary. Sugammadex seems to be devoid of ad-
verse cardiovascular effects, although prolongation of
the QT interval has been reported anecdotally. It acts
three times as rapidly as neostigmine in reversing neuro-
muscular block produced by rocuronium.

Dose: The dose is adjusted according to the degree
of residual block. If at least two twitches of the TOF
response are detectable (when anticholinesterases can
be used), 2mgkg" should be given. If block is still pro-
found, with no response to the TOF and a post-tetanic
count (PTC) of 1-2, 4-8 mgkg™ should be used. If it is
necessary to reverse block immediately in the case of,
for instance, a ‘cannot intubate, cannot ventilate” sce-
nario, sugammadex 16 mgkg™ should be used.

This chelating agent is drug-specific and will not
reverse residual block produced by other muscle relax-
ants. Sugammadex does not antagonize neuromuscu-
lar block produced by the benzylisoquinoliniums and
has only a limited effect in reversing pancuronium.
Sugammadex has been used in the management of
anaphylaxis to rocuronium when conventional ALS
treatment has failed, although this is not recom-
mended on the drug’s data sheet. In contrast, there
have already been a few reports of anaphylaxis to
sugammadex.

Sugammadex became available in the UK in 2008.
Its high cost has limited its use.

NEUROMUSCULAR MONITORING

There is no clinical tool available to measure neuro-
muscular transmission accurately in a muscle group.
Thus, neither the amount of acetylcholine released in



NEUROMUSCULAR MONITORING 101

NaOZC _\_
S

FIGURE 6.7

NaOQC

ol — 4 link
S

Glucopyranoside unit

The cyclical structure of sugammadex consisting of eight glucopyranoside units linked by oxygen radicals (ex-

ample marked by circle). The negatively charged hydrophilic chains on the outside of the molecule attract rocuronium to the core

of the toroid. (Downloaded from Wikipedia, freely accessible.)

response to a given stimulus nor the number of post-
synaptic receptors blocked by a non-depolarizing mus-
cle relaxant may be assessed. However, it is possible to
obtain a crude estimate of muscle contraction during
anaesthesia using a variety of techniques. All require
the application to a peripheral nerve of a current of up
to 60mA, for a fraction of a millisecond (often 0.2 ms),
necessitating a voltage of up to 300 mV. Usually, a nerve
which is readily accessible to the anaesthetist, such as
the ulnar, facial or common peroneal nerve, is used.
The muscle response to the nerve stimulus may then be
assessed by either visual or tactile means, or it may be
recorded by more sophisticated methods.

Mechanomyography

A strain-gauge transducer may be used to measure the
force of contraction of, for instance, the thumb, in re-
sponse to stimulation of the ulnar nerve at the wrist.
This measurement may then be charted using a re-
cording device. Accurate measurements of the twitch
or tetanic response may be made, although the hand

must be splinted firmly for reproducible results. This
technique is primarily a research tool.

Electromyography

The electromyographic response of a muscle is
measured in response to the same electrical stimulus,
using recording electrodes similar to ECG pads placed
over the motor point of the stimulated muscle. For in-
stance, if the ulnar nerve is stimulated, the recording
electrodes are placed over the motor point of adductor
pollicis in the thumb (Fig. 6.8). A compound muscle
action potential may be recorded. Although primarily
a research tool, there are several simple clinical instru-
ments, such as the Datex Relaxograph, which give a less
accurate, but similar recording. Maintaining the exact
position of the hand is not as essential with electro-
myography as with mechanomyography.

Accelerography

With this technique, the acceleration of the thumb is
measured in response to the nerve stimulus and the force
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FIGURE 6.8

Positioning of the hand necessary to obtain
an electromyographic recording of the response of the adduc-
tor pollicis muscle to stimulation of the ulnar nerve is dem-
onstrated. An earth electrode is placed round the wrist. Two
recording electrodes are placed over the muscle on the hand;
the distal one lies over the motor point.

of contraction may be derived (force = mass X accelera-
tion). Clinical equipment is available (e.g. the TOF
Watch, which is an accelerograph) which provides a
quantitative assessment of, for instance, the twitch
height in comparison with a control reading. The
TOF Watch SX in addition gives a read-out of the
train-of-four ratio (TOFR). This is essential to de-
termine if an anticholinesterase is to be avoided. The
TOFR must have reached 0.9 before extubation can
be effected safely.

Modes of Stimulation

Several different rates of stimulation can be applied to
the nerve in an attempt to produce a sensitive index
of neuromuscular function. It is considered essential
always to apply a supramaximal stimulus to the nerve,
i.e. the strength of the electrical stimulus (V) should
be increased until the response no longer increases. It
is then increased by an additional 25%.

Twitch

A square-wave stimulus of short duration (0.1-0.2 ms)
is applied to a peripheral nerve. In isolation, such a
stimulus is of limited value, although if applied re-
peatedly, before and after a dose of a muscle relaxant,
it may be possible to assess crudely the effects of the
drug. Such rates of stimulation have the benefit of be-
ing less painful than tetanic stimulation, with no un-
toward effects after recovery from anaesthesia.

Train-of-Four (TOF) Twitch Response

In an attempt to assess the degree of neuromuscular
block clinically, Ali et al (1971) described a develop-
ment of the twitch response which, it was hoped,
would be more sensitive than repeated single twitches
and did not require a control response. Four stimuli
(at 2Hz) are applied over 2, with at least a 10-s gap
between each TOE. On administration of a small dose
of a non-depolarizing muscle relaxant, fade of the am-
plitude of the TOF may be visible. The ratio of the
amplitude of the fourth to the first twitch is called the
train-of-four ratio (TOFR). In the presence of a larger
dose of such a drug, the fourth twitch disappears first,
then the third, followed by the second and, finally,
the first twitch (Fig. 6.9A). On recovery from neuro-
muscular block, the first twitch appears first, then the
second (when the first twitch has recovered to about
20% of control), then the third, and finally the fourth
(Fig. 6.9B).

It is generally thought that at least three of the four
twitches must be absent to obtain adequate surgical
access for upper abdominal surgery. Full reversal can
only be relied upon if at least the second twitch is vis-
ible when an anticholinesterase is given. After reversal,
good muscle tone — as assessed clinically by the patient
being able to cough, raise his or her head from the pil-
low for at least 55, protrude the tongue and have good
grip strength — may be anticipated when the TOFR has
reached at least 0.7. However, recovery to a TOFR of
0.9 has now been shown to be necessary prior to extu-
bation if the airway is to be protected completely.

It is recognized that, although the number of
twitches present in the TOF during neuromuscular
block is easily counted by visual or tactile means, it is
impossible, even for the expert, to assess the value of
the TOFR accurately by these methods. Visual or tactile
evaluation fails to detect any fade of the TOF when the
ratio is in excess of 40%. Thus, failure to detect fade
with a nerve stimulator does not always guarantee ad-
equate reversal. Recording of the TOFR is essential for
this purpose.

Tetanic Stimulation

This is the most sensitive form of neuromuscular
stimulation. Frequencies of 50—100Hz are applied
to a peripheral nerve to detect even minor degrees
of residual neuromuscular block; thus, tetanic fade
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FIGURE 6.9 = (A) After administration of a non-depolarizing muscle relaxant (in this instance, atracurium (ATRAC), the de-

crease in height of the fourth twitch of the TOF response is more marked than the decrease in height of the third twitch, which is
more marked than the decrease in the second, which is greater than the decrease in the first. The effect is known as ‘fade’. Within
2min, the TOF response has been ablated completely. (B) On recovery, the first twitch response appears first, then the second,
the third and finally the fourth. Marked fade is present, but after administration of an anticholinesterase (neostigmine (NEOST))

recovery of all four twitches occurs rapidly.

may be present when the twitch response is normal.
Tetanic rates of stimulation may be applied under
anaesthesia, but in the awake patient they are intoler-
ably painful. Indeed, on recovery from anaesthesia in
which tetanic stimulation has been applied, the pa-
tient may be aware of some discomfort in the area of
application.

Post-Tetanic Potentiation or Facilitation

This method of monitoring was developed in an
attempt to assess more profound degrees of neuro-
muscular block produced by non-depolarizing
neuromuscular blocking agents. If a single twitch
stimulus is applied to the nerve with little or no neuro-
muscular response, but after a 5s delay a burst of
50-Hz tetanus is given for 5s, the effect of a further
twitch stimulus 3 s later is enhanced (Fig. 6.6). In the
presence of profound block, the effect of repeated
single twitches applied after the tetanus until the

response disappears can be counted; this is termed the
post-tetanic count. The augmentation of the twitch is
thought to be caused by presynaptic mobilization of
acetylcholine as a result of the positive feedback effect
of the run of tetanus.

Double-Burst Stimulation (DBS)

In an attempt to develop a clinical tool which would
allow more accurate assessment of residual block by
visual or tactile means than fade of the TOF response,
Viby-Mogensen suggested the application of two or
three short bursts of 50-Hz tetanus, each comprising
two or three impulses separated by a 750-ms interval.
Each square-wave impulse lasts for 0.2 ms (Fig. 6.10).
If records of the fade of the DBS and the TOF re-
sponse are compared, they are very similar, but there
is evidence to suggest that visual assessment of DBS
in the later stages of recovery (TOFR <0.6), is more
accurate.
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20 ms

750 ms

FIGURE 6.10 ™ The pattern of double-burst stimulation.
Three bursts of 50-Hz tetanus, at 20-ms intervals, separated
by a 750-ms gap, are shown.

Indications for Neuromuscular Monitoring

It is preferable always to monitor neuromuscular
function when a muscle relaxant is used during an-
aesthesia, but it is especially indicated in the following
circumstances:

® during prolonged anaesthesia, when repeated in-
crements of neuromuscular blocking agents are
required

® when infusions of muscle relaxants are given
(including in the ITU)

m in the presence of renal or hepatic dysfunction

® in patients with neuromuscular disorders

® in patients with a history of sensitivity to a mus-
cle relaxant or poor recovery from block

® when poor reversal of neuromuscular block is
encountered unexpectedly.
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SEDATIVE AND ANXIOLYTIC DRUGS

edation is best considered as a continuum

between normal consciousness and general an-
aesthesia. The most frequently cited description
of the varying levels of sedation utilized in clini-
cal practice is that from the American Society of
Anesthesiologists (Table 7.1).

There is a seamless progression from minimal se-
dation to deep sedation, in which verbal contact and
protective airway reflexes may be lost. It is very diffi-
cult to predict how an individual patient will respond
to a sedative agent. The ability of the patient to main-
tain a patent airway independently is one character-
istic of moderate or conscious sedation, but even at
this level of sedation it cannot be assumed that pro-
tective airway reflexes are intact. Deep sedation may
progress easily to be indistinguishable from general
anaesthesia, and a higher level of skill is needed to
ensure the safe management of the patient. The de-
gree of apparent sedation is related to the stimulation
from the procedure, and patients can move rapidly
between levels of sedation due to procedural effects
without any change in drug dosage. It is therefore im-
portant that healthcare professionals delivering seda-
tion have the necessary skill set to cope with sedation
which is deeper than intended. Similarly, patients
having sedation should be fasted in an identical man-
ner to patients having a general anaesthetic.

The difference between sedative and anaesthetic
drugs is largely one of usage. Many anaesthetic drugs
may be used at reduced dosage to produce sedation
and, similarly, agents used primarily as sedatives will
produce a form of anaesthesia if given in sufficiently
high doses. The usual target is to produce conscious

sedation, i.e. to titrate drug therapy so the patient is
free of anxiety, free of pain and responding purpose-
fully to command. In adults, this corresponds to the
levels of sedation from anxiolysis to moderate sedation
as described in Table 7.1.

Over recent years, there has been an increased fo-
cus of safe sedation practice by regulatory agencies.
When sedation is used in areas outside the operating
theatre environment, and by non-anaesthetic per-
sonnel, there is a particular need to ensure adequate
provision of facilities, equipment and competent
personnel. An audit of sedation for over 14000 up-
per gastrointestinal endoscopies published in 1995
demonstrated a 30-day mortality of 1:2000 and a
morbidity rate of 1:2003, primarily due to respira-
tory and cardiovascular problems. As a result, several
practice guidelines have been published to address
these issues. Examples include guidance on sedation
for upper gastrointestinal endoscopy, procedures in
the emergency department and dental surgery, and
the sedation of children. Many of these documents
share key messages: the requirement of a trained
individual solely responsible for monitoring the pa-
tient during sedation; the mandatory use of pulse
oximetry; the importance of supplementary oxygen
therapy during sedation; the need for comprehen-
sive resuscitation equipment which must be imme-
diately available; and the need for personnel who are
trained to recognize, and are competent to manage,
cardiorespiratory complications. This guidance re-
lates solely to conscious sedation. If deep sedation is
required, the patient requires a level of care identical
to that needed for general anaesthesia.

105
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TABLE 7.1

Continuum of Depth of Sedation: Definition of General Anaesthesia and Levels of Sedation/
Analgesia. American Society of Anesthesiologists, 2009

Moderate
Sedation

Minimal
Sedation

Deep General
Sedation Anaesthesia

Responsiveness Normal response to
verbal stimulation

stimulation

Purposeful response
to verbal or tactile

Purposeful response Unrousable even with
following repeated or

painful stimulation

painful stimulation

Airway Unaffected Maintained without Intervention may be Intervention often
intervention required required
Ventilation Unaffected Adequate May be inadequate Frequently
inadequate
Cardiovascular Unaffected Usually maintained Usually maintained May be impaired

INDICATIONS FOR THE USE
OF SEDATIVE DRUGS

Procedural Sedation

This is defined as the administration of sedative(s)
(with or without analgesics) to induce a state which
allows a patient to tolerate unpleasant procedures
whilst maintaining cardiorespiratory function and
the ability to maintain airway control independently
and continuously. Procedural sedation may be used
for a variety of interventions including radiological
investigations, gastrointestinal endoscopy and tran-
soesophageal echocardiography. However, there is no
absolute indication for the use of sedation and many
procedures for which sedation was felt previously to be
mandatory can now be undertaken without the need
for systemic drug therapy. The requirement for pro-
cedural sedation should be determined by a combina-
tion of patient, procedural and operator factors. It is
always important to ensure that the benefits of proce-
dural sedation (such as greater patient satisfaction and
better tolerance of the procedure) outweigh the associ-
ated risks. Sedation should never be used for the con-
venience of the individual performing the procedure.
The commonest reasons for the use of procedural
sedation are to provide anxiolysis for the concerned
patient, analgesia for painful procedures and to allow
longer procedures (e.g. interventional radiology) to
be better tolerated. In individuals with significant car-
diac comorbidity, sedation may also attenuate the car-
diovascular stimulation (and increase in myocardial
oxygen demand) associated with some procedures.

It is important that the sedative agent used will tar-
get the specific undesirable symptom. For example,
sedatives such as benzodiazepines have no analge-
sic action and will not provide effective sedation for
painful procedures. Great care must be taken when
co-administering sedative drugs and systemic opioids.
The synergism between these two groups of drugs sig-
nificantly increases the risks of airway obstruction and
respiratory depression.

Premedication

Sedative drugs may be given in the preoperative pe-
riod to reduce the apprehension experienced before
undergoing anaesthesia and surgery. Sedation may be
particularly useful in young children, patients with
learning difficulties and individuals who are very
anxious. Sedative drugs given in this way augment
the actions of anaesthetic agents. The choice of drug
depends on the patient, the proposed surgery and the
prevailing circumstances; for example, requirements
for patients undergoing ambulatory surgery are dif-
ferent from those scheduled for major surgery as an
inpatient. The oral route of administration is preferred
and benzodiazepines are the drugs used most com-
monly for this purpose. Nasal administration may be
useful in children.

Supplementation of General or Regional Anaesthesia

The synergy between sedative drugs and intravenous in-
duction agents is used in the technique of co-induction.
The administration of a small dose of sedative may re-
sult in a significant reduction in the dose of induction
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agent required, and therefore in the frequency and
severity of side-effects. Patients undergoing regional
anaesthetic techniques (e.g. for joint arthroplasty) may
also receive supplemental sedation to help alleviate
anxieties regarding hearing or seeing parts of the sur-
gery, or to help maintain comfort for prolonged sur-
gery. A target-controlled infusion of propofol is used
increasingly for this purpose. Studies in the elderly have
found that sedation regimens can relatively frequently
produce a deeper level of sedation than intended,
resulting in unplanned general anaesthesia.

Awake Fibreoptic Tracheal Intubation

Sedation is often used to supplement the use of topical
local anaesthesia when awake fibreoptic intubation is
necessary. Because mask ventilation or tracheal intuba-
tion may be difficult or indeed impossible in some of
these cases, great caution must be taken not to depress
consciousness or respiratory drive. For this reason,
an infusion of remifentanil (either manual or target-
controlled) is used frequently for sedo-analgesia.

Critical Care

Most critically ill patients require sedation to facilitate
mechanical ventilation and other therapeutic inter-
ventions in the intensive care unit (ICU). With the in-
creasing sophistication of mechanical ventilators, the
modern approach is to titrate adequate analgesia with
sufficient sedation to maintain the patient in a tranquil
but rousable state. The pharmacokinetic profiles of in-
dividual drugs should be considered because sedatives
are inevitably given by infusion for prolonged periods
in patients with potential organ dysfunction and im-
paired ability to metabolize or excrete drugs. Many dif-
ferent drugs and regimens have been used to provide
short-term and long-term sedation in the ICU, includ-
ing benzodiazepines, anaesthetic agents such as propo-
fol, opioids, and most recently, @,-adrenergic agonists.
There is no evidence supporting the use of any par-
ticular regimen or combination of agents.

The value of sedation titration by such measures
as the Ramsay Sedation Score or Richmond Agitation
Sedation Scale during critical care has been recognized
for many years, but more attention has focused recently
on the importance of daily sedation ‘holds’ These daily
interruptions in the sedative and analgesic infusions of
selected patients help avoid the accumulation of these

agents and this now forms part of the ventilator care
bundle package. This has been shown to decrease the
incidence of some complications associated with
mechanical ventilation during critical illness, such as
ventilator-associated pneumonia. In addition, sedation
‘holds’ may facilitate weaning from mechanical venti-
lation, thereby decreasing the length of stay in critical
care and the need for tracheostomy.

Administration Techniques

The administration of sedative drugs requires skill
and vigilance, not least because of the seamless pro-
gression from light sedation to general anaesthesia.
Traditionally, sedative drugs have been administered
by intermittent intravenous bolus doses titrated to
effect. There is considerable variability in the indi-
vidual response to a given dose and there are many
circumstances in which medical practitioners with-
out anaesthetic training administer sedatives. Recent
technological advances in microprocessor-controlled
infusion pumps have improved the safety of admin-
istration of sedatives. Patient-controlled analgesia sys-
tems have been programmed for patient-controlled
sedation, usually to maintain sedation after an initial
bolus dose administered by the physician. When the
system is wholly patient-controlled, the mean dose
of sedative drug decreases while the range increases.
In target-controlled infusion (TCI), an adapted sy-
ringe driver is programmed with the pharmacokinetic
model of a drug and designed to rapidly achieve (and
subsequently maintain) a prescribed ‘target’ plasma
concentration. The individual using a TCI system is
able to set (and alter) the desired concentration based
on the clinical assessment of the patient. There are sev-
eral different pharmacological models, each specific
for an individual drug. Examples include Marsh and
Schnider (propofol), Minto (remifentanil) and Maitre
(alfentanil). All these models adjust for variations in
pharmacokinetics due to gender, age and weight.

Sedative Drugs

Most sedative drugs may be categorized into one of
three main groups: benzodiazepines, antipsychotics
and a,-adrenoceptor agonists. Drugs classified more
usually as intravenous anaesthetic agents, particularly
propofol and ketamine, are also used as sedatives in
subanaesthetic doses; the pharmacology of these drugs
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is discussed in Chapter 3. Similarly, remifentanil, which
is used increasingly as part of a sedative regimen, is
described fully in Chapter 5. Inhaled anaesthetics (see
Ch 2) are also used occasionally as sedatives (e.g. sevo-
flurane to an end-tidal concentration of 0.3-0.5 kPa,
or nitrous oxide).

BENZODIAZEPINES

The term benzodiazepine originates from the structure
of the molecule, which consists of the fusion of a ben-
zene and diazepine ring. These drugs were developed
initially for their anxiolytic and hypnotic properties
and largely replaced oral barbiturates in the 1960s due
to their favourable pharmacological profile: minimal
cardiorespiratory effects, the production of anterograde
amnesia and a lower incidence of physical dependence.
As parenteral preparations became available, they rap-
idly became established in anaesthesia and intensive care.
All benzodiazepines have similar pharmacological ef-
fects; their therapeutic use is determined largely by their
potency and the available pharmaceutical preparations.
Benzodiazepines are often classified by their duration of
action as long-acting (e.g. diazepam), medium-acting
(e.g. temazepam) or short-acting (e.g. midazolam).

Pharmacology

Benzodiazepines exert their actions by high-affinity
binding to a specific benzodiazepine binding site, which
is part of the y-aminobutyric acid (GABA) receptor
complex. GABA is the major inhibitory neurotrans-
mitter in the central nervous system (CNS), with most
neurones undergoing GABA-ergic modulation. The
benzodiazepine site is an integral part of the GABA,
receptor subtype. Binding of the agonist increases the
affinity of the GABA, receptor to GABA, producing an
increased frequency of the opening of the chloride ion
channel, and thus an increase in intracellular chloride
transmission. This causes hyperpolarization of the
postsynaptic membrane, which makes the neurone re-
sistant to excitation. Benzodiazepine binding sites are
found throughout the brain and spinal cord, with the
highest density in the cerebral cortex, cerebellum and
hippocampus, and with a lower density in the medulla.
The absence of GABA, receptors outside the CNS is
consistent with the good cardiovascular safety profile
of these drugs.

The GABA, receptor is a large structure which also
contains separate binding sites for other drugs including
barbiturates, alcohol and propofol. The binding of other
compounds to the benzodiazepine binding site explains
the synergistic effects seen with some other drugs. This
synergy may lead to dangerous depression of the CNS
if drugs are used in combination and also results in
pharmacological cross-tolerance, e.g. with alcohol. It is
also consistent with the use of benzodiazepines to man-
age the symptoms associated with acute withdrawal
or detoxification from alcohol or other drugs. Elderly
patients are particularly sensitive to the effects of benzo-
diazepines and dosage should be reduced accordingly.

The benzodiazepine antagonist flumazenil occupies
the benzodiazepine binding site but produces no activ-
ity. Benzodiazepine compounds have been developed
which are ligands at the benzodiazepine binding site
but have inverse agonist activity, resulting in cerebral
excitement. These compounds are also antagonized by
flumazenil. This mirrors the way in which paradox-
ical reactions to benzodiazepines in the elderly are re-
versed by flumazenil and exacerbated by increasing the
dose of the original drug. Other more sinister causes of
restlessness, such as hypoxaemia and local anaesthetic
toxicity, should always be excluded first.

Physical Properties

Benzodiazepines are relatively small lipid-soluble mol-
ecules. Unlike diazepam and lorazepam, which are dis-
solved in solvents (polyethylene and propylene glycol
previously, now lipid emulsions), midazolam is water-
soluble. This is due to the presence of an imidazole ring
in its structure, which allows midazolam to act as a
structural isomer demonstrating tautomerism (isom-
erism triggered by a change in the physical environ-
ment). Midazolam is prepared in a solution buffered to
a pH of <4. At this pH, the imidazole ring is open and
the molecule is ionized and therefore water-soluble.
When the molecule is exposed to the higher pH of the
body, the molecule forms the unionized ring, resulting
in high lipid solubility.

Systemic Effects
CNS Effects
The characteristic CNS effects seen with all benzo-

diazepines are anxiolysis, sedation, anterograde am-
nesia and antiepileptic activity. The degree to which
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individual benzodiazepines produce these effects is
variable, and is thought to be related to their affinity
for particular subunits of the GABA, receptor. For
example, benzodiazepines with high activity at the o,
and/or a, subunits tend to have more sedative and am-
nesic effects, whilst those with activity at o, and/or o,
subunits produce more anxiolysis.

Anxiolysis occurs at low dosage and these drugs are
used extensively for the treatment of acute and chronic
anxiety states. It is these anxiolytic properties which
make benzodiazepines so useful in premedication and
during unfamiliar or unpleasant procedures. Longer-
acting oral drugs such as diazepam and chlordiazep-
oxide have a place in the management of acute alcohol
withdrawal states.

Chronic administration of benzodiazepines re-
sults in benzodiazepine site downregulation, with de-
creased binding affinity and function, explaining, at
least in part, the development of tolerance. Chronic
administration also leads to physical and psychologi-
cal dependence, although these drugs are less addictive
than opioids and barbiturates. Abrupt withdrawal may
lead to a clinical syndrome similar to that seen in acute
alcohol withdrawal; consequently, doses of benzodi-
azepines should be reduced gradually after chronic
administration.

Sedation occurs as a dose-dependent depression
of cerebral activity with mild sedation at low recep-
tor occupancy progressing to a state similar to general
anaesthesia when most receptor sites are occupied
(Table 7.2). Benzodiazepines have a high therapeu-
tic index (ratio of effective to lethal dose) because, in

overdose, the differences in receptor density result in
greater sensitivity to cortical than to medullary de-
pression. However, upper airway obstruction and loss
of protective reflexes occur before profound sedation
ensues, and are a major hazard following inadvertent
oversedation or self-poisoning.

Amnesia is a common sequel to intravenous ad-
ministration of benzodiazepines and is useful for
patients undergoing unpleasant or repeated proce-
dures. Amnesia is anterograde, affecting the acqui-
sition of new information; retrograde amnesia has
not been demonstrated following administration of
benzodiazepines.

Antiepileptic activity is the result of prevention of
the subcortical spread of seizure activity. Intravenous
lorazepam and diazepam may be used to terminate sei-
zures and clonazepam is used as an adjunct in chronic
antiepileptic therapy. Benzodiazepines increase the
threshold to seizure activity in local anaesthetic toxi-
city but may also mask the early signs.

Benzodiazepines have enjoyed wide use as a treat-
ment for insomnia and are effective particularly for
acute insomnia. However, chronic use is not recom-
mended because of problems with tolerance and depen-
dence, leading to difficulty in withdrawal of treatment.
The use of benzodiazepines as hypnotics has now been
partly superseded by more modern non-benzodiazepine
hypnotics such as zopiclone, which also acts at the ben-
zodiazepine site, and dependence can still occur.

Benzodiazepines decrease cerebral metabolic oxy-
gen requirement and cerebral blood flow in a dose-
dependent fashion, and the cerebrovascular response

TABLE 7.2

Relationship Between the Effects Seen with Benzodiazepines and Receptor Occupancy

Midazolam Dose Effect Receptor Occupancy(%) Flumazenil Dose to Reverse
Low dose Antiepileptic 20-25 Low dose

Anxiolysis 20-30

Slight sedation

Reduced attention 25-50

Amnesia

Intense sedation 60-90

Muscle relaxation
High dose Anaesthesia High dose
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to carbon dioxide is preserved; consequently, they are
suitable for use in selected patients with intracranial
pathology. However, it should be noted that benzo-
diazepines do not prevent the increase in intracranial
pressure associated with laryngoscopy and tracheal in-
tubation. In addition, depression of ventilation caused
by benzodiazepines in the spontaneously breathing
patient results in an increase in arterial PaCO,, which
is undesirable if intracranial compliance is reduced.

Unwanted CNS side-effects include drowsiness and
impaired psychomotor performance. Even when resid-
ual sedative effects are minimal, there may be impaired
cognitive function and motor coordination, which
should be taken into consideration when assessing fit-
ness for discharge in ambulatory surgery.

Muscle Relaxation

Benzodiazepines produce a mild reduction in muscle
tone, which may be advantageous, e.g. during me-
chanical ventilation in the ICU, when reducing ar-
ticular dislocations or during endoscopy. However,
muscle relaxation is partly responsible for the airway
obstruction which may occur during intravenous se-
dation. The muscle relaxation is not related to any ef-
fect at the neuromuscular junction, but results from
suppression of the internuncial neurones of the spinal
cord and depression of polysynaptic transmission in
the brain.

Respiratory Effects

Benzodiazepines produce dose-related central depres-
sion of ventilation. The ventilatory response to carbon
dioxide is impaired and hypoxic ventilatory responses
are markedly depressed. It follows that patients with
hypoventilation syndromes and type 2 respiratory
failure are particularly sensitive to the respiratory de-
pressant effects of benzodiazepines. Ventilatory de-
pression is exacerbated by airway obstruction and is
more common in the elderly. Synergism occurs when
both opioids and benzodiazepines are administered. If
both types of drug are to be given intravenously, the
opioid should be given first and its effect assessed. A
reduction of up to 75% in the dose requirement of the
benzodiazepine should be anticipated. It should be
standard practice to provide supplemental oxygen and
to monitor oxygen saturation continuously by pulse
oximetry during intravenous sedation.

Cardiovascular Effects

Benzodiazepines produce modest haemodynamic ef-
fects, with good preservation of homeostatic reflex
mechanisms and a much wider margin of safety than
intravenous anaesthetic agents. A decrease in systemic
vascular resistance results in a small decrease in arter-
ial pressure. Significant hypotension may occur in the
hypovolaemic patient.

Pharmacokinetics

Benzodiazepines are relatively small lipid-soluble mol-
ecules, which are readily absorbed orally and which pass
rapidly into the CNS. Midazolam undergoes significant
first-pass hepatic metabolism with only around 50% of
an oral dose reaching the systemic circulation. Volume
of distribution is large, as would be expected from such
a highly lipid soluble compound. All benzodiazepines
are extensively protein bound (>96%).

After intravenous bolus administration, termina-
tion of action occurs largely by redistribution and
hepatic metabolism. Compared with drugs such as
propofol, benzodiazepines have a slower effect site
equilibration time. This suggests that time should
be allowed to assess the full clinical effect before ad-
ministering a further intravenous incremental dose.
Elimination takes place by hepatic metabolism fol-
lowed by renal excretion of the metabolites. There are
two main pathways of metabolism involving either mi-
crosomal oxidation or conjugation with glucuronide.
The significance of this is that oxidation is much more
likely to be affected by age, hepatic disease, drug inter-
actions and other factors which alter the concentration
of cytochrome P450. Some of the benzodiazepines,
including diazepam, have active metabolites which
greatly prolong their clinical effects. Renal dysfunction
results in the accumulation of these metabolites, and
this is an important factor in delayed recovery from
prolonged sedation in the ICU. Benzodiazepines do
not induce hepatic enzyme metabolism pathways.

Diazepam

Diazepam was the first benzodiazepine available for
parenteral use. It is insoluble in water and was formu-
lated initially in propylene glycol, which is very irritant
to veins and which is associated with a high incidence
of thrombophlebitis. A lipid emulsion (Diazemuls)
was developed later. Both formulations are presented
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in 2-mL ampoules containing 5mgmL™. Diazepam is
also available orally as tablets or a syrup with a bio-
availability of 100% and as a rectal solution and sup-
positories. The elimination half-life is 20-70h, but
active metabolites are produced, including desmethyl-
diazepam (half-life 36-200h) and nordiazepam (half-
life >100h). Clearance is reduced in the presence of
hepatic dysfunction. Although diazepam can be given
by the intramuscular route, absorption is unpredict-
able, and the injection is very painful.

Dosage

® Premedication: 10-20mg orally 1-1.5h pre-
operatively.

m Sedation: 5-10mg i.v. slowly; incremental bo-
luses of 1-2 mg.

m Status epilepticus: 2mg, repeated every minute
until seizure ends; maximum dose 20 mg.

m [ntensive care: not suitable for infusion; i.v. bolus
dose 5-10mg may be used 4-hourly. However,
the long half-life of the active metabolites makes
diazepam undesirable for sedation in critical care
patients.

Temazepam

This benzodiazepine is only available orally but is used
widely as a premedicant because of its anxiolytic prop-
erties. Oral absorption is complete but it may take up to
2h to reach peak plasma concentrations. Metabolism
takes place in the liver by conjugation with glucur-
onide and there are no significant active metabolites.
Elimination half-life is shorter than diazepam (8-15h)
and onset of action more rapid (45-60 min). Tolerance
and dependence are less likely to occur with chronic
use of temazepam and it has been prescribed widely
as a hypnotic.

Dosage

® Premedication: 10-30 mg orally 60-120 min pre-
operatively.

Lorazepam

This drug is available for parenteral, oral and intra-
muscular administration but is not used routinely as
an intravenous sedative because it is limited by a slow
onset of action. The intramuscular route should be
used only when no other route is available. Intravenous

lorazepam is currently the drug of choice in the man-
agement of status epilepticus, because it has a longer
duration of antiepileptic action than diazepam (see be-
low). It can also be used in the management of severe
acute panic attacks. Metabolism is by glucuronidation,
with an elimination half-life of 12-15h. Amnesia is a
marked feature of this drug.

Dosage

® Premediciation: 1-4 mgorally 1-2 h preoperatively.

® Panic attacks: 25-30pgkg™ iv. or im. (maxi-
mum 4 mg).

m Status epilepticus: 4 mgi.v., repeated after 10 min.

Midazolam

Midazolam is available for intravenous, intramuscu-
lar, oral, rectal and buccal administration. The drug
becomes highly lipid-soluble and penetrates the brain
rapidly with the onset of sedation in less than 90s and
peak effect at 2-5min. Oral bioavailability is 40-50%.
Unlike diazepam, intramuscular absorption is rapid.
Midazolam undergoes hepatic oxidative metabolism
and has an elimination half-life of 2h. The major me-
tabolite, hydroxymidazolam, has a half-life of around
1 h, and although it is biologically active, it is clinically
important only after prolonged infusion in patients
with renal impairment. Midazolam is 1.5-2 times
more potent than diazepam and has much more
favourable pharmacokinetics for use as a short-term
intravenous sedative.

Dosage

® Premedication: 0.5mgkg™ orally (maximum
30mg) or 70-100pugkg™ i.m. 30-60min pre-
operatively.

m Sedation: 25-50pugkg™ i.v., then incremental
boluses of 0.5-1mg to a maximum of 7.5mg.
Reduce dose by at least 50% in the elderly.

m [CU sedation: loading dose of 30-300 pgkg™ i.v.,
then infusion of 30-200 pgkg='h".

Flumazenil

Flumazenil is a very high-affinity competitive an-
tagonist for all other ligands at the benzodiazepine
binding site. It rapidly reverses all the CNS effects
of benzodiazepines and also the other potentially
dangerous adverse physiological effects, including
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respiratory and cardiovascular depression, and air-
way obstruction. It is used to reverse excessive seda-
tion following benzodiazepine administration, either
by iatrogenic overdose, following prolonged periods
of sedation in ICU or by deliberate ingestion to cause
self-harm. Flumazenil has only very slight intrinsic
activity at high doses and is very well tolerated, with
minimal adverse effects. It has no effect on benzo-
diazepine metabolism. Flumazenil is rapidly cleared
from plasma and metabolized by the liver. It has a
very short elimination half-life of less than 1h. Its
duration of action depends on the dose administered
and the identity and dose of the agonist. It ranges
from 20 min to 2 h and the potential exists for reseda-
tion if the agonist has a long half-life, necessitating a
period of close observation. Repeated administration
may be necessary.

Dosage

® The usual clinically effective dose is 300-600 pg
i.v. given as 100-200 pg boluses and repeated at
1-min intervals to a maximum of 1 mg. When
used in ICU, a total dose of up to 2mg may be
necessary. Flumazenil may also be given as an in-
fusion (100-400 pgh™).

Cautions

m Epileptic patients: there is a risk of seizures, espe-
cially if a benzodiazepine has been prescribed as
antiepileptic therapy.

m Benzodiazepine dependence: withdrawal symp-
toms may be precipitated.

® Anxiety reactions: these may occur after rapid re-
versal of heavy sedation.

® Patients with severe head injury: flumazenil may
precipitate a sudden increase in intracranial
pressure.

NEUROLEPTICS

This group of sedative drugs includes the phenothi-
azines and the butyrophenones, which are structurally
similar drugs. These drugs are used primarily as anti-
psychotics in psychiatry. Both classes of drug have a
high therapeutic index and a flat dose-response curve
which result in a good safety profile with a low inci-
dence of respiratory depression even when taken in

overdose. Neurolepsis describes a characteristic drug-
induced change in behaviour. There is an altered state
of awareness, with suppression of spontaneous move-
ment and a placid compliant affect. Loss of conscious-
ness does not occur, and spinal and central reflexes
remain intact. The combination of a neuroleptic drug
with an opioid, usually fentanyl, is termed neuro-
leptanalgesia. This was a popular means of providing
sedation before the advent of intravenous benzodiaz-
epines. There is no amnesia and the patient may sub-
sequently report unpleasant mental agitation despite
a calm demeanour. The opioid obtunds the unpleas-
ant mental experience but may result in respiratory
depression. The addition of nitrous oxide may be used
to produce neuroleptanaesthesia, in which conscious-
ness is lost.

Pharmacology

Neuroleptics interfere with dopaminergic transmission
in the brain by blocking dopamine receptors. At some
synapses, dopamine is the stimulatory transmitter
and GABA the inhibitory transmitter, so in common
with other sedatives, neuroleptics enhance the effects
of GABA. Dopamine blockade results in useful anti-
emetic activity but also carries the inevitable potential
for extrapyramidal side-effects. These include tardive
dyskinesia (involuntary movements of tongue, face and
jaw), Parkinsonian symptoms, akathisia (restlessness)
and dystonia (abnormal face and body movements).

All neuroleptic agents have been reported as a cause
of the neuroleptic malignant syndrome, a rare but po-
tentially fatal reaction. The syndrome is characterized
by hyperthermia, muscle hypertonicity, autonomic in-
stability and fluctuating levels of consciousness. It has
some features in common with malignant hyperther-
mia associated with anaesthesia. Treatment includes
supportive measures, dopamine agonists (e.g. bromo-
criptine) and dantrolene.

Neuroleptic drugs also have actions at cholinergic,
a-adrenergic, histaminergic and serotonergic recep-
tors, and these properties influence their side-effects
and the degree of sedation produced. The anti-
adrenergic effect is responsible for inducing hypo-
tension, which can result in syncope in the elderly.
The elderly are also most at risk of hypo- and hyper-
thermia due to the drugs’ interference with tempera-
ture regulation.
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Haloperidol

Haloperidol is a butyrophenone with a long duration
of action. It has almost no a-adrenoceptor blocking
activity and so has a minimal effect on the cardiovas-
cular system. It is a potent antiemetic but has a high
incidence of extrapyramidal side-effects. Haloperidol
has fewer antimuscarinic side-effects, but also pro-
duces less sedation than that seen with chlorproma-
zine. Haloperidol may be used in the short-term
management of the acutely agitated patient after sin-
ister causes of confusion such as hypoxaemia and sep-
sis have been excluded and is used increasingly in the
management of ICU psychosis. The duration of action
of haloperidol is in the region of 24—48h.

Dosage

m Sedation: 2-10mgi.v. or i.m. (max. 18 mg per 24 h).

® Anxiolysis: 500 ug orally every 12 h.

® Antiemesis: 1.25mg i.v. is effective in the preven-
tion of postoperative nausea and vomiting.

Chlorpromazine

Chlorpromazine is a phenothiazine which is pre-
scribed commonly as an antipsychotic but no longer
used as an adjunct in anaesthesia. It may be used in
the same way as haloperidol in the acutely confused
or agitated patient. It has pronounced sedative proper-
ties and potentiates the actions of anaesthetic drugs.
There is also marked antiemetic activity. A mild anti-
cholinergic action moderates the incidence of extra-
pyramidal effects. a-Adrenoceptor blockade produces
vasodilatation and may result in hypotension which is
exacerbated by direct cardiac depression and depres-
sion of vasomotor reflexes. Central temperature con-
trol mechanisms are affected by chlorpromazine, with
a reduced shivering response.

Dosage

m Sedation for acute agitation: 25-50 mg orally or
i.m. The drug must be diluted and given slowly
if used intravenously (unlicensed for i.v. use) to
avoid thrombophlebitis.

Droperidol

Droperidol is a butyrophenone with potent anti-
dopaminergic activity. It is a powerful antiemetic,
acting at the chemoreceptor trigger zone. Large doses

may produce dystonic reactions. Droperidol has mild
a-adrenoceptor blocking actions, which may cause
vasodilatation after intravenous administration, re-
sulting in hypotension. Droperidol was widely used
for premedication and in neuroleptanaesthesia but its
availability was discontinued in the UK in 2001 due
to cases of prolonged QT syndrome. It has recently
been reintroduced with a licence for the prevention
of postoperative nausea and vomiting. Droperidol has
an onset time of 3—10 min after intravenous injection,
with a duration of action of 6-12h. It undergoes he-
patic metabolism, but approximately 10% of the drug
is excreted unchanged in the urine.

Dosage

® Prophylaxis for PONV: 0.625-1.25mg i.v. 20 min
prior to the end of surgery.

Olanzapine

Olanzapine is a second generation antipsychotic (or
atypical antipsychotic) drug. Although not considered
a classical neuroleptic, it has a similar mechanism of
action, with antidopaminergic, antihistaminergic and
antimuscarinic actions. Olanzapine rarely produces
hypotension and is being used increasingly in the
management of ICU psychoses.

Dosage
m Sedation: 5-10 mg orally (maximum 20 mg daily).

a,-ADRENOCEPTOR AGONISTS

,-Adrenergic receptors are involved in the regulation
of the release of the neurotransmitter noradrenaline
(norepinephrine). These receptors were initially classi-
fied anatomically as presynaptic, but a -adrenoceptors
are also found postsynaptically and extrasynaptically.
The more correct pharmacological classification is
based on the predominantly o -selectivity of the ant-
agonist yohimbine. a -Adrenoceptors are located peri-
pherally and centrally, with the centrally mediated
effects of particular relevance in anaesthesia.

The characteristic central effects of a -adrenoceptor
agonists are sedation, anxiolysis and hypnosis. The
locus coeruleus is a small neuronal nucleus in the
upper brainstem which contains the major noradren-
ergic cell group in the brain. This nucleus is an
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important modulator of wakefulness. Activation of
a,-adrenoceptors results in inhibition of transmitter
release. The locus coeruleus also has connections to
the cortex, thalamus and vasomotor centre.

a,-Adrenoceptor agonists have analgesic properties.
Descending fibres from the locus coeruleus decrease
nociceptive transmission at the spinal level. In addi-
tion, o, -adrenoceptors occur in primary sensory neu-
rones and the dorsal horn of the spinal cord.

Many ligands at o -adrenoceptors are substituted
imidazoles. Non-adrenergic imidazole binding sites
exist in some tissues, including the brain: the imidazo-
line receptors. I, imidazoline receptors are found in the
medulla and are involved in the regulation of arterial
pressure. This may explain the hypotension and bra-
dycardia which may accompany administration of
a,-adrenoceptor agonists. Similarly, the I, imidazoline
receptor may interact with opioid receptors and may
contribute to the analgesic effect of o -adrenoceptor
agonists.

Clonidine

Clonidine is an imidazoline compound and a selective
a,-adrenoceptor agonist with an o :a, ratio of 200:1.
Clonidine has proved effective in the treatment of pa-
tients with severe hypertension but it is recognized
that abrupt discontinuation of therapy can result
in rebound hypertension. Clonidine is lipid-soluble
and is absorbed rapidly and almost completely after
oral administration, with peak plasma concentra-
tions occurring in 60—90 min. It may be administered
transdermally and is also available as a solution for
intravenous, intramuscular, epidural and intrathe-
cal use. The elimination half-life is 9-13h and
this is prolonged in renal failure. Fifty percent of an
administered dose is excreted unchanged by the kid-
neys and 50% is metabolized in the liver to inactive
metabolites.

Systemic Effects

CNS Effects. Clonidine produces sedation and anxiol-
ysis. It also reduces requirements for both intravenous
and volatile anaesthetic agents. There is a ceiling to
the reduction of MAC effect, because of the potential
for activity at o -receptors at high dose. More selec-
tive a -adrenoceptor agonists reduce MAC to a much
greater extent.

Clonidine is a potent analgesic, acting centrally and
on the o, -adrenoceptors of the dorsal horn. It may be
administered intravenously, intrathecally or epidur-
ally to produce an analgesic response. Synergism exists
with opioids, and the actions of local anaesthetics are
also potentiated. Clonidine is used to provide analgesia
in the perioperative period and also in chronic pain
syndromes.

CVS Effects. The cardiovascular effects of clonidine
probably involve both o -adrenoceptors and imidazo-
line receptors. Administration leads to decreases in heart
rate and arterial pressure. Clonidine is known to lower
the ‘set point’ around which arterial pressure is regu-
lated. The o -agonist effects are a reduction in sympa-
thetic tone and an increase in parasympathetic tone.
The resulting decreases in heart rate, myocardial con-
tractility and systemic vascular resistance lead to a re-
duction in myocardial oxygen requirements. This may
be advantageous in attenuating stress-induced haemo-
dynamic responses. However, undesirable cardiovas-
cular depression has been the major limiting factor in
developing the use of clonidine as a sedative.

Respiratory Effects. Clonidine has minor respira-
tory effects, causing only a small reduction in minute
ventilation.

Dosage

® Premedication: 150-300pg orally given 1-2 h
preoperatively.

® Analgesia: used as an adjunct to local anaesthet-
ics in both central and peripheral nerve blocks.

m Critical care: 0-2pgkg'h™" iv. as a sedative,
especially for agitation in drug-dependent
individuals.

Dexmedetomidine

Dexmedetomidine is a selective a,-adrenoceptor ago-
nist (1600:1, o : o) with eight times more affinity for
a,-adrenoceptors than clonidine. It has similar seda-
tive, analgesic and anxiolytic properties to clonidine
but has a more rapid elimination half-life (2h). The
reduction in o -activity also results in a MAC-sparing
effect of up to 90%. Like clonidine, it is metabolized
in the liver with >90% excreted in the urine. The
side-effect profile is also similar to that of clonidine,
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with hypotension and bradycardia the most frequent
problems. Dexmedetomidine has recently been ap-
proved for use in the UK for sedation in the ICU, al-
though it is also being used off-licence for procedural
sedation, e.g. awake craniotomy.

Dosage

® JCU sedation: infusion at an average of
0.7pgkg™'h™" (normal range 0.2-1.4pgkg='h™").

m Procedural sedation: 1pgkg™ over 10 min, then
infusion at an average of 0.6 ugkg™'h™' (normal
range 0.2-1.0 pgkg™'h™").

OTHER DRUGS

Paraldehyde

Paraldehyde is the cyclic trimer of acetaldehyde mol-
ecules and was used widely as a sedative in psychiatry
up to the 1960s. Paraldehyde undergoes hepatic metab-
olism but 10-30% is excreted by the lungs, giving the
patient’s breath a characteristic odour. It is now used
for sedation in paediatrics (e.g. for MRI scanning).
Paraldehyde is contraindicated in gastric disorders.

Dosage

m Sedation: 0.3 mLkg™! rectally (maximum 10mL)
20-30min pre-procedure. It is usually diluted 1:1
with olive oil. Paraldehyde dissolves plastic, so if
given using a plastic syringe, it must be injected
immediately. Alternatively, feeding tubes or glass
syringes can be used for administration.

Chloral Hydrate

Chloral hydrate is a sedative drug used in the treat-
ment of insomnia and may be used for the sedation of
children for brief procedures. Chloral hydrate may be
given by mouth or per rectum although it is corrosive

to mucous membranes unless well diluted with water.
It has an unpleasant taste which can be disguised with
sweet juice. Onset is within 15min and duration can
be as long as 2h. It is metabolized to trichloroetha-
nol, which has a half-life of 8-10h. Chloral hydrate is
contraindicated in gastric disease, and in patients with
cardiac, hepatic or renal impairment.

Dosage

m Sedation: 50-75mgkg™' orally (maximum 2g)
20-30min pre-procedure

Barbiturates

These drugs are derived from barbituric acid and are
now used primarily for induction of anaesthesia and
in the treatment of epilepsy. They have largely been
superseded as sedative agents by benzodiazepines but
some barbiturates are still used for paediatric seda-
tion in specialist centres, e.g. pentobarbital 2 mgkg™
i.v. (short-acting, effective for 1h) or quinalbarbitone
7.5-10mgkg™" orally (to a maximum dose of 200 mg)
(intermediate-acting, effective for around 2h).

Melatonin

Melatonin is a hormone secreted by the pineal gland and
has a role in controlling circadian rhythms. It is used pri-
marily in the treatment of sleep disorders, but has also
been used as a sedative agent in both adults and children
(typical oral dose 3-10mg). The mechanism by which
melatonin causes sedation has not been fully elucidated,
but it may be due to an enhancement of GABA activity.

FURTHER READING

American Society of Anesthesiologists, 2009. Continuum of depth of
sedation: definition of general anesthesia and levels of sedation/
analgesia.

Calvey, N., Williams, N., 2008. Principles and practice of pharmacol-
ogy for anaesthetists, fifth ed. Wiley-Blackwell, Oxford.



any drugs have either primary or secondary

effects on the cardiovascular and autonomic nervous
systems. Several of the drugs discussed in this chap-
ter have more than one clinical indication and the
drugs are considered according to their mechanism
of action. An understanding of drugs acting on the
cardiovascular and autonomic nervous systems re-
quires an understanding of autonomic physiology
and pharmacology.

THE AUTONOMIC NERVOUS
SYSTEM

The term autonomic nervous system (ANS) refers
to the nervous and humoral mechanisms which
modify the function of the autonomous or auto-
matic organs. These include heart rate and force of
contraction, calibre of blood vessels, contraction
and relaxation of smooth muscle in gut, bladder and
bronchi, visual accommodation and pupillary size.
Other functions include regulation of secretion from
exocrine and other glands and aspects of metabo-
lism (e.g. glycogenolysis and lipolysis) (Table 8.1).
There is constant activity of both the sympathetic
and parasympathetic nervous systems even at rest.
This is termed sympathetic or parasympathetic tone
and allows alterations in autonomic activity to pro-
duce rapid two-way regulation of physiological ef-
fect. The ANS is controlled by centres in the spinal
cord, brainstem and hypothalamus, which are in
turn influenced by higher centres in the cerebral and
particularly the limbic cortex. The ANS is also in-
fluenced by visceral reflexes whereby afferent signals
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enter the autonomic ganglia, spinal cord, hypothala-
mus or brainstem and directly elicit appropriate re-
flex responses via the visceral organs. The efferent
autonomic signals are transmitted through the body
to two major subdivisions (separated by anatomi-
cal, physiological and pharmacological criteria),
the sympathetic and the parasympathetic nervous
systems.

The Sympathetic Nervous System

The sympathetic nervous system includes nerves
which originate in the spinal cord between the first
thoracic and second lumbar segments (T1 to L2).
Fibres leave the spinal cord with the anterior nerve
roots and then branch off as white rami communi-
cantes to synapse in the bilateral paravertebral sympa-
thetic ganglionic chains, although some preganglionic
fibres synapse instead in the paravertebral ganglia (e.g.
coeliac, mesenteric and hypogastric) in the abdomen
before travelling to their effector organ with the rel-
evant arteries. Postganglionic fibres travel from para-
vertebral ganglia in sympathetic nerves (to supply the
internal viscera, including the heart) and spinal nerves
(which innervate the peripheral vasculature and sweat
glands). Sympathetic nerves throughout the circula-
tion contain vasoconstrictor fibres, particularly in the
kidneys, spleen, gut and skin; however, sympathetic
vasodilator fibres predominate in skeletal muscle, and
coronary and cerebral vessels. Sympathetic stimula-
tion therefore causes predominantly vasoconstriction
but also a redistribution of blood flow to skeletal mus-
cle; constriction of venous capacitance vessels may
decrease their volume and thereby increase venous
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TABLE 8.1

Effects of the Sympathetic and Parasympathetic Nervous Systems on Peripheral Effector Organs, and
Receptor Subtypes Mediating these Functions (Where Known)

SYMPATHETIC PARASYMPATHETIC
Organ Receptor Subtype  Effect Receptor Subtype  Effect
Heart B,, also B, 1 Heart rate M, | Heart rate
?alsoaand DA, 1 Force of contraction | Force of contraction
1 Conduction velocity Slight | conduction velocity
1 Automaticity (B,)
1 Excitability
o, 1 Force of contraction
Arteries B, Coronary vasodilatation M2 Vasodilatation in skin, skeletal muscle,
B, Vasodilatation (skeletal muscle) pulmonary and coronary circulations
o, o Vasoconstriction (coronary,
pulmonary, renal and splanchnic
circulations, skin and skeletal muscle)
DA, B, Splanchnic and renal vasodilatation
Veins a, also a, Vasoconstriction
B, Vasodilatation
Lung B, Bronchodilation M, M, Bronchoconstriction
Inhibition of secretions Stimulation of secretions
o Bronchoconstriction
Gl tract o, o, B, Decreased motility M,, M, Increased motility
o, o, Contraction of sphincters Relaxation of sphincters
Inhibition of secretions Stimulation of secretions
Pancreas B, Increased insulin release
o, o Decreased insulin release
Kidney 5} Renin secretion
Liver B, Glycogenolysis M Glycogen synthesis
B,, 2a Gluconeogenesis
Bladder B, Detrusor relaxation M Detrusor contraction
o Sphincter contraction Sphincter relaxation
Uterus o, Myometrial contraction
B, Myometrial relaxation
Adipocytes B, Lipolysis
Eye o Mydriasis (radial muscle contraction) M Miosis
Ciliary muscle relaxation for far vision Ciliary muscle contraction for near
vision
Platelets a, Promote platelet aggregation
Sweat glands Y Sweating

*Muscarinic receptors are present on vascular smooth muscle, but they are independent of parasympathetic innervation and have little or no

physiological role in the control of vasomotor tone.
*Sympathetic cholinergic fibres supply sweat glands and arterioles in some sites.
All postganglionic parasympathetic fibres are muscarinic (M), but in many sites the subtype has not been identified.
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return. The effects of sympathetic stimulation at dif-
ferent receptors and effector organs are summarized in
Table 8.1. The distribution of sympathetic nerve fibres
to an organ or region may differ from the sensory or
motor supply, according to its embryonic origin. For
example, sympathetic fibres to the heart arise from T1
to T5 (but predominantly from T1 to T4), the neck is
supplied by fibres from T2, the chest by fibres from
T3 to T6 and the abdomen by fibres from T7 to T11.

Sympathetic Neurotransmitters

The neurotransmitter present in preganglionic
neurones is acetylcholine (ACh). These and other
neurones containing ACh are termed cholinergic.
However, the activity of preganglionic neurones is
modulated by several other neuropeptides including
enkephalin, neurotensin, substance P, somatostatin,
nitric oxide, serotonin and catecholamines. ACh is the
transmitter at all preganglionic synapses, acting via
nicotinic receptors. Postganglionic sympathetic neur-
ones secrete noradrenaline and are termed adrenergic
(except for postganglionic sympathetic nerve fibres
to sweat glands, pilo-erector muscles and some blood
vessels, which are cholinergic).

Activation of preganglionic nicotinic fibres to
the adrenal medulla causes the release of adrenaline
(adrenaline), which is released primarily as a circu-
lating hormone and is only found in insignificant
amounts in the nerve endings. Endogenous cat-
echolamines (adrenaline, noradrenaline (norepi-
nephrine) and dopamine) are synthesized from the
essential amino acid phenylalanine. Their structure
is based on a catechol ring (i.e. a benzene ring with
-OH groups in the 3 and 4 positions), and an ethyl-
amine side chain (Figs 8.1 and 8.2); substitutions
in the side chain produce the different compounds.
Dopamine may act as a precursor for both adrena-
line and noradrenaline when administered exog-
enously (see below).

HO NH,
HO
<—Catechol—> Amine
nucleus side chain
FIGURE 8.1 Standard molecular  structure  of

catecholamines.
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l hydroxylase
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HO CHCH,NH,
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HO

Q

phenylethanolamine
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Q

FIGURE 8.2 ™ Synthesis of endogenous catecholamines.

The action of noradrenaline released from sympa-
thetic nerve endings is terminated in one of three ways:

m re-uptake into the nerve terminal
= diffusion into the circulation
® enzymatic destruction.

Most noradrenaline released from sympathetic
nerves is taken back into the presynaptic nerve ending
for storage and subsequent reuse. Re-uptake is by ac-
tive transport back into the nerve terminal cytoplasm
and then into cytoplasmic vesicles. This mechanism of
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FIGURE 8.3

presynaptic re-uptake, termed uptake,, is dependent on
adenosine triphosphate (ATP) and Mg?*, is enhanced
by Li* and may be blocked by cocaine and tricyclic anti-
depressants. Endogenous catecholamines entering
the circulation by diffusion from sympathetic nerve
endings or by release from the adrenal gland are me-
tabolized rapidly by the enzymes monamine oxidase
(MAO) and catechol O-methyltransferase (COMT) in
the liver, kidneys, gut and many other tissues. The me-
tabolites are conjugated before being excreted in urine
as 3-methoxy-4-hydroxymandelic acid, metanephrine
(from adrenaline) and normetanephrine (from nor-
adrenaline) (Fig. 8.3). Noradrenaline taken up into the
nerve terminal may also be deaminated by cytoplasmic
MAO.

Another mechanism for the postsynaptic cellular
re-uptake of catecholamines, termed uptake,, is pres-
ent predominantly at the membrane of smooth mus-
cle cells. It may be responsible for the termination of
action of catecholamines released from the adrenal
medulla.

Adprenergic Receptor Pharmacology

The actions of catecholamines are mediated by specific
postsynaptic cell surface receptors. The original clas-
sification of these receptors into a- and P-adrenergic
receptors was based upon the effects of adrenaline at
peripheral sympathetic sites, a-receptors being respon-
sible for vasoconstriction and P-receptors mediating
effects on the heart, and bronchial and intestinal

Catecholamine metabolites. MAO=monoamine oxidase; COMT=catechol O-methyltransferase.

smooth muscle. However, several subtypes of a- and
B-receptors exist in addition to receptors specific
for dopamine (DA, and DA, subtypes). Two a- and
B-receptor subtypes are well defined on functional,
anatomical and pharmacological grounds (o, and a,,
B, and B,). A third B-receptor subtype, B,, is found in
adipocytes, skeletal and ventricular muscle, and the
vasculature. At least three further subtypes of both
a,- and o -receptors and five subtypes of DA-receptor
have also been identified, although their precise func-
tions are unclear. Differentiation of receptor subtypes
is now based more directly on the effects of various
catecholamine agonist compounds (including endo-
genous catecholamines). Noradrenaline and adrenaline
are agonists at both « - and o -receptors; noradrena-
line is slightly more potent at « -receptors, and more
potent at o -receptors. Adrenaline has a more potent
action at f-receptors, and also acts at ,-receptors,
whereas noradrenaline has no f3,-effects.

Until recently, it was thought that B -receptors
predominated in the heart, mediating increases in
force and rate of contraction, and f,-receptors existed
in bronchial, uterine and vascular smooth muscle,
mediating relaxation. In fact, most organs and tissues
contain both B - and f,-receptors, which may even
serve the same function. For example, up to 25% of
cardiac B-receptors in the normal individual are of
the B, subtype, and this proportion may be increased
in patients with heart failure. It is now apparent that
f3,-receptors in tissues are situated on the postsynaptic
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membrane of adrenergic neurones and respond to
released noradrenaline. f3,-Receptors are presynaptic
and, when stimulated (principally by circulating cate-
cholamines), they modulate autonomic activity by pro-
moting neuronal noradrenaline release. p,-Receptors
mediate thermogenesis and lipolysis in adipocytes but
antagonize the effects of B - and B,-receptors on the
heart, and also mediate vasodilatation. Similarly, o -
receptors are present on the postsynaptic membrane,
whereas o -receptors are predominantly presynaptic,
responding to circulating adrenaline but also medi-
ating feedback inhibition of sympathetic nerve activ-
ity. Central o, stimulation causes decreases in arterial
pressure, peripheral resistance, venous return, myo-
cardial contractility, cardiac output and heart rate by
inhibition of sympathetic outflow. Postsynaptic o -
receptors present on platelets and in the CNS mediate
platelet aggregation and membrane hyperpolarization,
respectively.

Postsynaptic dopamine receptors (DA ) are present
in vascular smooth muscle of the renal, splanchnic,
coronary and cerebral circulations, where they mediate
vasodilatation. They are also situated on renal tubules,
where they inhibit sodium reabsorption, causing na-
triuresis and diuresis. Postsynaptic DA -receptors are
widespread in the CNS and occur on the presynaptic
membrane of sympathetic nerves and in the adrenal
gland. Stimulation of presynaptic DA -receptors in-
hibits dopamine release by negative feedback.

Postganglionic sympathetic fibres supplying sweat
glands and arterioles in some areas of skin and skeletal
muscle are cholinergic. Vascular smooth muscle also
contains non-innervated cholinergic receptors which
mediate vasodilatation in response to circulating ago-
nists. Cholinergic effects on vascular smooth muscle
are usually minimal but may be involved in the mecha-
nism of vasovagal attacks.

These subdivisions and the functions of the auto-
nomic nervous system are summarized in Table 8.1.

Structure of Adrenergic Receptors

Both a- and p-adrenergic receptors are proteins with
a similar basic structure, comprising seven hydro-
phobic transmembrane domains and an intracellular
chain. Differences in amino acid sequences of the intra-
cellular chain differentiate a- and f-receptors. Both
are linked to guanine nucleotide binding proteins

(G-proteins) in the cell membrane which mediate the
generation of second messengers that activate intra-
cellular events. These second messenger systems include
enzymes (adenylate cyclase, phospholipases) and ion
channels (for calcium and potassium).

Second and Third Messenger Systems

In addition to functional differences, - and B-receptors
differ in the intracellular mechanisms by which they
act. Stimulation of B- and f,-receptors activates
G,-proteins, which activate adenylate cyclase and cause
the generation of intracellular cyclic adenosine mono-
phosphate (cAMP). cAMP activates intracellular
enzyme pathways (the third messengers) to produce
the associated alteration in cell function (e.g. increased
force of cardiac muscle contraction, liver glycogeno-
lysis, bronchial smooth muscle relaxation). In cardiac
myocytes, the intracellular pathway involves the activa-
tion of protein kinases to phosphorylate intracellular
proteins and increase intracellular Ca** concentrations.
Intracellular cAMP concentration is modulated by the
enzyme phosphodiesterase, which breaks down cAMP
to inactive 5 AMP. This is the site of action of phos-
phodiesterase inhibitor drugs. The balance between
production and degradation of cAMP is an important
regulatory system for cell function. o -Receptors in-
teract with G -proteins to inhibit adenylate cyclase and
Ca** channels, but activate K* channels, phospholipase
C and phospholipase A,. Cholinergic M -receptors and
somatostatin affect G.-proteins in the same way.

In contrast, o -receptor stimulation does not directly
affect intracellular cAMP levels, but causes coupling
with another G-protein, G, to activate membrane-
bound phospholipase C. This in turn hydrolyses
phosphatidylinositol biphosphate (PIP,) to inositol
triphosphate (IP,), which produces changes in intra-
cellular Ca?* concentration and binding. These lead,
for example, to smooth muscle contraction.

The Parasympathetic Nervous System

The parasympathetic nervous system controls vegeta-
tive functions, e.g. the digestion and absorption of nutri-
ents, excretion of waste products and the conservation
and restoration of energy. Parasympathetic neurones
arise from cell bodies of the motor nuclei of cranial
nerves III, VIL, IX and X in the brainstem, and from the
sacral segments of the spinal cord (‘the craniosacral
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outflow’). Preganglionic fibres run almost to the organ
innervated and synapse in ganglia within the organ,
giving rise to postganglionic fibres which then sup-
ply the relevant tissues. The ganglion cells may be well
organized (e.g. the myenteric plexus of the intestine)
or diffuse (e.g. in the bladder or vasculature). As the
majority of all parasympathetic nerves are contained
in branches of the vagus nerve, which innervates the
viscera of the thorax and abdomen, increased para-
sympathetic activity is characterized by signs of vagal
overactivity. Parasympathetic fibres also pass to the eye
via the oculomotor (third cranial) nerve, and to the
lacrimal, nasal and salivary glands via the facial (fifth)
and glossopharyngeal (ninth) nerves. Fibres originat-
ing in the sacral portion of the spinal cord pass to the
distal GI tract, bladder and reproductive organs. The
effects of parasympathetic stimulation at different re-
ceptors and effector organs are summarized in Table 8.1

Parasympathetic Neurotransmitters

The chemical neurotransmitter at both pre- and
postganglionic synapses is ACh, although transmis-
sion at postganglionic synapses may be modulated
by other substances, including GABA, serotonin and
opioid peptides. ACh is synthesized in the cytoplasm
of cholinergic nerve terminals by the combination
of choline and acetate (in the form of acetyl-CoA,
which is synthesized in the mitochondria as a prod-
uct of normal cellular metabolism). ACh is stored
in specific agranular vesicles and released from the

presynaptic terminal in response to neuronal depolar-
ization to act at specific receptor sites on the postsynap-
tic membrane. It is rapidly metabolized by the enzyme
acetylcholinesterase (AChE) to produce acetate and
choline. Choline is then taken up into the presynap-
tic nerve ending for the regeneration of ACh. AChE is
synthesized locally at cholinergic synapses, but is also
present in erythrocytes and parts of the CNS. Butyryl
cholinesterase (also termed plasma cholinesterase or
pseudocholinesterase) is synthesized in the liver and
is found in the plasma, skin, GI tract and parts of the
CNS, but not at cholinergic synapses or the neuromus-
cular junction. It may metabolize ACh, in addition to
some neuromuscular blockers (e.g. succinylcholine
and mivacurium), but its physiological role probably
involves the breakdown of other choline esters which
may be present in the intestine.

Parasympathetic Receptor Pharmacology

Parasympathetic receptors have been classified ac-
cording to the actions of the alkaloids muscarine and
nicotine. The actions of ACh at the postganglionic
membrane are mimicked by muscarine and are termed
muscarinic, whereas preganglionic transmission is
termed nicotinic. ACh is also the neurotransmitter at
the neuromuscular junction, via nicotinic receptor
sites. Five subtypes of muscarinic receptors (M —M,)
have been characterized; all five subtypes exist in the
CNS, but there are differences in their peripheral dis-
tribution and function (Table 8.2). M -receptors are

TABLE 8.2

Properties of Muscarinic (M,-M,) Receptors

M1 MZ M3 M4 M5

Second messenger 1P, cAMP IP, cAMP 1P,

Location CNS, parasympathetic Heart, CNS, CNS, salivary glands, CNS, CNS, ?vascular
ganglia, stomach, Gl smooth stomach, pancreas, Gl Heart epithelium
vascular smooth muscle, muscle bronchial and vascular
inflammatory cells smooth muscle

Important clinical Gastric acid production, Bradycardia, Gl secretion & motility, ? ?

effects bronchial secretions and Gl motility bronchoconstriction
inflammation and mucus secretion

Clinically selective Pirenzepine None None None None

agent

IP, stimulates inositol triphosphate production.
cAMP inhibits adenylate cyclase to decrease cAMP formation.
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found in the stomach, where they mediate acid secre-
tion, and in inflammatory cells in the lung (including
mast cells and eosinophils) where they may have a role
in airway inflammation. M,-receptors predominate in
the myocardium, where they modulate heart rate and
impulse conduction. Prejunctional M,-receptors are
also involved in the regulation of synaptic noradrena-
line and postganglionic ACh release. M,-receptors
are present in classic postsynaptic sites in glandular
tissue (of the GI and respiratory tract) and bronchial
smooth muscle, where they mediate most of the post-
junctional effects of ACh. M, -receptors have been
isolated in cardiac and lung tissue in animal models
and may have inhibitory effects, but the distribution
and functions of M.-receptors are not yet defined. In
common with adrenergic receptors, muscarinic re-
ceptors are coupled to membrane-bound G-proteins
although the subtypes differ in the second messenger
system with which they interact. Currently available
anticholinergics probably act at all muscarinic recep-
tor subtypes but their clinical spectra differ, which sug-
gests that they may have differential effects at different
subtypes.

DRUGS ACTING ON THE
SYMPATHETIC NERVOUS SYSTEM

Sympathomimetic Drugs

Sympathomimetic drugs partially or completely
mimic the effects of sympathetic nerve stimulation or
adrenal medullary discharge. They may act:

m directly on the adrenergic receptor, e.g. the cat-
echolamines, phenylephrine, methoxamine

m indirectly causing release of noradrenaline from
the adrenergic nerve ending, e.g. amphetamine
® by both mechanisms, e.g. dopamine, ephedrine,

metaraminol.

The drugs may be classified according to their struc-
ture (catecholamine/non-catecholamine), their origin
(endogenous/synthetic) and their mechanism of ac-
tion (via adrenergic receptors or via a non-adrenergic
mechanism) (Table 8.3). Drugs which affect myocardial
contractility are termed inotropes, although this term
is usually applied to those drugs that increase cardiac
contractility (strictly ‘positive inotropes’). Myocardial
contractility may be increased by:

® increasing intracellular cAMP by activation
of the adenylate cyclase system (e.g. catechol-
amines and other drugs acting via the adrenergic
receptor)

® decreasing breakdown of cAMP (e.g. phospho-
diesterase inhibitors)

® increasing intracellular calcium availability (e.g.
digoxin, calcium salts, glucagon)

® increasing the response of contractile proteins to
calcium (e.g. levosimendan) (Fig. 8.4).

Inotropes may also be classified into positive inotro-
pic drugs which also produce systemic vasoconstric-
tion (‘inoconstrictors’) and those which also produce
systemic vasodilatation (‘inodilators’). Inoconstrictors
include noradrenaline, adrenaline and ephedrine.
Inodilators are dobutamine, dopexamine, isoprena-
line and phosphodiesterase inhibitors. Dopamine is an
inodilator at low dose, and an inoconstrictor at higher
doses.

Classification of Sympathomimetic Drugs

CATECHOLAMINES

NON-CATECHOLAMINES

Endogenous Synthetic Acting Via Adrenergic Receptors Acting Via Non-Adrenergic Mechanisms
Adrenaline Isoprenaline Ephedrine Phosphodiesterase inhibitors
Noradrenaline Dobutamine Phenylephrine Digoxin

Dopamine Dopexamine Methoxamine Glucagon

Metaraminol

Calcium salts

Calcium sensitizers
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Catecholamines

Catecholamine drugs may be endogenous (adrenaline,
noradrenaline and dopamine) or synthetic (dobuta-
mine, dopexamine and isoprenaline). Several other
drugs with a non-catecholamine structure produce
sympathomimetic effects via adrenergic receptors, e.g.
ephedrine and phenylephrine. All catecholamine drugs
are inactivated in the gut by MAO and are usually only
administered parenterally. They all have very short
half-lives in vivo, and so when given by intravenous
infusion, their effects may be controlled by altering the
infusion rate. The comparative effects of different ino-
tropes and vasopressors are outlined below.

Endogenous Catecholamines

Adrenaline. Adrenaline comprises 80-90% of adre-
nal medullary catecholamine content and is also an
important CNS neurotransmitter. It is a powerful
agonist at both a- and P-adrenergic receptors, being

Protein

) Calcium sensitizers
kinase

Cardiac myofilaments

Intracellular action of positive inotropic drugs. PDE; phosphodiesterase.

slightly less potent than noradrenaline at « -receptors
but more potent at p-receptors. It is the treatment of
choice in acute allergic (anaphylactic) reactions and is
used in the management of cardiac arrest and shock,
and occasionally as a bronchodilator. Except in emer-
gency situations, i.v. injection is avoided because of the
risk of inducing cardiac arrhythmias. Subcutaneous
administration produces local vasoconstriction and so
smoothes out its own effect by slowing absorption.
The effects of adrenaline on arterial pressure and
cardiac output are dose-dependent. Although both a-
and B-receptors are stimulated, B,-vasodilator effects
are most sensitive. f -Mediated effects cause marked
increases in heart rate and contractility, cardiac out-
put and systolic pressure. In low dosage, vasodilatation
in skeletal muscle and splanchnic arterioles (,) may
predominate over a-mediated vasoconstriction in skin
and renal vasculature; systemic vascular resistance and
diastolic pressure may decrease, pulse pressure widens,
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but mean arterial pressure remains stable. At higher
doses, a-mediated vasoconstriction becomes more
prominent in venous capacitance vessels (increasing
venous return) and the precapillary resistance vessels
of skin, mucosa and kidney (increasing peripheral
resistance). Systolic pressure increases further, but car-
diac output may decrease. Adrenaline causes marked
decreases in renal blood flow, but coronary blood flow
is increased. In contrast to other sympathomimetics,
adrenaline has significant metabolic effects. Hepatic
glycogenolysis and lipolysis in adipose tissue increase
(B, and B, effects), and insulin secretion is inhibited (a,
effect) so that hyperglycaemia occurs.

Adrenaline 0.5-1mg im. (0.5-1.0mL of 1:1000
solution) or 100 pg increments i.v. to a dose of 1 mg
(1-10mL of a 1:10000 solution) is used to treat acute
anaphylactic reactions. Adrenaline is important in
the management of cardiac arrest (in doses of 1mg
i.v., repeated every 3—5min), mostly because of its o
effects; widespread systemic vasoconstriction occurs,
increasing aortic diastolic pressure, and coronary and
cerebral perfusion. Pure a-agonists are less effective
than adrenaline in the management of cardiac ar-
rest, and the B, effects of adrenaline may contribute to
improved cerebral perfusion. In emergency situations,
it may also be administered via the tracheal route, in
doses of 2-3 mg diluted to a volume of 10 mL. It is ef-
fective by aerosol inhalation in bronchial asthma but
has been superseded by selective 3,-agonists (see be-
low). Unlike indirect-acting sympathomimetics which
cause release of noradrenaline, tachyphylaxis should
not occur with adrenaline. Adrenaline is also used as
a topical vasoconstrictor to aid haemostasis and is in-
corporated into local anaesthetic solutions to decrease
systemic absorption and prolong the duration of local
anaesthesia.

Noradrenaline. Noradrenaline acts as a potent arterio-
lar and venous vasoconstrictor, acting predominantly
at a-receptors, with a slightly greater potency there
than adrenaline. It is also an agonist at f-receptors,
but B, effects are not apparent in clinical use. Infusions
of noradrenaline increase venous return, systolic and
diastolic systemic and pulmonary arterial pressures,
and central venous pressure. Cardiac output increases
but heart rate decreases because of baroreflex activity.
At higher doses, the a-mediated effects of widespread

intense vasoconstriction overcome f, effects on car-
diac contractility, leading to a decrease in cardiac out-
put at the cost of increased myocardial oxygen demand
in conjunction with reductions in renal blood flow and
glomerular filtration rate. Its principal use is in the
management of septic shock when systemic vascular
resistance is low.

Dopamine. Dopamine is the natural precursor of
adrenaline and noradrenaline. It stimulates both
a- and P-adrenergic receptors in addition to specific
dopamine DA -receptors in renal and mesenteric ar-
teries. Dopamine has a direct positive inotropic action
on the myocardium via -receptors and also by release
of noradrenaline from adrenergic nerve terminals. The
overall effects of dopamine are highly dose-dependent.
In low dosage (<3 pgkg™” min™), renal and mesenteric
vascular resistances are reduced by an action on DA -
receptors, resulting in increased splanchnic and renal
blood flows, glomerular filtration rate and sodium
excretion. At doses of 5-10 pgkg' min™, the increas-
ing direct f-mediated inotropic action predominates,
increasing cardiac output and systolic pressure with
little effect on diastolic pressure; peripheral resis-
tance is usually unchanged. At doses >15 pgkg™ min,
a-receptor activity predominates, with direct vaso-
constriction and increased cardiac stimulation (similar to
noradrenaline). Renal and splanchnic blood flows de-
crease, and arrhythmias may occur. Dopamine recep-
tors are widely present in the CNS, particularly in the
basal ganglia, pituitary (where they mediate prolactin
secretion) and the chemoreceptor trigger zone on the
floor of the fourth ventricle (where they mediate nausea
and vomiting). Recently, dopamine infusions have been
associated with decreased prolactin secretion, and the
use of ‘prophylactic’ dopamine infusions in an attempt
to preserve renal function in perioperative or critically
ill patients has declined.

Synthetic Catecholamines

Isoprenaline. Isoprenaline is a potent f,- and
f3,-agonist, with virtually no activity at a-receptors. It
acts via cardiac B -receptors, and at ,-receptors in the
smooth muscle of bronchi, the vasculature of skeletal
muscle and the gut. After intravenous infusion, heart
rate increases and peripheral resistance is reduced.
Cardiac output may increase because of increased



DRUGS ACTING ON THE SYMPATHETIC NERVOUS SYSTEM 125

heart rate and contractility but effects on arterial pres-
sure are variable. Isoprenaline also reduces coronary
perfusion pressure, increases myocardial oxygen con-
sumption and causes arrhythmias. Other ,-mediated
effects include relaxation of bronchial smooth muscle
and stabilization of mast cells. It has been superseded
for use in the treatment of severe asthma by newer
specific B-agonists with fewer cardiac effects. Its cur-
rent indication is as an infusion in the treatment of
bradyarrhythmias or atrioventricular heart block as-
sociated with low cardiac output (e.g. following acute
myocardial infarction) because it increases heart rate
and conduction by a direct action on the subsidiary
pacemaker. This indication is usually an interim mea-
sure before insertion of a temporary pacing wire.

Dobutamine. Dobutamine is primarily a B -agonist,
with moderate B,- and mild o -agonist activity, and
no action at DA-receptors. Its primary effect is an in-
crease in cardiac output via increased contractility (B,
effect) augmented by a reduction in afterload. Heart
rate also increases (B, effect). Systolic arterial pressure
may increase but peripheral resistance is reduced or
unchanged. There is no direct effect on venous tone
or renal blood flow but preload may decrease and
urine output and sodium excretion increase as a con-
sequence of the increased cardiac output. Dobutamine
increases SA node automaticity and conduction veloc-
ity in the atria, ventricles and AV node, but to a lesser
extent than isoprenaline. Dobutamine infusion pro-
duces a progressive increase in cardiac output which
is greater than with comparable doses of dopamine,
although arterial pressure may remain unchanged. At
higher doses, tachycardia and arrhythmias may occur,
but dobutamine has less effect on myocardial oxygen
consumption compared with other catecholamines.
Dobutamine is widely used to optimize cardiac output
in septic shock, often in combination with noradren-
aline. It is also used alone or in combination with
vasodilator drugs in heart failure when peripheral
resistance is high, and to increase heart rate and car-
diac output in myocardial stress testing.

Dopexamine. Dopexamine is a synthetic dopamine
analogue which is an agonist at f3,- and DA -receptors.
It is also a weak DA -agonist and it inhibits the neuro-
nal re-uptake of noradrenaline (uptake,), but has no

direct effects at B, - or a-receptors. Its principal effect is
f3,-agonism, producing vasodilatation in skeletal mus-
cle; it is less potent at DA -receptors, but a more potent
f3,-agonist than dopamine. It produces mild increases
in heart rate, contractility and cardiac output (effects
on P -receptors and noradrenaline uptake), renal and
mesenteric vasodilatation (B, and DA effects), and
natriuresis (DA, effect). Coronary and cerebral blood
flows are also increased. Systemic vascular resistance
decreases and arterial pressure may decrease if intra-
vascular volume is not maintained. Dopexamine has
theoretical advantages in maintaining cardiac output
and splanchnic blood flow in patients with systemic
sepsis or heart failure. It is also used for this purpose
in patients undergoing major abdominal surgery.
Dopexamine also has anti-inflammatory effects (in
common with other B-agonists) which are indepen-
dent of its effects on gut mucosal perfusion. It is me-
tabolized by hepatic methylation and conjugation and
is eliminated mostly via the kidneys.

Fenoldopam is a dopamine (DA, ) agonist available
in the USA which causes peripheral vasodilatation
and increases renal blood flow and sodium and water
excretion. It has been used in the treatment of hyper-
tensive emergencies. Unlike some other vasodilators
(e.g. sodium nitroprusside) it does not cause rebound
hypertension after stopping the infusion.

Non-Catecholamine Sympathomimetics

Synthetic sympathomimetic drugs may mimic the
effect of adrenaline at adrenergic receptors (direct-
acting) or may produce effects by causing release of
endogenous noradrenaline from postganglionic sym-
pathetic nerve terminals (indirect-acting). Some drugs
have direct and indirect sympathomimetic effects (e.g.
ephedrine, metaraminol). Direct-acting compounds
may affect a- or P-receptors selectively, whereas
indirect-acting compounds have predominantly o-
and {3 -agonist effects (as noradrenaline is only a weak
f,-agonist). Indirect-acting compounds are taken
up into the nerve terminal via the noradrenaline re-
uptake pathway, and so their effect is reduced by drugs
which block noradrenaline re-uptake (e.g. tricyclic
antidepressants). Conversely, the effect of direct-acting
drugs is enhanced. In patients treated with drugs
which decrease sympathetic nervous system activity
(e.g. clonidine, reserpine), the cardiovascular response
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to indirect-acting drugs is diminished; however, up-
regulation of adrenergic receptors occurs and an in-
creased response to direct-acting sympathomimetics
is seen. Drugs with selective a-adrenergic receptor
effects (e.g. phenylephrine, methoxamine) are potent
vasoconstrictors.

Ephedrine. Ephedrine is a naturally occurring sym-
pathomimetic amine which is now produced syn-
thetically. It acts directly and indirectly as an agonist at
a-, B,- and B,-receptors. The indirect actions are in-
creased endogenous noradrenaline release and inhibi-
tion of MAO. Its cardiovascular effects are similar to
those of adrenaline, but the duration of action is up to
10 times longer. It causes increases in heart rate, contrac-
tility, cardiac output and arterial pressure (systolic>
diastolic). It may predispose to arrhythmias. Systemic
vascular resistance is usually unchanged because
a-mediated vasoconstriction in some vascular beds is
balanced by p-mediated vasodilatation in others, but
renal and splanchnic blood flows decrease. It relaxes
bronchial and other smooth muscle, and is occasion-
ally used as a bronchodilator. It is active orally because
it is not metabolized by MAO in the gut, and is use-
ful by intramuscular injection because muscle blood
flow is preserved. Ephedrine undergoes hepatic de-
amination and conjugation but significant amounts are
excreted unchanged in urine. This accounts for its long
duration of action and elimination half-life (3-6h).
Tachyphylaxis (a decreased response to repeated doses
of the drug) occurs because of persistent occupation
of adrenergic receptors and depletion of noradrenaline
stores.

Ephedrine is often used to prevent or treat hypo-
tension resulting from sympathetic blockade during
regional anaesthesia or from the effects of general an-
aesthesia. Although widely used to prevent hypoten-
sion during regional anaesthesia in obstetric patients,
it has largely been superseded for this indication by an
infusion of phenylephrine, which has better effects on
maternal and fetal haemodynamics. Oral or topical
ephedrine is also useful as a nasal decongestant.

Phenylephrine. Phenylephrine is a potent synthetic
direct-acting o -agonist, which has minimal agonist
effectsat o -and B-receptors. It has effects similar to those
of noradrenaline, causing widespread vasoconstriction,

increased arterial pressure, bradycardia (as a result of
baroreflex activation) and a decrease in cardiac output.
Venoconstriction predominates and diastolic pressure
increases more than systolic pressure, so that coro-
nary blood flow may increase. It is used as intermittent
boluses (50-100pg by slow injection) or an infusion
(50-150 pgmin~') to maintain arterial pressure during
general or regional anaesthesia, and also topically as a
nasal decongestant and mydriatic. Absorption of phen-
ylephrine from mucous membranes may occasionally
produce systemic side-effects.

Methoxamine. Methoxamine is a direct-acting
a,-agonist which also has a weak p-antagonist action. It
produces vasoconstriction, increased diastolic arterial
pressure and decreases in cardiac output and heart rate
from baroreflex activation and the mild p-blocking
effect. It is no longer available in the UK.

Metaraminol. Metaraminol is a direct- and indirect-
acting o- and P-agonist, which acts partly by being
taken up into sympathetic nerve terminals and acting
as a false transmitter for noradrenaline. Its o effects
predominate, causing pronounced vasoconstriction;
arterial pressure increases and a reflex bradycardia
may occur.

Vasopressin. Arginine vasopressin (AVP) (formerly
termed antidiuretic hormone) is a peptide hormone
secreted by the hypothalamus. Its primary role is the
regulation of body fluid balance. It is secreted in re-
sponse to hypotension and promotes retention of wa-
ter by action on specific cAMP-coupled V -receptors.
It causes vasoconstriction by stimulating V -receptors
in vascular smooth muscle and is particularly potent
in hypotensive patients. It is increasingly used in the
treatment of refractory vasodilatory shock which is
resistant to catecholamines, although it can cause pe-
ripheral or splanchnic ischaemia. The vasopressin ana-
logue desmopressin is used to treat diabetes insipidus.
Another analogue, terlipressin, is used to limit bleed-
ing from oesophageal varices in patients with portal
hypertension as an adjunct to definitive treatment.

Phosphodiesterase Inhibitors. Phosphodiesterase in-
hibitors increase intracellular cAMP concentrations
by inhibition of the enzyme responsible for cAMP
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breakdown (Fig. 8.4). Increased intracellular cAMP
concentrations promote the activation of protein
kinases, which lead to an increase in intracellular Ca**.
In cardiac muscle cells, this causes a positive inotro-
pic effect and also facilitates diastolic relaxation and
cardiac filling (termed ‘positive lusitropy’). In vascular
smooth muscle, increased cAMP decreases intracel-
lular Ca** and causes marked vasodilatation. Several
subtypes of phosphodiesterase (PDE) isoenzyme exist
in different tissues. Theophylline is a non-specific
PDE inhibitor, but the newer drugs (e.g. enoximone
and milrinone) are selective for the PDE type III iso-
enzyme present in the myocardium, vascular smooth
muscle and platelets. PDE III inhibitors are positive
inotropes and potent arterial, coronary and veno-
dilators. They decrease preload, afterload, pulmonary
vascular resistance and pulmonary capillary wedge
pressure (PCWP), and increase cardiac index. Heart
rate may increase or remain unchanged. In contrast
to sympathomimetics, they improve myocardial
function without increasing oxygen demand or caus-
ing tachyphylaxis. Their effects are augmented by
the co-administration of [ -agonists (i.e. increases
in cAMP production are synergistic with decreased
cAMP breakdown). They have particular advan-
tages in patients with chronic heart failure, in whom
downregulation of myocardial p-adrenergic receptors
occurs, so that there is a decreased inotropic response
to B-sympathomimetic drugs. A similar phenomenon
occurs with advanced age, prolonged (>72h) catechol-
amine therapy and possibly with surgical stress.

PDE III inhibitors are indicated for acute refrac-
tory heart failure, e.g. cardiogenic shock, or pre- or
postcardiac surgery. However, long-term oral treat-
ment is associated with increased mortality in patients
with congestive heart failure. All may cause hypoten-
sion, and tachyarrhythmias may occur. Other adverse
effects include nausea, vomiting and fever. Their half-
life is prolonged markedly in patients with heart or
renal failure and they are commonly administered
as an i.v. loading dose over 5min with or without a
subsequent i.v. infusion. Milrinone is a bipyridine
derivative whereas enoximone is an imidazole de-
rivative. Enoximone undergoes substantial first-pass
metabolism, and is rapidly metabolized to an ac-
tive sulphoxide metabolite which is excreted via the
kidneys and which may accumulate in renal failure.

The elimination #, of enoximone is 1-2h in healthy
individuals but up to 20 h in patients with heart failure.

Glucagon. Glucagon is a polypeptide secreted by the
a cells of the pancreatic islets. Its physiological ac-
tions include stimulation of hepatic gluconeogenesis
in response to hypoglycaemia, amino acids and as
part of the stress response. These effects are mediated
by increasing adenylate cyclase activity and intracel-
lular cAMP, by a mechanism independent of the -
adrenergic receptor (Fig. 8.4). It increases cAMP in
myocardial cells and so increases cardiac contractility.
Glucagon causes nausea and vomiting, hyperglycae-
mia and hyperkalaemia and is not used as an inotrope
except in the management of B-blocker poisoning.

Calcium. Calcium ions are involved in cellular exci-
tation, excitation-contraction coupling and muscle
contraction in cardiac, skeletal and smooth muscle
cells. Increased extracellular Ca** increases intracellu-
lar Ca** concentrations and consequently the force of
contraction of cardiac myocytes and vascular smooth
muscle cells. Massive blood loss and replacement
with large volumes of calcium-free fluids or citrated
blood (which chelates Ca®") may cause a decrease in
serum Ca’" concentration, especially in the critically
ill. Therefore, Ca** salts (e.g. calcium chloride or glu-
conate) may be administered, particularly during and
after cardiopulmonary bypass. Intravenous calcium
5mgkg™ may increase mean arterial pressure, but the
effects on cardiac output and systemic vascular resis-
tance are variable and there is little good evidence for
the efficacy of Ca’* salts. Moreover, high Ca** concen-
trations may cause cardiac arrhythmias and vasocon-
striction, may be cytotoxic and may worsen the cellular
effects of ischaemia. Calcium salts may be indicated
for the treatment of hypocalcaemia (ionized Ca**
<0.8 mmol L), hyperkalaemia and calcium channel
blocker toxicity.

Calcium Sensitizers. Levosimendan and pimobendan
are positive inotropic drugs which act by stabilizing the
troponin molecule in cardiac myocytes (by a cAMP-
independent mechanism) and so increase myocyte Ca**
sensitivity without increasing Ca** influx. Contractility
is increased without an increase in oxygen consump-
tion or a tendency to arrhythmias. Levosimendan also
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causes vasodilatation by opening K* channels via an
ATP-dependent mechanism and may be used as a sec-
ond line agent in acute heart failure. It is available in
Europe and South America. Pimobendan also inhibits
phosphodiesterase-III and has been investigated for
use in chronic heart failure. It is available in Japan.

Selective B,-Agonists

Selective B, -receptor agonists (e.g. salbutamol, ter-
butaline, formoterol and salmeterol) relax bronchial,
uterine and vascular smooth muscle while having
much less effect on the heart than isoprenaline. These
drugs are partial agonists (their maximal effect at f3,-
receptors is less than that of isoprenaline) and are
only partially selective for B,-receptors. They are used
widely in the treatment of bronchospasm (see Ch 9).
Although less cardiotoxic than isoprenaline, dose-
related tremor, tachyarrhythmias, hyperglycaemia,
hypokalaemia and hypomagnesaemia may occur. -
Agonists are resistant to metabolism by COMT and
therefore have a prolonged duration of action (mostly
3-5h). Salmeterol is highly lipophilic, has a strong af-
finity for the f,-adrenergic receptor, is longer acting
than the other B, -agonists and so is used for mainte-
nance therapy in chronic asthma in combination with
inhaled steroids. B,-Agonists are usually administered
by the inhaled (metered dose inhaler or nebulizer) or
intravenous routes because of unpredictable oral ab-
sorption and a high hepatic extraction ratio. When in-
haled, only 10-20% of the administered dose reaches
the lower airways; this proportion is reduced further
when administered via a tracheal tube. Nevertheless,
systemic absorption does occur, although adverse ef-
fects are less common during long-term therapy.

Salbutamol. Salbutamol is the f3,-agonist used most
commonly for the prevention and treatment of bron-
chospasm. When administered by metered dose inhaler
(1 or 2 pulffs, each delivering 100 pg), it acts within a
few minutes, with a peak action at 30-60 min. In se-
vere cases, it may be given by nebulizer (2.5-5.0mg),
repeated if required, or intravenously (either 250 ug by
slow i.v.injection or as an infusion starting at 5 pg min™'
and titrated to response). It is metabolized in the liver
and excreted in urine both as metabolites and as un-
changed drug; the proportions are dependent on the
route of administration.

Sympatholytic Drugs

Sympatholytic drugs antagonize the effects of the sym-
pathetic nervous system either at central adrenergic
neurones, peripheral autonomic ganglia or neurones,
or at postsynaptic a- or f-receptors. Most are hypo-
tensive drugs, although they have other effects and
indications.

Centrally Acting Sympatholytic Drugs

Centrally acting drugs act by stimulation of central
a,-receptors to decrease sympathetic tone. They
were used as antihypertensive drugs, but have been
superseded for this purpose by newer drugs with
fewer adverse effects. They are also agonists at cen-
tral imidazoline (I,) receptors, which contributes
to their hypotensive action. I, receptors are present
in several peripheral tissues, including the kidney.
Central o, -stimulation causes decreases in arterial
pressure, peripheral resistance, venous return, myo-
cardial contractility, cardiac output and heart rate,
but baroreceptor reflexes are preserved and the pres-
sor response to ephedrine or phenylephrine may be
exaggerated. Stimulation of peripheral o, -receptors
on vascular smooth muscle causes direct arteriolar
vasoconstriction, although the central effects of these
drugs predominate overall. However, severe rebound
hypertension may occur on stopping chronic oral ther-
apy. o -Receptors in the dorsal horn of the spinal cord
modulate upward transmission of nociceptive signals
by modifying local release of substance P and CGRP.
Centrally acting o -agonists produce analgesia by ac-
tivation of descending spinal and supraspinal inhibi-
tory pathways, and clonidine is now used mostly for its
analgesic effects. These are greatest when administered
by the epidural or spinal route. Other effects include
dry mouth, sedation and anxiolysis.

Clonidine is a partial agonist at central and
peripheral o -receptors, and a central imidazoline
(I) receptor agonist. Clonidine has some effects at
a,-receptors (o:0,>200:1); dexmedetomidine and
azepexole are more o -selective alternatives. Transient
hypertension and bradycardia may occur after iv.
injection, caused by direct stimulation of periph-
eral vascular o -receptors though an o -agonist effect
may also contribute. Clonidine potentiates the MAC
of inhalational anaesthetic agents by up to 50%. It
has a synergistic analgesic effect with opioids which
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may be partly pharmacokinetic because the elimina-
tion half-life of opioids is also increased. Clonidine
is well absorbed orally, with peak plasma concentra-
tions after 60-90 min. It is highly lipid-soluble and ap-
proximately 50% is metabolized in the liver to inactive
metabolites; the rest is excreted unchanged via the kid-
neys, with an elimination half-life of 9-12 h. Clonidine
5pgkg™ as premedication attenuates reflex sympa-
thetic responses and may reduce cardiac complications
after non-cardiac surgery in patients at high risk of
cardiovascular events. It is also used in the treatment
of opioid withdrawal and postoperative shivering.
Epidural clonidine 1-2 pgkg™ increases the duration
and potency of analgesia provided by epidural opioid
or local anaesthetic drugs. a,-Agonists also have some
antiarrhythmic effects, decreasing both the incidence
of catecholamine-related arrhythmias and the toxicity
of bupivacaine and cocaine.

Methyldopa crosses the blood-brain barrier easily
and is converted to a-methyl noradrenaline, the active
molecule, which is a full agonist at o -receptors (o:a,
selectivity=10:1). Adverse effects include peripheral
oedema, hepatotoxicity, depression and a positive
direct Coombs’ test; some patients develop haemolytic
anaemia. Its use is largely restricted to the manage-
ment of pregnancy-associated hypertension.

Moxonidine is a moderately selective imidazoline I -
receptor agonist (I > a, ) which reduces central sympa-
thetic activity by stimulation of medullary I -receptors.
It is used in the treatment of hypertension. Systemic
vascular resistance is reduced but heart rate and stroke
volume are unchanged. Moxonidine has few o -related
adverse effects but it may potentiate bradycardia and
is contraindicated in sinoatrial block, and second- or
third-degree AV block.

Peripherally Acting Sympatholytic Drugs

Ganglion Blocking Drugs. Nicotinic receptor antago-
nists (e.g. hexamethonium, pentolinium, trimetaphan)
competitively inhibit the effects of ACh at autonomic
ganglia and block both parasympathetic and sympa-
thetic transmission. Sympathetic blockade produces
venodilatation, decreased myocardial contractil-
ity and hypotension, but the effects vary depending
on pre-existing sympathetic tone. Tachyphylaxis
develops rapidly and these drugs have now been
superseded.

Adrenergic Neurone Blocking Drugs. Guanethidine
decreases peripheral sympathetic nervous system activ-
ity by competitively binding to noradrenaline binding
sites in storage vesicles in the cytoplasm of postgan-
glionic sympathetic nerve terminals. Further uptake
of noradrenaline into the vesicles is inhibited and it is
metabolized by cytoplasmic MAO, so the nerve termi-
nals become depleted of noradrenaline. Guanethidine
has local anaesthetic properties and does not cross the
blood-brain barrier. It is sometimes used to produce
intravenous regional sympathetic blockade in the
treatment of chronic limb pain associated with exces-
sive autonomic activity (reflex sympathetic dystrophy
or complex regional pain syndromes). Bretylium has
a similar mode of action; it is used in the treatment of
resistant ventricular arrhythmias (see below).

o-Adrenergic Receptor Antagonists. o-Adrenergic
antagonists (a-blockers) selectively inhibit the action
of catecholamines at «-adrenergic receptors. They
are used mainly as vasodilators for the second-line
treatment of hypertension or as urinary tract smooth
muscle relaxants in patients with benign prostatic
hyperplasia. They also have an important role in the
preoperative management of phaeochromocytoma
(see Ch 37).

a-Blockers diminish vasoconstrictor tone, causing
venous pooling and a decrease in peripheral vascular
resistance. In common with other vasodilators, they
may have indirect positive inotropic actions as a result
of reductions in afterload and preload, so cardiac
output may increase. They may be classified accord-
ing to their relative selectivity for o, - and a -receptors.
Non-selective a-blockers commonly induce postural
hypotension and reflex tachycardia, partly because
a,-blockade prevents the feedback inhibition of
noradrenaline on its own release at presynaptic
a,-receptors, and neuronal noradrenaline concentra-
tions increase. The action of noradrenaline at cardiac
B-receptors then limits the hypotensive effects of non-
selective a-blockers. In addition, the proportions of
pre- and postsynaptic a,-receptors in the arterial and
venous smooth muscle may differ, so that a -selective
drugs have a more balanced effect on venous and arte-
rial circulations. The co-administration of a f-blocker
may attenuate reflex tachycardia and produces a syner-
gistic effect on arterial pressure.
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o -Selective Antagonists. Selective a -blockers in-
clude prazosin, doxazosin, indoramin, and urapidil.
Doxazosin has largely succeeded prazosin as it has a
more prolonged duration of action. Reflex tachycardia
and postural hypotension are less common than with
direct-acting vasodilators (e.g. hydralazine) and the
non-selective a-blockers, but may still occur on initiat-
ing therapy. Nasal congestion, sedation and inhibition
of ejaculation may occur.

Labetalol (see below) is a competitive « -, B,- and
f,-antagonist, which is more active at f- than at
a-receptors. At low doses (5-10mg i.v.), it decreases
arterial pressure without producing a tachycardia. At
higher doses, the f effect becomes more prominent,
with negative inotropic and chronotropic effects.
Carvedilol is an o, - and B-receptor antagonist which also
has direct vasodilator effects (see below).

o,-Selective Antagonists. Drugs of this type, e.g. yo-
himbine, are not used because of the unacceptable in-
cidence of adverse effects.

Non-Selective  o-Antagonists. Non-selective —a-
blockers, e.g. phentolamine and phenoxybenzamine,
produce more postural hypotension, reflex tachy-
cardia and adverse gastrointestinal effects (e.g. ab-
dominal cramps, diarrhoea) than o -selective drugs.
Phentolamine 2—5mg i.v. produces a rapid decrease in
arterial pressure lasting 10—15min and is used for the
treatment of hypertensive crises.

Phenoxybenzamine binds covalently (i.e. irrevers-
ibly and non-competitively) to a-receptors so that its
effects last up to several days, and may be cumulative
on repeated dosing. It also reduces central sympathetic
activity, which enhances vasodilatation, and has ant-
agonist effects at 5-HT receptors. It is used for the
preoperative preparation of patients with phaeochro-
mocytoma (see Ch 37).

B-Adrenergic Receptor Antagonists

B-adrenergic receptor antagonists (p-blockers) are
structurally similar to the f-agonists, e.g. isoprenaline.
Variations in the molecular structure (primarily of the
catechol ring) have produced compounds which do
not activate adenylate cyclase and the second messen-
ger system despite binding avidly to the B-adrenergic
receptor. Most are stereoisomers and the r-form is

generally more potent (as an agonist or antagonist)
than the p-form. B-Blockers are competitive antago-
nists with high receptor affinity, although their effects
are attenuated by high concentrations of endogenous
or exogenous agonists. They may be classified accord-
ing to:

® their relative affinity for p - or B,-receptors

B agonist/antagonist activity

® membrane-stabilizing effect

m ancillary effects (e.g. action at other receptors).

B.- or B-Adrenergic Receptor Affinity. The relative
potency of B-blockers is less important than their
relative effects on the different p-receptor subtypes.
Compounds are available which block preferentially
either B - or B,-receptors, although in clinical prac-
tice the B -selective drugs are more important. The
first generation of B-blockers (e.g. propranolol, timo-
lol) were non-selective; second-generation drugs (e.g.
atenolol, metoprolol, bisoprolol) are selective for
f,-receptors but have no ancillary effects. The third
generation of B-blockers are B -selective, but also have
effects on other receptors (e.g. labetalol and carvedilol
are antagonists at o -adrenergic receptors, and celipro-
lol produces vasodilatation by a mechanism involving
endothelial nitric oxide). B -Selective (or ‘cardio-
selective’) drugs have theoretical advantages because
some of the adverse effects of f-blockers are related to
f3,-antagonism, but the selectivity of both drugs and
tissues is only relative: all B -selective drugs antago-
nize ,-receptors at higher doses, and 25% of cardiac
f-receptors are of the 3, subtype. However {3 -selective
drugs appear to have fewer adverse effects on blood
glucose control in diabetics, less effect on serum lip-
ids and less effect on bronchial tone in patients with
chronic obstructive pulmonary disease.

Partial Agonist Activity. Some p-blockers have in-
trinsic sympathomimetic activity (ISA), i.e. they are
partial agonists. This stimulant effect is apparent at
low levels of sympathetic activity, but at high levels
of sympathetic discharge, blockade of endogenously
released catecholamines is the major clinical effect.
Partial agonists may be advantageous in patients with
a low resting heart rate because they reduce the risk
of AV conduction disturbance, and have theoretical
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advantages in patients with peripheral vascular disease
or hyperlipidaemia. However, only p-blockers without
partial agonist activity have been shown to be benefi-
cial after myocardial infarction.

Membrane-Stabilizing Effect. Some p-blockers have a
quinidine-like action, inhibiting Na* transport in nerve
and cardiac conducting tissue (‘membrane-stabilizing
effect’). This may be demonstrated in vivo as a stabiliz-
ing effect on the cardiac action potential, reducing the
slope of phase 4 noticeably, thus decreasing excitabil-
ity and automaticity of the myocardium (see below).
However, the membrane-stabilizing activity probably
has little clinical significance because it occurs only at
plasma concentrations above the therapeutic range,
and the antiarrhythmic effect of f-blockade occurs via
inhibition of the effects of catecholamines.

Ancillary Effects. Some of the newer p-blockers drugs
have additional effects, e.g. action at a-receptors, vaso-
dilatation, antioxidant effects and other actions. The
relevance of these properties is discussed below.

Pharmacological Properties of B-Blockers. The
pharmacological properties of f-blockers are sum-
marized in Table 8.4. All are weak bases and most are
well absorbed to produce peak plasma concentra-
tions 1-3 h after oral administration. The more lipid-
soluble drugs are almost completely absorbed, but
are metabolized to a greater extent and tend to have
a marked first-pass effect through the liver. This re-
duces their bioavailability, but is offset by the fact that
the 4-hydroxylated metabolites so formed are also
active. These active metabolites are excreted via the
kidneys and may accumulate in patients with renal
failure. Propranolol decreases both the clearance of
amide local anaesthetics (by decreasing hepatic blood
flow and inhibiting metabolism) and the pulmonary
first-pass uptake of fentanyl. The first-pass metabolic
pathways may also become saturated, so that propor-
tionately higher plasma concentrations of the parent
drug occur at higher oral doses. The first-pass effect
is also a source of wide interindividual variation in
plasma concentrations achieved from the same dose
of primarily metabolized drugs, although p-blockers
have a flat dose-response curve and large changes in
plasma concentration may give rise to only a small

change in degree of B-blockade. However, differences
in individual plasma concentration—response relation-
ships may occur, possibly as a result of variations in
sympathetic tone or the formation of active metabo-
lites. All B-blockers are distributed widely throughout
the body and significant concentrations occur in the
CNS, particularly for the more lipid-soluble drugs (e.g.
propranolol).

The less lipid-soluble drugs (e.g. atenolol) are less
well absorbed, are metabolized to a lesser extent, are
excreted via the kidneys and tend to have longer half-
lives. Atenolol, nadolol and sotalol are excreted largely
unchanged in urine and so are little affected by impair-
ment of liver function.

Indications for B-Blockade. See Tables 8.5 and 8.6 for
indications for $-blockade.

Hypertension. p-Blockers have been regarded as
first-line therapy for the treatment of hypertension
for many years, either alone or in combination with
other drugs. They are of proven benefit in reducing the
incidence of stroke and the morbidity and mortality
from coronary artery disease in younger hypertensive
patients, although the effectiveness of p-blockade in
patients aged >60 years has been questioned recently.
The antihypertensive effect results from a combination
of factors.

m Reductions in heart rate, cardiac output and
myocardial contractility.

m A reduction in central sympathetic nervous ac-
tivity. The significance of this is uncertain be-
cause different drugs vary widely in their CNS
penetration, but have similar effects on arterial
pressure.

® Decreased plasma renin concentration. -
Blockers decrease resting and orthostatic release
of renin to a variable extent. The non-selective
drugs propranolol and timolol cause the great-
est reduction, while partial agonists (oxprenolol,
pindolol) or f -selective drugs are less effective.
However, no correlation has been found between
renin-lowering effect and antihypertensive activ-
ity or dosage of B-blocker used.

m FEffects on peripheral resistance. 3-Blockade does
not reduce peripheral resistance directly and may
even cause an increase by allowing unopposed



TABLE 8.4

Pharmacological Properties of f-Blockers

Partial Membrane Significant
B, Agonist Stabilizing Lipid Absorption Bioavail- Protein Terminal Active
Drug Selectivity  Activity Effect Solubility (%) ability (%) Binding (%) Half-Life (h)  Metabolites Elimination
Acebutolol + + + Medium 90 50 20 8-10 Yes Hepatic, renal
Atenolol + - - Low 50 40 5 6-8 No Renal
Bisoprolol ++ - - Low >90 90 10-12 No Hepatic, renal
Carvedilol - - ? High >90 25 98 6-10 Yes Hepatic
Celiprolol + + ? Low 30 30-70 5-6 No Renal
Esmolol + - - High 55 0.15 No Plasma
hydrolysis
Labetalol - + + High 70 30 50 4 No Hepatic
Metoprolol + - + High 90 50 10-20 4 No Hepatic
Nadolol - - - Low 30 30 20 20-24 No Renal
Oxprenolol - + + High 80 50 80 2 No Hepatic
Pindolol - ++ + Medium 90 90 50 4 No Hepatic
Propranolol - - ++ High 90 30 90 5 Yes Hepatic
Sotalol - + + Low 80 90 8-15 No Renal
Timolol - + + High 90 50 10 4 No Hepatic, renal
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TABLE 8.5

Clinical Indications for §-Blockade

Hypertension

Ischaemic heart disease

Secondary prevention of myocardial infarction

Obstructive cardiomyopathy

Congestive heart failure

Arrhythmias

Miscellaneous

TABLE 8.6

Specific Perioperative Indications for f}-Blockers

Prevention or treatment of intraoperative hypertension,
tachycardia and supraventricular tachyarrhythmias associated
with excessive sympathetic activity

Treatment of postoperative hypertension

Controlled hypotension

Prophylaxis or treatment of perioperative myocardial ischaemia

Pre- and perioperative management of phaeochromocytoma

Pre- and perioperative management of thyrotoxic patients

a-stimulation. As the vasodilating effect of cat-
echolamines on skeletal muscle is B,-mediated,
unopposed a stimulation would be expected to
be lower with cardioselective drugs or partial ag-
onists. However, cardioselectivity decreases with
dosage and, because hypertensive patients often
require a large dose of p-blocker, little real advan-
tage is offered. Drugs with partial agonist activity
may not increase peripheral resistance as much
as those without.

Arterial pressure reduction begins within an hour of
B-blocker administration, but several days may elapse
before the plateau is reached and the full hypotensive
effect of oral B-blockers takes about 2 weeks. This sug-
gests the involvement of several mechanisms including
readjustment of central and peripheral cardiovascular
reflexes. During chronic administration, the hypoten-
sive effects of B-blockers last longer than the pharma-
cological half-life, so that single daily dosage is
adequate therapeutically. However, upregulation of

receptors may occur, leading to adverse effects (tachy-
cardia, hypertension, myocardial ischaemia) on abrupt
withdrawal of B-blockers. This is important in surgical
patients, and patients receiving long-term f-blockade
should continue therapy throughout the periopera-
tive period. There is some evidence that perioperative
B-blockade reduces cardiac complications in high-risk
patients undergoing major vascular surgery, but the
data are conflicting. All B-blockers are equally effec-
tive as hypotensive drugs; patients unresponsive to one
B-blocker are generally unresponsive to all.

Ischaemic heart disease. p-Blockers improve symp-
toms and decrease the frequency and severity of silent
myocardial ischaemia in patients with ischaemic heart
disease. The incidence of myocardial ischaemia in high-
risk patients is reduced by perioperative B-blockade
and long-term outcome may be improved. p-Blockers
reduce heart rate and contractility, with consequent de-
creases in wall tension and myocardial oxygen demand.
A slower heart rate also permits longer diastolic filling
time and hence potentially greater coronary perfusion.
The perfusion of ischaemic regions may be improved
by redistribution of myocardial blood flow, and other
additional mechanisms may be involved.

B-Blockade also reduces exercise-induced increases
in arterial pressure, velocity of cardiac contraction and
oxygen consumption at any workload. Partial agonists
have less effect on the resting heart rate and theoreti-
cally increase the metabolic demand of the myocar-
dium; they may be less effective in patients with angina
at rest or at very low levels of exercise. In contrast
to effects on arterial pressure, there is a more direct
relationship between plasma concentration and anti-
anginal effect. To achieve effective plasma concentrations
over a sustained period as a single daily dosage, either
the long half-life drugs (e.g. atenolol, nadolol) or slow-
release preparations (e.g. oxprenolol-SR, propranolol-
LA, metoprolol-SR) are required.

Secondary prevention of myocardial infarction.
Early iv. administration after acute myocardial
infarction can decrease infarct size, the incidence of
ventricular and supraventricular arrhythmias and
mortality in both lower- and higher-risk groups (e.g.
elderly patients or those with left ventricular dysfunc-
tion). Mortality is reduced by 20-40%, and the risk of
re-infarction is reduced if oral therapy is continued for
2-3 years.
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Obstructive cardiomyopathy. B-Blockers improve
exercise tolerance and alleviate symptoms in hypertro-
phic obstructive cardiomyopathy by decreasing heart
rate, myocardial work, contractility and, thus, outflow
tract obstruction. However, the incidence of sudden
death in this condition is not affected. The incidence
of cyanotic episodes caused by pulmonary outflow ob-
struction in patients with Fallot’s tetralogy is reduced
by a similar mechanism.

Congestive heart failure. Congestive heart failure
is accompanied by a compensatory increase in sym-
pathetic nervous stimulation with increased plasma
and cardiac noradrenaline concentrations, leading to
increases in cardiac output, systemic vascular resistance
and afterload. Plasma renin concentration also increases.
Although beneficial as an acute response in the short
term, high circulating catecholamine concentrations
are directly toxic to the myocardium. Desensitization
of myocardial f -adrenergic receptors occurs via
downregulation and altered signal transduction. In
combination with chronically increased peripheral resis-
tance, this leads to ventricular remodelling with progres-
sively worsening myocardial function and a propensity
to arrhythmias. Some second- and third-generation
B-blockers (bisoprolol, metoprolol and carvedilol) have
been shown to decrease morbidity and mortality in heart
failure by improving ventricular function. The mecha-
nism is primarily by upregulation of f-receptor density
or function, although other factors may contribute, in-
cluding slowing of heart rate or an antiarrhythmic effect.
Bisoprolol and metoprolol are {3 -selective antagonists
but carvedilol also has B,- and o -antagonist and anti-
oxidant effects which may contribute to its action. They
must be introduced cautiously in heart failure because
symptoms may initially worsen, and ventricular func-
tion improves only after 1 month of therapy.

Arrhythmias (see below). B-Blockers are effective
in the treatment of arrhythmias caused by sympa-
thetic nervous overactivity or after myocardial infarc-
tion. The mechanisms are related to B-blockade itself
rather than any membrane-stabilizing effect, e.g. ant-
agonism of catecholamine effects on the cardiac ac-
tion potential and muscle contractility. The result is
a slowing of rate of discharge from the sinus and any
ectopic pacemaker, and slowing of conduction and in-
creased refractoriness of the AV node. -Blockers also
slow conduction in anomalous pathways. They may

be used i.v. to terminate an attack of supraventricu-
lar tachycardia or decrease the ventricular rate in atrial
fibrillation and flutter; conversion to sinus rhythm
may also be achieved. If given within 30min of i.v.
verapamil, there is a danger of severe bradycardia or
asystole. Most p-blockers have similar antiarrhythmic
effects in adequate dosage, but esmolol has the advan-
tage of a short half-life (see below) so that adverse ef-
fects are limited. They are also useful as second-line
alternatives for the treatment of ventricular tachycar-
dia. Sotalol has both class 2 and class 3 antiarrhythmic
activity (see below) and is licensed for use only for its
antiarrhythmic action, in particular for the treatment
of supraventricular and ventricular tachycardias.
Miscellaneous. p-Blockers are prescribed for mi-
graine prophylaxis, essential tremor and anxiety states.
They are useful for glaucoma because they decrease
intraocular pressure, probably by reducing the pro-
duction of aqueous humour. Topical preparations (e.g.
timolol, betaxolol, carteolol) are used in an attempt
to decrease adverse effects but significant systemic
absorption may still take place; bradycardia, hypoten-
sion and bronchospasm may occur, particularly dur-
ing anaesthesia. -Blockers diminish the symptoms
of thyrotoxicosis and are used as part of preoperative
preparation before thyroidectomy. They may be used
also as part of a hypotensive anaesthetic technique.

Adverse Reactions to B-Blockers. All available (-
blockers have similar adverse effects, although their
magnitude depends on f -selectivity and the presence
or absence of partial agonist activity. The reactions
may be classified as follows.

Reactions Resulting from B-Blockade
CARDIOVASCULAR EFFECTS. [3-Blockers may precipi-
tate heart failure in patients with poor LV function,
and accentuate AV block. Their negative inotropic and
chronotropic effects may be additive with other drugs
affecting cardiac conduction or drugs used during
anaesthesia. They prevent the compensatory tachycar-
dia which accompanies hypovolaemia so that severe
hypotension may occur if intravascular replacement
is delayed. Bradycardia caused by excessive -blockade
may be treated by atropine, B-agonists (e.g. dobuta-
mine or isoprenaline), glucagon or calcium chloride.
Occasionally cardiac pacing may be required.
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INDUCTION OF BRONCHOSPASM. This occurs in
patients with asthma or chronic bronchitis who rely
on sympathetically (B,) mediated bronchodilation.
Theoretically, §,-selective drugs are less likely to aggra-
vate bronchospasm in asthmatics, but because their se-
lectivity is only relative, they should not be considered
completely safe.

RAYNAUD’S PHENOMENON. Raynaud’s phenomenon
and peripheral vascular disease are relative contraindi-
cations to the use of p-blockers because symptoms of
cold extremities may be exacerbated.

DIABETES MELLITUS. Cardiovascular (tachycardia-f,)
and metabolic (hepatic glycogenolysis-,) responses to
insulin-induced hypoglycaemia are impaired. These
effects may be more marked with non-selective drugs.

OTHER. Increased muscle fatigue can occur, pos-
sibly resulting from blockade of fB,-mediated vaso-
dilatation in muscles during exercise. A withdrawal
phenomenon may occur after abrupt cessation of
long-term therapy for angina, causing rebound tachy-
cardia, worsening angina or precipitation of myocar-
dial infarction. Impotence occurs commonly during
chronic pB-blocker therapy.

Idiosyncratic Reactions. Central nervous system ef-
fects occur with some P-blockers, including night-
mares, hallucinations, insomnia and depression. These
effects are more common with the lipophilic drugs
(e.g. propranolol, acebutolol, oxprenolol and meto-
prolol). Gastrointestinal reactions include nausea,
vomiting and diarrhoea.

Newer [-Blockers. Recently introduced third-
generation P-blockers (e.g. labetalol, celiprolol,
nevibolol and carvedilol) are mostly non-selective
(B,>p,) antagonists which also produce vasodilata-
tion by several mechanisms. Labetalol and carvedilol
are also a -antagonists; bucindolol produces direct
vasodilatation by a cAMP-dependent mechanism.
The severity of some of the adverse effects of
B-blockade may be less with those drugs with vaso-
dilating properties.

Labetalolis a competitive a -, B, - and 8,-antagonist,
which is a partial agonist at ,-receptors. It is four to
seven times more potent at - than at a-receptors
and is useful for the prevention and treatment of
perioperative hypertension, or to produce controlled

hypotension (see Ch 21). It is also available as an oral
preparation for the treatment of chronic hyperten-
sion or the preoperative management of phaeochro-
mocytoma (see Ch 37). Intravenous labetalol in small
increments (e.g. 5-10mg) produces a controlled
decrease in arterial pressure over 5-10 min with no
change in cardiac output or reflex tachycardia, sug-
gesting that at this dose the vasodilating action pre-
dominates. At higher doses, the p-effect becomes
more prominent, with negative inotropic and chrono-
tropic effects.

Carvedilol is an antagonist at a, - and p-receptors
(with relative p:a, selectivity of 10:1 and no partial
agonist activity), but it has other effects including
significant antioxidant activity, inhibition of endo-
thelin synthesis and possibly calcium channel block-
ade in higher doses; these may account for some of
its beneficial activity in patients with heart failure.
Carvedilol is a stereoisomer which undergoes exten-
sive first-pass metabolism with the production of
active metabolites.

Nebivolol is a lipophilic f -selective blocker
which is administered as a racemic mixture of equal
proportions of p- and rL-enantiomers. It has no
membrane-stabilizing activity but has vasodilatory
effects probably mediated by endothelial nitric oxide.

Celiprolol is a B,-selective blocker which is a weak
f,-agonist and has o, -antagonist activity. It also has
direct vasodilator effects which may be mediated by
endothelial nitric oxide release. Celiprolol is excreted
unchanged.

Esmolol is a rapid-onset, short-acting B -selective
blocker with no membrane-stabilizing or partial agon-
ist activity and is only available for i.v. use. It has an
onset time of 1-2min and is metabolized rapidly by
red cell esterases (distinct from plasma cholinester-
ases); its elimination half-life is 9 min. The rapid onset
and offset of effect are an advantage in the periopera-
tive period because any effects such as bradycardia or
hypotension are short-lived. It is effective in prevent-
ing or controlling intraoperative tachycardia and
hypertension, and is also useful for the treatment of
supraventricular tachyarrhythmias, e.g. atrial fibril-
lation or flutter. It may be given as a slow i.v. bolus of
0.5-2.0mgkg™ or an infusion of 25-500 pgkg™' min~;
its effects terminate within 10-20 min of stopping the
infusion.



136 8

DRUGS ACTING ON THE CARDIOVASCULAR SYSTEM

DRUGS ACTING ON THE
PARASYMPATHETIC NERVOUS
SYSTEM

The major drugs in use which act on the parasympa-
thetic nervous system are muscarinic antagonists (e.g.
atropine, hyoscine and propantheline), and parasym-
pathetic agonists (e.g. the anticholinesterases neostig-
mine and pyridostigmine). Neuromuscular blocking
drugs act at nicotinic receptors, and are described in
Chapter 6.

Parasympathetic Antagonists

Parasympathetic antagonists block muscarinic ACh
receptors and are either tertiary or quaternary amine
compounds. Tertiary amines, e.g. atropine and hyo-
scine, are more lipid-soluble and cross biological
membranes, e.g. the blood-brain barrier, to affect
central ACh receptors and produce sedative or stimu-
latory effects. Similar antimuscarinic drugs, e.g. or-
phenadrine, procyclidine, are useful in drug-induced
Parkinson’s disease because of their predominant
central action; procyclidine is also used for the rever-
sal of acute dystonic reactions to dopaminergic drugs
(e.g. phenothiazines, droperidol). Other muscarinic
antagonists used as gastrointestinal or urinary anti-
spasmodics are quaternary amines; they are poorly
absorbed after oral administration and produce min-
imal central effects.

Atropine

Atropine has widespread, dose-dependent anti-
muscarinic effects on parasympathetic functions.
Salivary secretion, micturition, bradycardia and
visual accommodation are impaired sequentially.
CNS effects (sedation or excitation, hallucina-
tions and hyperthermia) may occur at high doses.
Atropine is administered in doses of 0.6-3.0 mg i.v.
to counteract bradycardia in the presence of hypo-
tension and to prevent the bradycardia associated
with vagal stimulation or the use of anticholines-
terase drugs. Adverse cardiac effects of atropine in-
clude an increase in cardiac work and ventricular
arrhythmias. Occasionally, atropine may produce an
initial transient bradycardia, thought to be caused
by increased ACh release mediated by M -receptor
antagonism. In therapeutic dosage, effects mediated

by M,-receptors (tachycardia, bronchodilation, dry
mouth, mydriasis) predominate.

Hyoscine

Hyoscine hydrobromide has less effect on heart rate
than atropine but crosses the blood—brain barrier more
readily and may cause confusion, sedation and ataxia,
particularly in the elderly. This may result in the ‘central
anticholinergic syndrome’ (see p. 375). It has greater
antisialagogue and mydriatic effects than atropine. It is
also useful as an antiemetic, particularly for the prophy-
laxis of motion sickness, and is available as a transdermal
patch for this purpose. Hyoscine butyl-bromide is used
as a gastrointestinal or genitourinary antispasmodic.

Glycopyrronium Bromide (Glycopyrrolate)

This is a quaternary amine which has similar anti-
cholinergic actions to those of atropine. It is used as
an alternative to atropine during the reversal of neu-
romuscular blockade or for its antisecretory actions.
Some other quaternary amines, e.g. propantheline and
dicycloverine, have a mainly peripheral parasympa-
thetic antagonist action and are used as gastrointesti-
nal and urinary antispasmodics.

Ipratropium bromide and tiotropium are used as in-
haled anticholinergic bronchodilators. Tiotropium is
longer acting and used for the management of chronic
obstructive pulmonary disease.

Antimuscarinic Drugs in Premedication

Subcutaneous or oral atropine and hyoscine have
long been used as premedicant drugs, usually in com-
bination with an opioid or sedative, to decrease sali-
vary and respiratory secretions and counteract vagal
reflexes. Their use declined with the decreased use
of ether, and many patients find the associated dry
mouth and blurred vision unpleasant. However, if an
antisialagogue is particularly indicated, glycopyrrolate
is effective in a dose of 0.2 mg i.m. or i.v. with minimal
central or cardiovascular effects.

Parasympathetic Agonists

Pilocarpine is a muscarinic agonist used as a topical
miotic in the treatment of glaucoma. Other parasym-
pathetic agonists used historically as gastrointestinal
tract and bladder smooth muscle stimulants have been
superseded.
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Anticholinesterase Drugs

Neostigmine and pyridostigmine antagonize acetyl-
cholinesterase, thereby decreasing the breakdown of
released ACh. They exert both nicotinic and mus-
carinic effects and are used in anaesthesia to reverse
non-depolarizing neuromuscular blockade (see Ch 6),
accompanied by an antimuscarinic drug to minimize
the adverse vagal effects. Other anticholinesterases in-
clude edrophonium (short-acting) and pyridostigmine
(long-acting), used for the diagnosis and symptomatic
management of myasthenia gravis, respectively.

VASODILATORS

Vasodilators dilate arteries or veins and may reduce
afterload, preload or both. Acute and chronic heart
failure are both associated with a reflex increase in
sympathetic tone and an increase in systemic vascu-
lar resistance. By lowering this resistance (afterload),
myocardial work and oxygen requirements are re-
duced. Vasodilators acting on the venous side of the
circulation (e.g. nitrates) increase venous capacitance,
reduce venous return to the heart and so decrease left
ventricular filling pressure (preload), myocardial fibre
length and myocardial oxygen consumption for the
same degree of cardiac work performed. They have
several clinical indications (Table 8.7).

Vasodilators may be classified into those acting
directly on vascular smooth muscle (nitroprusside,
nitrates, hydralazine, diazoxide, minoxidil, calcium chan-
nel blockers) and neurohumoral antagonists (a-blockers
and ACE inhibitors). They may also be classified accord-
ing to which side of the heart they act on preferentially.
Hydralazine, calcium channel blockers, and minoxi-
dil act mainly on afterload. Nitrates principally affect

TABLE 8.7

Indications for Vasodilators

Acute and chronic left ventricular failure

Prophylaxis and treatment of unstable and stable angina

Treatment of acute myocardial ischaemia and infarction

Chronic hypertension

Acute hypertensive episodes

Elective controlled hypotensive anaesthesia

preload. Nitroprusside, a-blockers and ACE inhibitors
have a balanced effect on arteries and veins.

Nitrates

The organic nitrates (glyceryl trinitrate and isosorbide
mononitrate and dinitrate) cause systemic and coronary
vasodilatation. They act primarily on systemic veins,
causing venodilatation, sequestration of blood in venous
capacitance beds and a reduction in preload. Arteriolar
dilatation occurs at higher doses and afterload is re-
duced; tachycardia, hypotension and headaches may oc-
cur. Systolic pressure decreases more than diastolic
pressure, so coronary perfusion pressure is preserved.
In left ventricular failure, venodilatation is beneficial,
reducing pulmonary congestion; cardiac dynamics may
be improved so that stroke volume and cardiac output
increase. Nitrates are used widely for the prevention and
treatment of angina and myocardial infarction because
they cause vasodilatation in stenotic coronary arteries
and redistribution of myocardial blood flow. Glyceryl
trinitrate (GTN) is a powerful myometrial relaxant.
Nitrates also inhibit platelet aggregation in vitro.

Nitrates are converted to the active compounds
nitric oxide (NO) and nitrosothiols by a denitration
mechanism involving reduced sulphydryl groups.
NO and nitrosothiols activate guanylate cyclase in
the cytoplasm of vascular smooth muscle cells to in-
crease intracellular cGMP. This leads to protein kinase
phosphorylation and decreased intracellular calcium,
causing vascular smooth muscle relaxation and va-
sodilatation. Tolerance to nitrates develops rapidly
during continuous therapy (within 24h), caused by
depletion of reduced sulphydryl groups or activation
of neurohormonal countermechanisms, and a daily
nitrate-free interval of 8—12h is required. Nitrates may
be administered by oral, buccal, transdermal and in-
travenous routes. Intravenous nitrates may be used for
the treatment of perioperative hypertension or myo-
cardial ischaemia or as part of a deliberate hypotensive
anaesthetic technique. They are absorbed by rubber
and plastics (especially PVC infusion bags), so are best
administered by syringe pump.

Sodium Nitroprusside

Sodium nitroprusside (SNP) is reduced to NO on
exposure to reducing agents and in tissues, includ-
ing vascular smooth muscle cell membranes. The
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process is non-enzymatic but SNP has a similar
ultimate mechanism of action to nitrates (increased
intracellular cGMP). SNP produces similar effects on
capacitance and resistance vessels so that preload and
afterload are equally reduced, and it is useful in the
management of acute left ventricular failure. Systolic
and diastolic pressures decrease equally in a dose-
dependent manner. In larger doses (as used for hypo-
tensive anaesthesia), heart rate increases.

Release of NO from nitroprusside is accompanied
by release of cyanide ions, which are detoxified by
the liver and kidney to thiocyanate (requiring thio-
sulphate, vitamin B, and the enzyme rhodanase),
which is excreted slowly in urine. It has an immediate,
short-lived effect (lasting only for a few minutes)
so it must be given by intravenous infusion. SNP is
photodegraded to cyanide ions, so that infusion solutions
should be protected from light and not used if they
have turned dark brown or blue. Also, if the total dose
of SNP exceeds 1.5mgkg™" or the infusion rate exceeds
1.5pugkg' min™', cyanide and thiocyanate may accu-
mulate, with the risk of metabolic acidosis; plasma
bicarbonate concentration should be monitored. The
risks of cyanide toxicity are increased in the presence
of impaired renal or hepatic function, and symptoms
may be delayed until after the SNP infusion has been
discontinued. Plasma cyanide or thiocyanate concen-
trations should also be monitored if the drug is used for
more than 2 days. Thiocyanate is potentially neuro-
toxic and may cause hypothyroidism. In cases of sus-
pected cyanide toxicity, sodium thiosulphate (which
promotes conversion to thiocyanate), dicobalt edetate
(which chelates cyanide ions) and hydroxocobalamin
(which combines with cyanide to form cyanocobala-
min) may be given. In practice, nitroprusside is usually
well tolerated and most symptoms are associated with
too rapid a decrease in arterial pressure.

Potassium Channel Activators

Hydralazine, minoxidil and diazoxide are direct-acting
arteriolar vasodilators which have largely been super-
seded. Minoxidil and diazoxide activate ATP-sensitive
K* channels in vascular smooth muscle cells, causing
K* efflux and membrane hyperpolarization. This leads
to closure of calcium channels, reduced intracellular
calcium availability and consequently smooth muscle
relaxation and arterial vasodilatation. Hydralazine may

act via a similar mechanism. All these drugs reduce
afterload, with little or no effect on preload. Their
effects are limited by reflex tachycardia and a tendency
to cause sodium and water retention (by activation of
the renin-angiotensin system and a direct renal mech-
anism). Consequently, they are usually administered
during long-term therapy with a P-blocker and a
diuretic.

Hpydralazine is the most widely used of these drugs.
Its half-life is short (approximately 2.5h) but its anti-
hypertensive effect is relatively prolonged. It may
be given as a slow i.v. bolus of 5-10mg, with appro-
priate monitoring, for the treatment of hypertensive
emergencies.

Minoxidil is only available orally. It has a long dura-
tion of action (12-24h) unrelated to its plasma half-
life, and it causes hypertrichosis. T-wave abnormalities
on ECG are observed in 60% of patients.

Diazoxide has a similar structure to thiazide di-
uretics. It is occasionally used for the treatment of hy-
pertensive emergencies; 1-3mgkg™ i.v. may be given
rapidly (over 30s) for effects lasting 4-24 h. However,
it is difficult to control the action or duration of action
of repeated doses.

Nicorandil

Nicorandil activates K* channels in vascular smooth
muscle, but also causes NO release and increases in-
tracellular cGMP in vascular endothelium, causing
venous dilatation. It therefore reduces preload as well
as afterload and is a potent coronary vasodilator with
no effect on heart rate or contractility. It is metabo-
lized in the liver, excreted via the kidneys and does not
cause tolerance. Nicorandil is used for the treatment of
angina, e.g. in nitrate-tolerant patients or those un-
responsive to B-blockers.

CALCIUM CHANNEL BLOCKERS

Mechanism of Action

The normal function of cardiac myocytes and
conducting tissues, skeletal muscle, vascular and
other smooth muscle, and neurones depends on the
availability of intracellular calcium ions. Under physio-
logical conditions, calcium entry into the cell induces
further calcium release from the sarcoplasmic reticu-
lum, which facilitates conduction of the cardiac action
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potential and excitation—contraction coupling by in-
teraction with calmodulin (in smooth muscle) or tro-
ponin (within cardiac muscle). Calcium enters the cell
via several ion channels situated on the plasma mem-
brane, the most important being voltage-gated cal-
cium channels which are activated by nerve impulses
or membrane depolarization. Other types of calcium
channels are receptor-operated and stretch-activated
channels. Calcium channel blockers (CCBs) are a di-
verse group of compounds which decrease calcium
entry into cardiac and vascular smooth muscle cells
through the L-subtype (long-lasting inward calcium
current) of voltage-gated calcium channels. CCBs bind
in several ways to the o subunit of L-type channels to
impede calcium entry. Phenylalkylamines (e.g. vera-
pamil) bind to the intracellular portion of the channel
and physically occlude it, whereas dihydropyridines
modify the extracellular allosteric structure of the
channel. Benzothiazepines (e.g. diltiazem) act on the
a, subunit, although the mechanism has not been fully
elucidated, and may have further actions on sodium-
potassium exchange and calcium—calmodulin binding.

Cardiac cells in the SA and AV nodes depend on the
slow inward calcium current for depolarization. CCBs
which act here decrease calcium entry during phase
0 of the action potential of SA node and AV node
cells, decreasing heart rate and AV node conduction.
Calcium entry during phase 2 of the action potential of
ventricular myocytes may be decreased (Fig. 8.5) and
excitation—contraction coupling inhibited, causing de-
creased myocardial contractility. Some CCBs may also
have favourable effects on endothelial function.

Clinical Effects

CCBs differ in their selectivity for cardiac muscle cells,
conducting tissue and vascular smooth muscle, but
they all decrease myocardial contractility and produce
coronary and systemic vasodilatation with a conse-
quent decrease in arterial pressure. They have been
used widely for the treatment of hypertension and an-
gina, but have been partly superseded by newer drugs.
Other current indications include prevention of vaso-
spasm in subarachnoid haemorrhage or Raynaud’s
disease. Verapamil and diltiazem also decrease SA
node activity, AV node conduction and heart rate, and
they are useful in the treatment of paroxysmal supra-
ventricular tachyarrhythmias. CCBs may also inhibit
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platelet aggregation, protect against bronchospasm
and improve lower oesophageal sphincter function.
The non-dihydropyridines are contraindicated in the
presence of second- or third-degree heart block and
should not be combined with B-blockers because they
may cause bradycardia or heart block. With the excep-
tion of amlodipine and felodipine, calcium channel
blockers should not be used in patients with heart fail-
ure. In some patients, sudden cessation of CCBs may
lead to an exacerbation of angina symptoms.

Classification

CCBs are a diverse group of compounds which have
been classified in several ways, according to their
structure, mechanism of action and specificity for
slow calcium channels. They are classified here by their
chemical structure, tissue selectivity and pharmaco-
kinetic properties (Table 8.8).

First-Generation Calcium Channel Blockers

The first-generation CCBs (verapamil, diltiazem and
nifedipine) have a rapid onset of action which may
reduce arterial pressure acutely and produce reflex
sympathetic activation. They have marked negative
dromotropic and inotropic effects (especially vera-
pamil and diltiazem). Their intrinsic duration of
action is short, but slow-release formulations have
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TABLE 8.8

Classification of Calcium Channel Blockers

EFFECTS ON
Prototype/ First- Second-and Third- SA AV Node Myocardial Peripheral  Coronary
Group Generation Drugs Generation Drugs Node Conduction  Contractility ~ Arteries Arteries
Benzothiazepine Diltiazem —/+ + + + et
Phenylalkylamine Verapamil ++ ++ + + +
Dihydropyridine Nifedipine — — + ++ T
Nicardipine - - +/— ++ .
Nimodipine — - +/- ++ +/—
Felodipine - - — S+ +
Isradipine - — — St +
Amlodipine? - - — . 4+
Lacidipine? - - — T +/—

*Third-generation calcium antagonists.

been developed (see below). All are well absorbed but
undergo a significant first-pass effect, leading to low
bioavailability. They are highly protein-bound and
metabolized extensively by hepatic demethylation and
dealkylation, with wide individual pharmacokinetic
variability (Table 8.9). Most CCBs possess one or more
chiral centres, and the different enantiomeric forms
have different pharmacokinetic and pharmacodynamic
properties. For example, L-verapamil undergoes higher
first-pass metabolism than the p-form, so that plasma
concentrations of L-verapamil are relatively higher af-
ter intravenous administration, producing more pro-
nounced negative inotropic and chronotropic effects.
Nifedipine is a dihydropyridine derivative which
is a systemic and coronary arterial vasodilator. It is

effective in countering coronary artery spasm, thought
to be an important component of all forms of angina,
and it may bring symptomatic relief in patients with
peripheral vasospastic (e.g. Raynaud’s) disease. Its anti-
anginal effect is additive with that of B-adrenergic
blocking drugs and nitrates. Adverse effects include
flushing, headaches, ankle oedema, dizziness, tiredness
and palpitations. Nifedipine is absorbed rapidly, par-
ticularly when the stomach is empty, with an onset of
action of 20 min. This may produce reflex tachycardia
and increased myocardial contractility.

Verapamil is a phenylalkylamine which has more
pronounced effects on the SA and AV nodes compared
with other CCBs, and is used mainly as an anti-
arrhythmic (see below). It has vasodilator and negative

TABLE 8.9

Pharmacokinetic Properties of some Commonly used Calcium Channel Blockers

Drug Nifedipine Verapamil Diltiazem Nicardipine Felodipine Amlodipine Lacidipine
Bioavailability (%) 50 20 25-50 30 15 65-80 10
Elimination half-life (h) 3-5 5-8 2-6 3-8 25 35-50 13-19
Route of elimination Renal, Renal, Hepatic Renal, Renal, Renal Hepatic,

hepatic hepatic hepatic hepatic renal
Time to peak plasma 1-2 4-8 3-4 1 12-24 6-12 1-3

concentration (h)
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inotropic properties and is also used for the treatment
of angina, hypertension and hypertrophic obstruc-
tive cardiomyopathy. Verapamil has a marked negative
inotropic action and may cause bradycardia, hypoten-
sion, AV block or heart failure when combined with
B-blockers or other cardiodepressant drugs (including
volatile anaesthetic agents). It may also potentiate the
effects of neuromuscular blocking drugs. Both vera-
pamil and diltiazem inhibit the hepatic metabolism
of several drugs; plasma concentrations of digoxin,
carbamazepine and theophyllines are increased by
verapamil.

Diltiazem is a benzothiazepine whose predominant
effect is on coronary arteries rather than conducting
tissue, and is used mainly in the treatment of hyper-
tension and angina. It can cause myocardial depres-
sion, especially when combined with p-blockers. It is
metabolized in the liver, producing active metabolites,
and is excreted via the kidneys.

Second- and Third-Generation CCBs

The second-generation CCBs are dihydropyridine
derivatives (either sustained-release formulations or
new compounds) which have a slower onset and lon-
ger duration of action, and greater vascular smooth
muscle selectivity. The slow onset results in less sym-
pathetic activation and reflex tachycardia. The new
compounds (e.g. felodipine, nisoldipine, nicardip-
ine) have less effect on AV conduction and less nega-
tive inotropic and chronotropic effects. All have little
effect on lipid or glucose metabolism and may be used
in patients with renal dysfunction. Some have special
features.

Nimodipine is selective for cerebral vasculature
and is used to prevent vasospasm after subarachnoid
haemorrhage. Nicardipine causes less reduction in
myocardial contractility than other CCBs. Felodipine
acts predominantly on peripheral vascular smooth
muscle and has negligible effects on myocardial con-
tractility, although it does produce coronary vasodila-
tation. It also has a mild diuretic and natriuretic effect.
It is indicated for the treatment of hypertension, but
has been used in patients with impaired LV function.

The third generation of CCBs (lacidipine, amlodip-
ine) bind to specific high-affinity sites in the calcium
channel complex. They have a particularly slow onset
and long duration of action, and so reflex sympathetic

stimulation is not evident but adverse effects related
to vasodilatation (headache, flushing, ankle oedema)
do occur. Both are extensively metabolized in the liver
to inactive metabolites which are excreted via the kid-
neys and liver. Lacidipine is highly lipophilic, so that it
is sequestered in the lipid bilayer of vascular smooth
muscle cells and may delay the development of athero-
sclerosis via effects on modulators of vascular smooth
muscle and platelet function. Lacidipine may augment
the action of endothelium-derived relaxing factors
(e.g. NO — which has vasodilator, antiplatelet and anti-
proliferative effects) and antagonize endothelin-1, a
potent vasoconstrictor which also stimulates endothe-
lial proliferation.

Anaesthesia and Calcium Channel Blockers

Both intravenous and volatile anaesthetic agents block
conduction through L-type calcium channels in neu-
ronal and cardiac tissues, and may therefore interact
with CCBs through pharmacokinetic and pharmaco-
dynamic mechanisms. In general, CCBs potentiate the
hypotensive effects of volatile anaesthetics; verapamil
(and to a lesser extent diltiazem) has additive effects
with halothane on cardiac conduction and contractil-
ity, with the potential for bradycardia and myocardial
depression. Verapamil decreases the MAC of halo-
thane, and, in an animal model, nifedipine enhances
the analgesic effects of morphine by stimulation
of spinal 5-HT, receptors. Plasma concentrations
of verapamil are increased during anaesthesia with
volatile agents, possibly because of decreased hepatic
blood flow.

CCBs also potentiate the effects of depolarizing and
non-depolarizing neuromuscular blockers in experi-
mental conditions, although the clinical relevance of
this is uncertain.

DRUGS ACTING VIA THE RENIN-
ANGIOTENSIN-ALDOSTERONE
SYSTEM

The renin—angiotensin—aldosterone system (RAS)
is intimately involved with cardiovascular and body
fluid homeostasis. Angiotensin II (AT-II) is the major
regulator of the renin-angiotensin system and is a po-
tent vasoconstrictor with several renal and extrarenal
effects. AT-II has an important role in the maintenance
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of circulating volume in response to several stressors,
while direct renal effects are mostly responsible for
long-term regulation of body fluid volume and blood
pressure.

The production of AT-II from angiotensinogen oc-
curs in the walls of small blood vessels in the lungs,
kidneys and other organs, and in the plasma. The rate-
limiting step for this cascade is the plasma concentra-
tion of renin (Fig. 8.6). AT-1I is metabolized by several
peptidases to several breakdown products including
angiotensin III (AT-III), which has some activity at
angiotensin receptors. Four subtypes of angiotensin
receptor have been defined (AT ,). AT -receptors are
found principally in vascular smooth muscle, adre-
nal cortex, kidney, liver and some areas of the brain,
and mediate all the known physiological functions of
AT-II. AT,-receptors are present in the kidney, adrenal
medulla, uterus, ovary and the brain; they may play
a role in cell growth and differentiation. The roles of
AT ,- and AT ,-receptors are unclear.

AT -receptors are typical G-protein-coupled re-
ceptors which activate phospholipase C with the
production of DAG and IP,. IP, causes the release of
intracellular Ca**, which activates enzymes to cause
the phosphorylation of intracellular proteins. AT-II
also increases Ca** entry through membrane channels.

Angiotensin || ——)>

Direct effect: arteriolar and venoconstriction
Sodium reabsorption

Aldosterone production

Sympathetic nervous system activation
Increased erythropoiesis

Other effects (e.g. regional blood flow)

The renin-angiotensin system.

AT-II (see Fig. 8.6) is a potent vasoconstrictor (by
direct action on vascular smooth muscle of arteri-
oles and veins) and it promotes sodium reabsorption
both by direct action at the proximal tubules and by
stimulating aldosterone secretion. AT-II produces
preglomerular vasoconstriction and efferent arteri-
olar vasoconstriction, and so maintains glomerular
filtration rate in response to a decrease in renal blood
flow. It also affects the local regulation of blood flow
in other vascular beds, e.g. the splanchnic circulation,
and stimulates the sympathetic nervous system via di-
rect and indirect methods to increase noradrenaline
and adrenaline release; it may also inhibit cardiac vagal
activity. AT-II stimulates erythropoiesis and has direct
trophic effects on vascular smooth muscle and cardiac
muscle, promoting cellular proliferation, migration
and hypertrophy. There is some evidence for relative
downregulation of AT -receptors and upregulation of
AT -receptors in heart failure, with AT -receptors be-
ing responsible for some cardioprotective effects.

RAS activity tends to be low in the resting state but
renin production (the rate-limiting step in the produc-
tion of AT-II) is activated by several stimuli, e.g. deple-
tion of circulating volume, haemorrhage or sodium
depletion. This increases AT-II production and causes
vasoconstriction, increased sympathetic activity (with
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increased cardiac output and arterial pressure) and
sodium retention. The RAS may be involved in the
pathogenesis of hypertension but the relationship is
complex; RAS activity may be high (e.g. in renal artery
stenosis), low (as in primary aldosteronism) or vari-
able (essential hypertension).

Drugs Acting on the Renin-Angiotensin
System

The activity of the RAS may be inhibited by several
mechanisms:

m Suppression of renin release or inhibition of renin
activity. Sympatholytic drugs (e.g. p-blockers or
central a-antagonists) directly inhibit renin se-
cretion. Renin inhibitors competitively inhibit
the reaction between renin and angiotensinogen,
preventing the production of AT-II. Because re-
nin release still occurs, the consequent reduction
of plasma AT-II concentrations leads to a sec-
ondary increase in renin secretion, limiting the
effect of such drugs.

® [nhibition of angiotensin-converting enzyme
(ACE). The primary mechanism of action of ACE
inhibitors is to block the conversion of angioten-
sin I (AT-I) to AT-II, although effects on kinin
and prostaglandin metabolism also contribute.

® Blockade of AT-II receptors. AT -receptor blockers
(ARBs) non-competitively block AT, -receptors
and inhibit the RAS independently of the source
of AT-II. They block any effects of AT-II resulting
from compensatory stimulation of renin, such
as reflex activation of the sympathetic nervous
system.

m Aldosterone antagonism. Spironolactone and
eplerenone are competitive antagonists of aldo-
sterone at renal nuclear mineralocorticoid recep-
tors (see Ch 10).

ACE Inhibitors

ACE inhibitors act principally by inhibition of AT-II
formation, but effects on the kallikrein-kinin system
are also important. All ACE inhibitors reduce arteri-
olar tone, peripheral resistance and arterial pressure
by decreasing both AT-II-mediated vasoconstric-
tion and sympathetic nervous system activity. Renal
blood flow increases, further inhibiting aldosterone

and antidiuretic hormone secretion and promot-
ing sodium excretion. ACE inhibitors are useful in
patients with heart failure because preload and after-
load decrease without an increase in heart rate, and
cardiac output increases.

ACEisthe same enzyme as kininase Il and is involved
in the metabolism of both kinins and prostaglandins.
ACE inhibitors therefore block the degradation of
kinins, substance P and endorphins, and increase pros-
taglandin concentrations. Bradykinin and other kinins
are highly potent arterial and venous dilators which
stimulate the production of arachidonic acid metabo-
lites, NO and endothelial-derived hyperpolarization
factor via specific bradykinin f -receptors in vascular
endothelium. Bradykinin also enhances the uptake of
circulating glucose into skeletal muscle and has a pro-
tective effect on cardiac myocytes by a mechanism in-
volving prostacyclin stimulation. Kinins have no major
effect on arterial pressure regulation in normotensive
individuals or those with low-renin hypertension, but
they account for up to 30% of the effects of ACE inhib-
itors in renovascular hypertension. The adverse effects
of dry cough and angioneurotic oedema sometimes as-
sociated with ACE inhibitors may be kinin-dependent.
ACE is widely distributed in tissues and plasma; ACE
inhibitors may differ in their affinity for ACE at dif-
ferent sites. Other tissue enzymes (AT-I convertase
and chymase) may also produce AT-II, from AT-I or
directly from angiotensinogen, so that ACE inhibitors
do not completely block RAS activity.

Clinical Applications of ACE Inhibitors. ACE in-
hibitors are established in the treatment of hyperten-
sion and congestive heart failure. They improve left
ventricular dysfunction after myocardial infarction,
delay the progression of diabetic nephropathy and
have a protective effect in non-diabetic chronic renal
failure. ACE inhibitors improve vascular endothelial
function by their effects on AT-II and bradykinin,
and improve long-term cardiovascular outcome in
patients with established vascular disease. ACE in-
hibitors have a common mechanism of action, differ-
ing in the chemical structure of their active moieties
in potency, bioavailability, plasma half-life, route of
elimination, distribution and affinity for tissue-bound
ACE (Table 8.10). Most of the newer compounds are
prodrugs, converted to an active metabolite by the
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TABLE 8.10

Pharmacology of ACE Inhibitors

Captopril Lisinopril Enalapril Perindopril ~ Quinapril  Trandolapril ~ Ramipril Fosino
Zinc ligand Sulphydryl  Carboxyl Carboxyl Carboxyl Carboxyl Carboxyl Carboxyl Phosphinyl
Prodrug No No Yes Yes Yes Yes Yes Yes
Bioavailability (%) 75 25 60 65 40 70 50 35
t (h)P 0.8 6-8 3-4 3-4 2 4-6 2-3 3-6
€ (M) 2 12 11 257 20-25° 16-24° 4-50° 12
Metabolism Oxidation Minimal Minimal Prodrug Prodrug Prodrug Prodrug Prodrug
(50%)
Elimination Renal Renal Renal Renal Renal Renal, Renal Renal,
hepatic hepatic

*These drugs have polyphasic pharmacokinetics, with a dose-dependent prolonged terminal elimination phase from plasma of over 24 h.
*The prodrugs are metabolized in the gut mucosa and liver to active compounds. Pharmacokinetic data refer to the active compounds.

liver, and have a prolonged duration of action. Most
are excreted via the kidneys, and dosage should be
reduced in the elderly and those with impaired renal
or cardiac function. Enalapril is also available as the
active drug, enalaprilat, and may be administered i.v.
for the treatment of hypertensive emergencies.

ACE inhibitors are generally well tolerated, with no
rebound hypertension after stopping therapy and few
metabolic effects. Symptomatic first-dose hypotension
may occur, particularly in hypovolaemic or sodium-
depleted patients with high plasma renin concentra-
tions. Symptomatic hypotension was more common
with the higher doses originally used. ACE inhibitors
have a synergistic effect with diuretics (which increase
the activity of the renin-angiotensin system) but are
less effective in patients taking NSAIDs.

Adverse effects of ACE inhibitors are classified
into those that are class-specific (related to inhibi-
tion of ACE) and those which relate to specific drugs.
Class-specific effects include hypotension, renal in-
sufficiency, hyperkalaemia, cough (10%) and angio-
neurotic oedema (0.1-0.2%). ACE inhibitors may
cause renal impairment, particularly if renal perfu-
sion is decreased (e.g. because of renal artery stenosis,
congestive heart failure or hypovolaemia) or if there
is pre-existing renal disease. Renal impairment is also
more likely in the elderly or those receiving NSAIDs,
and renal function should be checked before starting
ACE inhibitor therapy, and monitored subsequently.

Hyperkalaemia (plasma K* concentration usually in-
creases by 0.1-0.2 mmol L™ because of decreased aldo-
sterone concentrations) may be more marked in those
with impaired renal function or in patients taking po-
tassium supplements or potassium-sparing diuretics.
The mechanism of cough is not known but is medi-
ated by C fibres and may be related to bradykinin or
substance P production. It is reversible on stopping
the ACE inhibitor. Other adverse effects include upper
respiratory congestion, rhinorrhoea, gastrointestinal
disturbances, and increased insulin sensitivity and hy-
perglycaemia in diabetic patients.

Some adverse effects, e.g. skin rashes (1%), taste
disturbances, proteinuria (1%) and neutropenia
(0.05%), are related to the presence of a sulphydryl
group (e.g. captopril). ACE inhibitors are contraindi-
cated in pregnancy.

Although anaesthesia per se has no direct effect on
the RAS or ACE inhibitors, the RAS is activated by
several stimuli which may occur during the periopera-
tive period. These include blood or fluid losses and the
stress response to surgical stimulation. RAS activation
contributes to the maintenance of arterial pressure
after haemorrhage, or during anaesthesia. Refractory
hypotension during anaesthesia has been reported in
patients receiving long-term antihypertensive treat-
ment with ACE inhibitors, and it has been recom-
mended that they are stopped 24h before surgery if
significant blood loss or fluid shifts are likely. ACE
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inhibitors improve ventricular function in patients
with heart failure or after myocardial infarction but it
is not known whether acute cessation before surgery is
harmful. Conversely, they may have beneficial effects
on regional blood flow and have been associated with
improved renal function in patients undergoing aortic
surgery.

Angiotensin-II Receptor Blockers

Angiotensin-II receptor blockers (ARBs) specifically
and non-competitively block the AT -receptor, inhib-
iting the RAS independently and blocking any effects
of AT-II resulting from compensatory stimulation
of renin. Hence, they reduce afterload and increase
cardiac output without causing tachycardia and are
used in the treatment of hypertension, diabetic ne-
phropathy and heart failure. As they have no effect on
bradykinin metabolism or prostaglandin synthesis,
ARBs do not produce the cough or rash associated
with ACE inhibitors, though angio-oedema has been
reported. However, plasma renin, AT-I and AT-II con-
centrations increase, and aldosterone concentrations
decrease, during long-term therapy: hyperkalaemia
may occur if potassium-sparing diuretics are also ad-
ministered. Losartan is also uricosuric. All available
ARBs are non-peptide imidazole compounds and are
highly protein bound, with a prolonged duration of
action exceeding their plasma half-life, and a maxi-
mum antihypertensive effect 2—4 weeks after starting
therapy. In common with ACE inhibitors, they are
contraindicated in pregnancy and are likely to have an

adverse effect in patients with renal artery stenosis or
those taking NSAIDs. The pharmacological properties
of some ARBs are shown in Table 8.11. There are few
data describing the effects of ARBs in the periopera-
tive period, but caution would be appropriate when
large fluid or blood losses are expected.

ANTIARRHYTHMIC DRUGS

Cardiac arrhythmias are irregular or abnormal heart
rhythms and include bradycardias or tachycardias out-
side the physiological range. Patients may present for
surgery with a pre-existing arrhythmia; alternatively,
arrhythmias may be precipitated or accentuated dur-
ing anaesthesia by several surgical, pharmacological
or physiological factors (Table 8.12). Although sev-
eral drugs (including anaesthetic drugs) have effects
on heart rate and rhythm, the term antiarrhythmic
is applied to drugs which primarily affect ionic cur-
rents within myocardial conducting tissue. Therapy
for long-term arrhythmias has changed during
the last two decades with the development of non-
pharmacological techniques, e.g. DC cardioversion,
implantable cardioverter-defibrillator (ICD) devices or
radiofrequency ablation of ectopic foci. Most forms of
supraventricular tachycardia may be controlled by ra-
diofrequency ablation and ICDs are increasingly used
in patients who have suffered an episode of ventricu-
lar tachycardia. Long-term drug therapy has therefore
declined and is now largely confined to patients with
atrial fibrillation, or as an adjunct in patients with

TABLE 8.11

Pharmacology of Angiotensin Receptor Blockers

Drug Losartan Candesartan Irbesartan Valsartan Eprosartan Telmisartan
Prodrug Yes Yes No No No No
Bioavailability (%) 33 14-40 60-80 23 10-15 40
Peak effect (h) 1° 3-4 1.5-2 2-4 1-3 0.5-1
£ (h) 2 9 11-15 9 5-9 24
Metabolism Hepatic Minimal Hepatic Minimal Hepatic Minimal
(most excreted
unchanged)
Elimination Renal, hepatic Renal, hepatic Renal, hepatic Bile, urine Bile Bile

*Undergoes significant first-pass metabolism, producing an active metabolite EXP 3174, which is 10-40 times more potent than the parent drug.
Time to peak concentration and elimination half-life of EXP 3174 are 3-4h and 6-9 h, respectively.
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TABLE 8.12

Precipitants of Arrhythmias During Anaesthesia

Myocardial ischaemia

Hypoxia

Hypercapnia

Halogenated hydrocarbons (volatile anaesthetic agents, e.g.
trichloroethylene, cyclopropane, halothane)

Catecholamines (endogenous or exogenous)

Electrolyte abnormalities (hypo- or hyperkalaemia,
hypocalcaemia, hypomagnesaemia)

Hypotension

Autonomic effects (e.g. reflex vagal stimulation, brain tumours
or trauma)

Acid-base abnormalities

Mechanical stimuli (e.g. during CVP or PAFC catheter
insertion)

Drugs (toxicity or adverse reactions)

Medical conditions (e.g. sepsis, myocarditis, pneumonia,
alcohol abuse, thyrotoxicosis)

ICDs or benign arrhythmias resistant to catheter abla-
tion. However, owing to the frequency of arrhythmias
during anaesthesia, knowledge of the available drugs
and their interactions is important for the anaesthetist.
Antiarrhythmic drugs are classified according to their
effects on the action potential (see below).

The Cardiac Action Potential

The cardiac action potential (AP) is generated by
movement of charged ions across the cell membrane
and comprises five phases (see Fig. 8.5). At rest, the
cells are polarized and the resting membrane potential
is negative (=50 to —60mV in sinus node pacemaker
cells and —80 to —90mV in Purkinje, atrial and ven-
tricular muscle fibres). The AP is triggered by a low
intra-cellular leak of Na* ions (and Ca** ions at the AV
node) until a threshold point is reached, when sudden
rapid influx of Na* ions causes an increase in positive
charge within the cell and generates an impulse (phase
0, depolarization). The AP starts to reverse (phase 1),
but is sustained because of slower inward movement
of Ca** ions (phase 2). Efflux of K* ions brings about
repolarization (phase 3) and the gradual termination of
the AP. Thereafter, re-equilibration of Na* and K* takes

place and the resting membrane potential is restored
(phase 4). The AP spreads between adjacent cells and is
transmitted through the specialized conducting system
from the AV node to the bundle of His and ventricular
muscle fibres via the Purkinje fibres. The SA node pace-
maker cells have the fastest spontaneous discharge rate
and usually initiate the coordinated action potential.
However, action potentials may also be generated by
the AV node and other cells in the conducting system.

Mechanisms of Arrhythmias

Arrhythmias are caused by abnormalities of impulse
generation or conduction, or both, via a number of
mechanisms:

m Altered automaticity. Increased pacemaker activ-
ity in the SA node (e.g. caused by increased sym-
pathetic tone) may cause sinus tachycardia, or
atrial or ventricular tachyarrhythmias. Decreased
SA node automaticity (e.g. as a result of enhanced
vagal activity) may allow the emergence of latent
pacemaker activity in distal conducting tissues,
e.g. AV node or the bundle of His—Purkinje sys-
tem, causing sinus bradycardia, AV nodal or idio-
ventricular escape rhythms. These rhythms are
common during halothane anaesthesia.

® Unidirectional conduction block. Interruption of the
normal conduction pathways caused by anatomical
defects, alterations in refractory period or excitabil-
ity may cause heart block and favours arrhythmias
caused by abnormal re-entry or automaticity.

m Ectopic foci. Ectopic foci may give rise to ar-
rhythmias in a variety of circumstances. In the
presence of bradycardia or SA node block, path-
ological damage in cardiac muscle cells or con-
ducting tissues may augment the generation of
arrhythmias from ectopic foci, via:

m increased automaticity
® re-entry phenomena
= pathological afterdepolarizations.

Other factors may contribute. Increased automati-
city in atrial, ventricular or conducting tissues caused
by ischaemia or electrolyte disturbances (e.g. hypo-
kalaemia) may trigger depolarization before the SA node
and cause an arrhythmia. Re-entrant arrhythmias arise
when forward conduction of impulses in a branch of
the conduction pathway is blocked by disease and
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retrograde conduction occurs. If there is a discrep-
ancy in the refractory periods of the two branches,
retrograde conduction may occur in cells which have
already discharged and repolarized, triggering a fur-
ther AP which is both premature and ectopic. These
premature APs become self-sustaining (circus move-
ments), leading to atrial or ventricular tachycardia
or fibrillation. Pathological afterdepolarizations are
spontaneous impulses arising just after the normal AP
and occur mostly in ischaemic myocardium (e.g. after
myocardial infarction), especially in the presence of
hypoxaemia, increased catecholamine concentrations,
digoxin toxicity or electrolyte abnormalities.

Arrhythmias and Anaesthesia

Arrhythmias are common during anaesthesia and in
intensive care, especially in patients with preopera-
tive arrhythmia, cardiomyopathy, ischaemia or val-
vular or pericardial disease. They may be precipitated
by several factors (see Table 8.13). Some arrhythmias
are immediately life-threatening but all warrant atten-
tion because they usually imply the presence of other
disturbances, and the effects of specific therapy (e.g.
drugs, electrical cardioversion or cardiac pacing) are
enhanced by prior corrective measures. Specific anti-
arrhythmic treatment is usually reserved for those ar-
rhythmias affecting cardiac output or those which may
progress to dangerous tachyarrhythmias.

In addition to volatile agents, several drugs used
during anaesthesia may facilitate arrhythmias by direct
toxicity (e.g.local anaesthetics), autonomic effects (e.g.
succinylcholine, pancuronium), by enhancing the ef-
fects of catecholamines (e.g. nitrous oxide, thiopental,

cocaine) or as a result of histamine release. Opioids
potentiate central vagal activity, decrease sympathetic
tone and have direct negative chronotropic effects on
the SA node. They may therefore cause bradycardia
but decrease the incidence of ventricular arrhythmias.

Mechanisms of Action of Antiarrhythmic
Drugs

An arrhythmia may be controlled either by slowing the
primary mechanism or, in the case of supraventricular
arrhythmias, by reducing the proportion of impulses
transmitted through the AV node to the ventricular
conducting system. The cardiac action potential may
be pharmacologically manipulated in three ways:

® The automaticity (tendency to spontaneous dis-
charge) of cells may be reduced. This result can
be achieved by reducing the rate of leakage of
sodium (reducing the slope of phase 4), by in-
creasing the electronegativity of the resulting
membrane potential or by decreasing the elec-
tronegativity of the threshold potential.

® The speed of conduction of the action potential
may be suppressed as reflected by a lowering of
the height and slope of the phase 0 discharge. A re-
duction in the electronegativity of the membrane
potential at the onset of phase 0 reduces both the
amplitude and the slope of the phase 0 depolar-
ization. This situation occurs if the cell discharges
before it has been completely repolarized.

m The rate of repolarization may be reduced, which
prolongs the refractory period of the discharg-
ing cell.

TABLE 8.13

Drug Treatments for Specific Arrhythmias

Paroxysmal Atrial Ventricular
Atrial Fibrillation Fibrillation Atrial Flutter Paroxysmal SVT wPw Arrhythmias
Digoxin Amiodarone Digoxin Adenosine Amiodarone Amiodarone
B-Blockers Propafenone Amiodarone Verapamil Disopyramide Lidocaine
Verapamil Flecainide Sotalol B-Blockers Flecainide Disopyramide
Amiodarone Dronaderone Propafenone B-Blockers Flecainide
Dronaderone Propafenone

Magnesium
(torsade de
pointes)

WPW: Wolff-Parkinson-White syndrome
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All antiarrhythmic drugs may themselves induce
arrhythmias. Many (particularly class 1 antiarrhyth-
mics) have a narrow therapeutic index and some have
been associated with an increase in mortality in large-
scale studies. Antiarrhythmic agents may be classi-
fied empirically on the basis of their effectiveness in
supraventricular tachycardias (e.g. digoxin, p-blockers

and verapamil) or in ventricular arrhythmias (lido-
caine, mexiletine, magnesium, phenytoin). Many
drugs (disopyramide, amiodarone, quinidine and pro-
cainamide) are effective in both supraventricular and
ventricular arrhythmias (Table 8.13). The Vaughan
Williams classification (Table 8.14) is based on elec-
trophysiological mechanisms. This classification has

TABLE 8.14

Vaughan Williams Classification of Antiarrhythmic Drugs

Class Exampl Mech Effects Indication
la Quinidine Na* channel blockade Moderate | V__ Prevention of SVT, VT, atrial
Disopyramide  (moderate) 1 Action potential duration tachycardia
| Conduction velocity 1 Refractory period WPW
Prolonged polarization QRS widened
1b Lidocaine Na* channel blockade (mild) Mild |V __ Prevention of VT/VF during
Mexiletine | Conduction velocity | Action potential duration ischaemia
Shortened repolarization | Refractory period
QRS unchanged
1c Flecainide Na* channel blockade (marked) Marked | V__ Conversion/prevention of SVT/
Propafenone | Conduction velocity Minimal change in action potential ~ VT/VF
No change in repolarization duration and refractory period
QRS widened
2 f-Blockers B-Adrenergic receptor blockade Decreased automaticity Prevention of sympathetic-
(SA and AV nodes) induced tachyarrhythmias, rate
control in AF, 2° prevention
after MI, prevention of AV
node re-entrant tachycardia
3 Amiodarone Inhibition of inward K' current Markedly prolonged Prevention of SVT/VT/VF
Bretylium repolarization
Sotalol 1 Action potential duration
1 Refractory period
QRS unchanged
4 Diltiazem Calcium channel blockade | Depolarization and Vo of slow Rate control in AF
response cells in SA and AV nodes  Prevention of AV node
| Action potential duration re-entrant tachycardias
| Refractory period of AV node
Other*  Digoxin Inhibition of Na"/K* ATPase Slows AV node conduction Rate control and treatment of
pump Positive inotropy AF and atrial flutter
1 Intracellular Ca?*, vagal and
sympathetic effects
Adenosine Agonist at A - & A -receptors Suppresses SA and AV node Conversion of paroxysmal SVT
conduction Diagnosis of conduction
| Automaticity defects
Magnesium Blockade of atrial calcium 1 Refractory period Treatment of ventricular

channels
Blocks K* channels

Prolongs atrial conduction

dysrhythmias including torsade
de pointes

* The original Vaughan Williams classification included Classes 1-4 only. Digoxin, adenosine and other drugs which do not fit into this
classification are sometimes termed ‘Class 5’ but are included here as ‘Other’.
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limitations (some drugs belong to more than one class,
some arrhythmias may be caused by several mecha-
nisms, some drugs, e.g. digoxin and adenosine, do not
fit into the classification) but it remains in use and is
therefore described below.

Class 1 antiarrhythmic drugs (Table 8.15) inhibit
the fast Na* influx during depolarization; they inhibit
arrhythmias caused by abnormal automaticity or re-
entry. All class 1 drugs decrease the maximum rate
of rise of phase 0, and decrease conduction velocity,
excitability and automaticity to varying degrees. In ad-
dition to these local anaesthetic properties, some have
membrane-stabilizing effects. Class la drugs antago-
nize primarily the fast influx of Na* ions and so reduce
conduction velocity through the AV node and His—
Purkinje system, whilst prolonging the duration of the
action potential and the refractory period. They also
have varying antimuscarinic and sympathomimetic
effects. Class 1b drugs have much less effect on con-
duction velocity in usual therapeutic doses and they
shorten the refractory period. Agents in class 1c affect
conduction profoundly without altering the refractory
period.

B-Blockers (class 2) depress automaticity in the SA
and AV nodes, and attenuate the effects of catechol-
amines on automaticity and conduction velocity in the
sinus and AV nodes. Class 3 drugs prolong the AP and
so lengthen the refractory period. Verapamil (class 4)
also prolongs the AP, in addition to depressing auto-
maticity (especially in the AV node).

Class 1 Antiarrhythmics

Class 1a. These drugs (see Tables 8.14 and 8.15) are
used for the treatment and prevention of ventricular
and supraventricular arrhythmias. Their use in the
prevention of atrial fibrillation has declined because
of proarrhythmic effects causing increased mortal-
ity, especially in patients with ischaemic heart disease
or poor LV function. They may induce torsades de
pointes (a form of polymorphic ventricular tachycar-
dia) even in patients without structural heart disease.
Quinidine is an isomer of quinine with antimusca-
rinic and a-blocking properties. It was formerly used
in the treatment of atrial and supraventricular tachy-
cardias. Disopyramide is useful in supraventricular
tachycardias and as a second-line agent to lidocaine
in ventricular arrhythmias. It has less action on the

His—Purkinje system than quinidine, but greater anti-
muscarinic and negative inotropic effects.

Procainamide has similar effects to quinidine and
may cause hypotension after i.v. administration. It may
be used i.v. to terminate ventricular arrhythmias or as
an oral antiarrhythmic, although it has a short half-life
and requires frequent administration or the use of a
sustained-release oral preparation.

Ajmalin is a quinidine-like drug used for the treat-
ment of Wolff-Parkinson—-White (WPW) syndrome.
It inhibits intraventricular conduction and prolongs
AV conduction time, and is available in Europe.

Class 1b. Class 1b drugs are useful for the prevention
and treatment of premature ventricular contractions,
ventricular tachycardia and ventricular fibrillation,
particularly associated with ischaemia.

Lidocaine is the first-choice drug for ventricular ar-
rhythmias resistant to DC cardioversion. It decreases
normal and abnormal automaticity and decreases
action potential and refractory period durations. The
threshold for ventricular fibrillation is raised but it has
minimal haemodynamic effects. The antiarrhythmic
properties of lidocaine are enhanced by hypoxaemia,
acidosis and hyperkalaemia, so that it is particularly
effective in ischaemic cells, e.g. after acute myocar-
dial infarction, during cardiac surgery or in arrhyth-
mias associated with digitalis toxicity. Lidocaine may
cause CNS toxicity. Cardiotoxic effects (hypotension,
bradycardia or heart block) occur at higher doses and
are potentiated by hypoxaemia, acidosis and hyper-
capnia. Clearance is decreased if hepatic blood flow
is decreased (e.g. in the elderly, those with congestive
heart failure, after myocardial infarction), and also by
B-blockers, cimetidine and liver disease. In these cir-
cumstances, the dose should be reduced by 50%. It is
less effective in the presence of hypokalaemia.

Mexiletine is a lidocaine analogue which is well ab-
sorbed orally with high bioavailability. Adverse effects
are similar to those of lidocaine; nausea and vomiting
are also common during oral treatment.

Class Ic. Class 1c drugs are used for the prevention
and treatment of supraventricular and ventricular
tachyarrhythmias and junctional tachycardias with or
without an accessory pathway. They are proarrhyth-
mogenic, particularly in patients with myocardial



TABLE 8.15

Pharmacology of Some Class 1 Antiarrhythmic Drugs

DRUG QUINIDINE DISOPYRAMIDE PROCAINAMIDE MEXILETINE FLECAINIDE
Class la la la 1b Ic
Indications Supraventricular Supraventricular Supraventricular Ventricular Supraventricular

tachyarrhythmias

and ventricular
tachyarrhythmias

tachyarrhythmias

tachyarrhythmias

and ventricular
tachyarrhythmias

Metabolism and
elimination

80% metabolized in
liver, 20% excreted
unchanged via kidneys

Renal; 50-80% excreted
unchanged

15-30% by hepatic
acetylation, 40-70%
excreted unchanged by
kidneys

85% hepatic, 15%
excreted unchanged by
kidneys

Renal 80-90% excreted
unchanged

Elimination 9%

5-8h

4-6h

3-5h

6-10h

7-15h

Active metabolites?

Yes

One of metabolites has
marked anticholinergic
effects

Yes (N-acetyl
procainamide)

No

Weakly active
metabolites

Adverse effects

Ventricular arrhythmias;
visual and auditory
disturbances with
vertigo; gastrointestinal
symptoms; rashes,
thrombocytopaenia
and agranulocytosis

Arrhythmias
(ventricular
tachycardia, AV block);
hypotension; dry
mouth, blurred vision,
urinary retention, Gl
irritation

Nausea; myocardial
depression; drug-
induced systemic
lupus erythematosis;
agranulocytosis

Nausea, vomiting;
cardiotoxicity
(bradycardia,
hypotension,
conduction defects);
CNS toxicity
(confusion, dysarthria,
paraesthesiae, dizziness
and convulsions)

Arrhythmias
(ventricular
tachycardia, AV block);
myocardial depression;
nausea, vomiting

Notes

Additive with other
cardiodepressant drugs
(e.g. disopyramide,
B-blockers and
calcium channel
blockers); potentiates
non-depolarizing
neuromuscular
blockers; enhances
digoxin toxicity by
displacing digoxin
from binding sites and
reducing its clearance

Negative inotropic
effects more marked
in combination with f-
blockers or verapamil

Metabolism to N-
acetyl procainamide
dependent on

hepatic N-acetyl
transferase; usually only
administered i.v.

Elimination enhanced
by hepatic enzyme
induction (e.g.

by rifampicin or
phenytoin); elimination
reduced in cardiac or
hepatic disease

Polymorphic
metabolism;
elimination prolonged
in renal or heart failure;
increases digoxin

and propranolol
concentrations
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ischaemia, poor left ventricular function or after myo-
cardial infarction, and although effective in chronic
atrial fibrillation, they are reserved for life-threatening
arrhythmias.

Flecainide is a procainamide derivative with little ef-
fect on repolarization, the refractory period or AP du-
ration, but unlike other drugs in this class, it decreases
automaticity and produces dose-dependent widening
of the QRS complex. In acute atrial fibrillation, intra-
venous flecainide usually restores sinus rhythm and is
useful prophylaxis against further episodes of atrial fi-
brillation. However, it increases the risk of ventricular
arrhythmias after myocardial infarction, especially in
patients with structural cardiac disease.

Propafenone has a complex pharmacology includ-
ing weak antimuscarinic, pf-adrenergic receptor and
calcium channel blocking effects. It should be used
with caution in patients with reactive airways disease.
Interaction with digoxin may increase plasma digoxin
concentrations.

Class 2 Antiarrhythmic Drugs

B-Blockers are used mainly for the treatment of sinus
and supraventricular tachycardias, especially those
provoked by endogenous or exogenous catechol-
amines, emotion or exercise. Their antiarrhythmic
effects are an intrinsic property of 3-blockade, i.e. re-
duced automaticity in ectopic pacemakers, prolonged
AV node conduction and refractory period, although
some f-blockers have class 1 activity in high doses
(‘membrane-stabilizing activity’). Although beneficial
in chronic heart failure, their negative inotropic effects
may be disadvantageous in patients with acute left
ventricular dysfunction.

Class 3 Antiarrhythmic Drugs

Class 3 antiarrhythmics prolong the AP in conducting
tissues and myocardial muscle. They prolong repol-
arization by K* channel blockade, and decrease out-
ward K* conduction in the bundle of His, atrial and
ventricular muscle, and accessory pathways. They are
used for the treatment of supraventricular and ven-
tricular tachyarrhythmias, including those associated
with accessory conduction pathways. Some drugs have
other actions (e.g. sotalol also produces p-blockade,
and disopyramide has class 1 effects). All may prolong
the QT interval and precipitate torsades de pointes,

especially in high doses or in the presence of electro-
lyte disturbance.

Sotalol is a non-selective B-blocker with class 3 anti-
arrhythmic effects. Action potential duration and
refractory period are lengthened, and it is effective in
the treatment of supraventricular tachyarrhythmias,
especially atrial flutter and fibrillation, which may be
converted to sinus rhythm. It also suppresses ventric-
ular tachyarrhythmias and ventricular ectopic beats.
However, sotalol may cause torsades de pointes and
other life-threatening arrhythmias, particularly in the
presence of hypokalaemia.

Amiodarone is primarily a class 3 drug; it acts by in-
hibition of inward K* current. It also blocks sodium
and calcium channels, and has competitive inhibitory
actions at a- and f-adrenoceptors, and may therefore
be considered to have class 1, 2 and 4 antiarrhythmic
activity. It prolongs AP duration, repolarization and re-
fractory periods in the atria and ventricles. In addition,
AV node conduction is markedly slowed and refrac-
tory period increased. Ventricular conduction velocity
is slowed. Amiodarone is effective against a wide va-
riety of supraventricular and ventricular arrhythmias,
including WPW syndrome, and is preferred to other
drugs in the presence of left ventricular dysfunction.
Intravenous amiodarone is contraindicated in the
presence of bradycardia or AV block but is less likely
than other agents to cause arrhythmias. Bradycardia
unresponsive to atropine, and hypotension, have been
reported during general anaesthesia in patients receiv-
ing amiodarone therapy. Long-term oral therapy may
produce a number of adverse effects. Amiodarone is an
iodinated compound, which explains its effects on the
thyroid (Table 8.16).

Bretylium is a quaternary ammonium compound
which prevents noradrenaline uptake into sympathetic
nerve endings. It prolongs AP duration and refractory
period with no effect on automaticity, and was used
as second-line therapy to lidocaine for resistant life-
threatening ventricular tachyarrhythmias, but is no
longer available in the UK.

Dronaderone and dofetilide are new class 3 anti-
arrhythmicswhichselectivelyinhibitinward K* currents
and so prolong repolarization, effective refractory pe-
riod and the QT interval. Dofetilide has high bioavail-
ability and is excreted mostly unchanged by the kidney
but may cause torsades de pointes. Dronaderone is an



Drug (class)

Pharmacological Properties of some Commonly used Intravenous Antiarrhythmic Drugs

Lidocaine (1b)

Adenosine

Digoxin

Amiodarone (3)

Magnesium Sulphate

Typical i.v. dose

50-100 mg, repeated after
5-10min or followed by
continuous infusion

3mg, repeated up to 6 mg
and 12 mg after 1-2min

Loading dose
250-500 ug i.v. over
10-20 min, repeated
after 6-12h

5mgkg " over at least
5-10min, followed by
infusion of 900 mg over
24h

8 mmol over
10-15min followed
by continuous

i.v. infusion of
4-72mmol over 24 h

Metabolism and

Extensive first-pass hepatic

Vascular endothelium

Mostly excreted

Hepatic; drug and active

Redistributed or

elimination metabolism unchanged via metabolite accumulate in excreted unchanged
kidneys tissues via kidneys

Elimination ¢, , <2h <10s 36h 35-40 days <1h

Active metabolites? Monoethylglycine-xylidide No No Desethylamiodarone No

(MEGX), glycine xylidide
(GX)

Adverse effects

CNS toxicity (confusion,
dysarthria, tremor,
paraesthesiae, dizziness
and convulsions).
Cardiotoxicity
(bradycardia,
hypotension, asystole)

Dyspnoea, flushing,
bronchospasm,
bradycardia and,
occasionally, ventricular
standstill or malignant
tachyarrhythmias

Cardiac arrhythmias
(especially
ventricular
arrhythmias, heart
block), CNS toxicity
(fatigue, agitation,
nightmares, visual
disturbances),
anorexia and nausea
or abdominal pain

Bradycardia, hypotension,
thrombophlebitis. With
long-term therapy, corneal
microdeposits, cutaneous
rash, hypothyroidism,
confounding of thyroid
function tests

Vasodilatation,
hyporeflexia,
neuromuscular
blockade, cardiac
conduction changes,
cardiac arrest

and electrolyte
disturbances.

Notes

Toxicity increased
by hypokalaemia;
plasma
concentrations
increased by
quinidine,
amiodarone,
verapamil; specific
digoxin antibody
available for
treatment of
toxicity. Plasma
concentrations
should be monitored

Avoid co-administration
with other drugs which
prolong QT interval (e.g.
diltiazem, verapamil,
phenothiazines, sotalol or
class 1a antiarrhythmics);
significant drug
interactions, including
increasing plasma digoxin
concentrations and
potentiation of warfarin
and heparin

Plasma
concentrations
should be monitored
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analogue of amiodarone which also blocks multiple
channels including L-type Ca** and inward Na* cur-
rents. Both are used for the long-term treatment of
atrial fibrillation.

Class 4 Antiarrhythmic Drugs

Class 4 drugs (calcium channel blockers) prevent voltage-
dependent calcium influx during depolarization, par-
ticularly in the SA and AV nodes. Verapamil is more
selective for cardiac cells than other calcium channel
blockers but it is also a coronary and peripheral vaso-
dilator, and decreases myocardial contractility. It de-
presses AV conduction, is effective in supraventricular
or re-entrant tachycardia and controls the ventricular
rate in atrial fibrillation. However, it is contraindicated
in WPW syndrome because conduction through the
accessory pathway may be encouraged, leading to ven-
tricular fibrillation. Intravenous administration may
cause hypotension (by vasodilatation), and caution is
necessary in low-output states and in patients treated
with negative inotropic drugs, e.g. p-blockers, diso-
pyramide, quinidine or procainamide. Verapamil and
diltiazem are effective by both i.v. and oral routes.

Other Antiarrhythmics

Adenosine is an endogenous purine nucleoside which
mediates a variety of natural cellular functions via
membrane-bound adenosine receptors, of which sev-
eral subtypes (A,—A,) have been identified. Myocardial
A -receptors activate potassium channels and de-
crease cAMP by activating inhibitory G.-proteins;
A -receptors mediate coronary vasodilatation by
stimulating endothelial-derived relaxing factor and
increasing intracellular cAMP. Increased potassium
conductance induces membrane hyperpolarization
in the SA and AV nodes, reducing automaticity and
blocking AV node conduction. Adenosine also has an
antiadrenergic effect in calcium-dependent ventricu-
lar tissue. It effectively converts paroxysmal supraven-
tricular tachyarrhythmias (including those associated
with WPW syndrome) to sinus rhythm, is used in the
diagnosis of broad complex tachycardias when the ori-
gin (ventricular or supraventricular) is uncertain but
is ineffective in the conversion of atrial flutter or fibril-
lation. In patients unable to exercise, adenosine is used
as a coronary vasodilator in combination with myo-
cardial perfusion scanning to diagnose coronary artery

disease. Adenosine is metabolized to AMP or inosine
by erythrocytes and vascular endothelial cells, so that
it has a very short duration of action and is given as a
rapid i.v. bolus.

Magnesium sulphate. Magnesium is a cofactor for
many enzyme systems, including myocardial Na*/K*
ATPase. Itantagonizes atrial Land T type Ca** channels,
so that it prolongs both atrial refractory periods and
conduction, and also inhibits K* entry and suppresses
ventricular afterdepolarizations. Intravenous magne-
sium sulphate is the treatment of choice for torsades de
pointes, a type of ventricular tachycardia occasionally
induced by class 1a or class 3 antiarrhythmic drugs
which prolong the QT interval. It is a second-line treat-
ment for supraventricular and ventricular arrhythmias,
particularly those associated with digoxin toxicity or
hypokalaemia, and is used as an anticonvulsant in pa-
tients with pre-eclampsia. Magnesium is redistributed
rapidly into bone (50%) and intracellular fluid (45%),
with the remainder excreted via the kidneys. It is there-
fore administered as an i.v. infusion.

Cardiac Glycosides

Digoxin and digitoxin are cardiac glycosides derived
from plant sources, principally Digitalis purpura
and Digitalis lanata. Their structure comprises a cy-
clopentanophenanthrene nucleus, an aglycone ring
(responsible for the pharmacological activity) and
a carbohydrate chain made up of sugar molecules
(which aid solubility). Digitalis compounds have been
used for over 200 years for the treatment of heart
failure but have been largely superseded and are now
principally indicated for the control of ventricular rate
in supraventricular arrhythmias, particularly atrial
fibrillation. They have several actions, including di-
rect effects on the myocardium and both direct and
indirect actions on the ANS. They increase myocar-
dial contractility and decrease conduction in the AV
node and bundle of His. Action potential and refrac-
tory period durations in atrial cells are reduced, and the
rate of phase 4 depolarization in the SA node (auto-
maticity) is decreased. The refractory periods of the
AV node and bundle of His are increased, but in the
ventricles, refractory period is decreased and spon-
taneous depolarization rate increases. This increased
ventricular excitability is more marked in the presence
of hypokalaemia and may lead to the appearance of
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ectopic pacemaker foci. The principal direct cardiac
action is inhibition of membrane Na*/K*-ATPase ac-
tivity. Intracellular Na* concentration and Na*/Ca**
exchange increase, leading to increased availability of
intracellular Ca?* and increased myocardial contractil-
ity. Increased local catecholamine concentrations as a
result of decreased neuronal re-uptake and increased
central sympathetic drive may also contribute to this
positive inotropic action. In addition to direct cardiac
actions, digitalis compounds have direct and indirect
vagal effects. Central vagal tone, cardiac sensitivity to
vagal stimulation, and local myocardial concentrations
of acetylcholine are all increased and these effects may
be partly antagonized by atropine.

Digoxin has a large apparent volume of distribution
and a long half-life, so that effective plasma concen-
trations occur after approximately 5-7 days unless a
loading dose is given. Doses should be reduced in renal
impairment or elderly patients. The therapeutic index
is low and toxicity is likely at plasma concentrations
>2.5ngmL™". However, plasma concentrations are a
poor guide to toxicity because the drug is concentrated
in cardiac and other tissues. Even at therapeutic plasma
concentrations, digitalis affects the ECG, causing repol-
arization abnormalities. The classic ‘digoxin effect’ on
ECG is of downsloping (‘reverse tick’) ST-segment de-
pression with T wave inversion which may be wrongly
interpreted as ischaemia. These changes are usually
widespread, are not confined to the territory of one
coronary artery and do not indicate toxicity. Digoxin
toxicity usually causes cardiac, CNS, visual and gastro-
intestinal disturbances, including almost any arrhyth-
mia, although ventricular arrhythmias (extrasystoles,
bigeminy and trigeminy) and various degrees of heart
block are commonest. Supraventricular arrhythmias

also occur, often with some degree of conduction block.
Digoxin should be avoided in the presence of second-
degree heart block, ventricular tachycardia or aberrant
conduction pathways (e.g. WPW syndrome) because
arrhythmias may be precipitated, and should be used
with caution after myocardial infarction. Sensitivity
to digoxin is increased by hypokalaemia, hypomag-
nesaemia, hypercalcaemia, renal impairment, chronic
pulmonary or heart disease, myxoedema and hypox-
aemia. f-Blockers and verapamil have combined effects
on the AV node and digoxin should be administered
cautiously. Treatment of serious arrhythmias involves
careful administration of KCl under ECG monitor-
ing (especially in the presence of heart block or renal
impairment). Lidocaine and phenytoin are useful for
ventricular arrhythmias, p-blockade for supraven-
tricular arrhythmias, and bradyarrhythmias may be
treated with atropine. Digoxin should be stopped for
at least 48h before elective DC cardioversion, other-
wise ventricular fibrillation may be precipitated. If car-
dioversion is required, the initial energy level should
be low (e.g. 10-25]) and increased if necessary.

Digitoxin is metabolized by the liver, and is less de-
pendent upon renal function for its elimination. It has
a very long half-life (4—6 days), so maintenance doses
may be required only on alternate days, but this is also
a disadvantage as toxic effects are very persistent.

FURTHER READING

Calvey, T.N., Williams, N.E., 2008. Principles and practice of phar-
macology for anaesthetists, fifth ed. Blackwell Science, Oxford.
Stoelting, R.K., 2005. Pharmacology and physiology in anesthetic

practice, fourth ed. Lippincott, Williams & Wilkins, Philadelphia.
Sweetman, S.C. (Ed.), 2011. Martindale: the complete drug refer-
ence, thirty-seventh ed. Pharmaceutical Press, London.



n understanding of how drugs interact with the

respiratory system is vital for anaesthetists and those
working in critical care. Knowledge of the drugs dis-
cussed in this chapter will facilitate effective manage-
ment of common, potentially life-threatening medical
emergencies. An appreciation of the steps in the British
Thoracic Society guidelines on asthma management
may help risk-stratify and optimize asthmatic patients
in the perioperative period. Oxygen is increasingly be-
ing considered as a therapeutic agent or drug requir-
ing a written prescription. Nearly 300 serious incidents
associated with oxygen misuse, including nine deaths,
were reported to the National Patient Safety Agency
(NPSA) over a 5-year period. Anaesthetists are well
placed to lead implementation of the NPSA’s recent
guidance and assist in the education of other health-
care staff regarding the safe use of oxygen.

DRUGS AFFECTING AIRWAY
CALIBRE

Airway smooth muscle tone results from a balance
between opposing sympathetic and parasympathetic
influences (Fig. 9.1). Sympathetic activity causes
bronchodilatation while cholinergic parasympathetic
activity from the vagus nerve causes bronchoconstric-
tion. Drugs which increase sympathetic influence or
decrease cholinergic parasympathetic activity gener-
ally cause bronchodilatation by relaxation of airway
smooth muscle, and so may be used in the management
of asthma and chronic obstructive pulmonary disease
(COPD). Sympathetic control is mediated at a cellu-
lar level by B -receptors. Agonists such as adrenaline

DRUGS ACTING ON THE
RESPIRATORY SYSTEM

that bind to these G-protein coupled receptors (G)
stimulate adenylate cyclase. This enzyme catalyses the
conversion, within the cell, of adenosine triphosphate
(ATP) to cyclic adenosine monophosphate (cAMP).
Through kinase enzyme systems, cCAMP relaxes airway
smooth muscle. Cyclic AMP is degraded to inactive
5’-AMP by the enzyme phosphodiesterase. Drugs that
increase the concentration of cAMP within the cell
relax airway smooth muscle (e.g. ,-agonists, phos-
phodiesterase inhibitors). Conversely, drugs which re-
duce the level of cAMP (e.g. ,-antagonists) may cause
bronchoconstriction.

The cholinergic parasympathetic system is medi-
ated through several subtypes of muscarinic receptor.
The most common subtype found in pulmonary tissue
is the M, receptor. This is also a G-protein coupled re-
ceptor (Gq) but one which, when activated, stimulates
phospholipase C to produce inositol triphosphate,
which then binds to sarcoplasmic reticulum receptors
causing release of calcium from intracellular stores,
and so results in smooth muscle contraction and bron-
choconstriction. Therefore muscarinic agonists cause
bronchoconstriction and anticholinergic drugs cause
bronchodilatation.

A third, minor, neural pathway also exists, referred
to as the non-cholinergic parasympathetic system.
This is a bronchodilator pathway which has vasoactive
intestinal peptide (VIP) as its neurotransmitter and ni-
tric oxide (NO) as the second messenger. The physio-
logical significance of this in humans is unknown.

Histamine and other mediators also play an im-
portant role in promoting bronchial constriction
via H -receptors, especially during anaphylaxis, drug
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Summary of the three physiological systems that control airway smooth muscle contraction. See text for details.

ACh, acetylcholine; G_and G, G-proteins; PIP,, phosphatidylinositol biphosphate; IP,, inositol triphosphate; VIP, vasoactive in-
testinal peptide; NO, nitric oxide; cGMP, cyclic guanosine monophosphate; ATP, adenosine triphosphate; PKA, phosphokinase;

cAMP, cyclic adenosine monophosphate.

reactions, allergy, asthma and respiratory infections.
Anti-inflammatory agents (e.g. steroids) and mem-
brane stabilizers (e.g. sodium cromoglicate) may reduce
or prevent bronchoconstriction in these conditions.

Bronchodilators

Bronchodilators are used commonly in the manage-
ment of acute asthma or an exacerbation of COPD
with the aim of reversing the abnormal bronchospasm
that occurs in these potentially life-threatening condi-
tions. All doctors working in acute specialties need to
be familiar with their use. Anaesthetists, by ensuring
optimal bronchodilator therapy, may avoid the need
for invasive ventilation in some patients. In addition
to alleviating the symptoms of wheeze and dyspnoea,
bronchodilators improve the adequacy of ventilation
and decrease the work of breathing.

B-Adrenergic Agonists

B-Adrenergic agonists are usually the first-line treat-
ment for relieving bronchospasm in asthma and COPD.
These drugs have additional beneficial effects in the
management of asthma (Table 9.1). There are at least
three subtypes of B-receptor in the body: f, is found
in cardiac tissue, B, in pulmonary tissue and peripheral

TABLE 9.1

Effects of f-Agonist Drugs on the Airways

Specific
Increase in intracellular cAMP and bronchodilatation

Non-Specific but Complementary

Inhibition of mast cell mediator release

Inhibition of plasma exudation and microvascular leakage
Prevention of airway oedema

Increased mucous secretion

Increased mucociliary clearance

Prevention of tissue damage mediated by oxygen free radicals
Decreased acetylcholine release in cholinergic nerves by an
action on prejunctional f-receptors

vasculature and B, in adipose tissue. Although non-
selective P-agonists such as adrenaline and ephed-
rine can be used as bronchodilators, their unwanted
B, action (e.g. tachycardia) has meant that ,-specific
agonists are preferred. Salbutamol, a synthetic sym-
pathomimetic amine, is the most commonly used se-
lective f -agonist. Although developed as a selective
B,-agonist, salbutamol may have B, side-effects in high
doses or in the presence of hypoxaemia or hypercapnia.
Salbutamol is a short-acting bronchodilator with a fast
onset of action used for the relief of acute symptoms.
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Indications

® Asthma

= COPD

m Hyper-reactive airways in patients undergoing
mechanical ventilation

® Bronchospasm caused by allergic reactions and
anaphylaxis

® Bronchospasm following aspiration or inhala-
tion of toxins.

Route of Administration and Dose. Inhalation is usu-
ally the most appropriate route of administration of
f3,-agonists in order to minimize systemic side-effects.
An inhaled drug may also be more effective, because it
easily reaches the mast and epithelial cells of the airway
which are relatively inaccessible to a drug administered
systemically. Salbutamol is administered from a pres-
surized aerosol (100 pg per puff; 1 or 2 puffs four times
daily). The effect lasts for 4-6h. The drug may also be
nebulized in inspired gases and inhaled via a face mask
or added to the breathing system in patients undergo-
ing artificial ventilation. For this purpose, a dose of
2.5-5mg up to four times daily is used. In severe bron-
chospasm, up to 5mg may be given as frequently as ev-
ery 30min initially. Side-effects are more likely when
these drugs are nebulized as they deliver a larger dose of
which a significant proportion is absorbed systemically.

Oral administration has no advantage over the inhala-
tional route and is associated with a greater incidence of
adverse-effects. Intravenous administration is used occa-
sionally, as a last resort, when bronchospasm is so severe
that an aerosol or nebulizer is unlikely to deliver the drug
to the narrowed airways or when inhalational therapy
has failed. Intravenous administration is associated with
more frequent systemic side-effects and should be used
only when the patient is appropriately monitored.

Salmeterol is a more potent, longer acting f,-
agonist than salbutamol. Its effects last up to 12h,
allowing twice daily administration for the prevention
of asthma attacks. It is available as an aerosol inhaler
(dose: 50-100 pg twice daily).

Adverse Effects. Adverse effects of B-agonists include
the following:

® tachycardia/tachyarrhythmias (B, effect)
m decreased peripheral vascular resistance and
postural hypotension (3, effect)

® muscle tremor — resulting from a direct effect on
f,-receptors in skeletal muscle

® hypokalaemia caused by increased uptake of
potassium ions by skeletal muscles (B, effect)

® metabolic effects — increases in the plasma con-
centrations of free fatty acids, insulin, glucose,
pyruvate and lactate (3, effects)

® potentiation of non-depolarizing muscle relaxants.

Bronchodilatation may lead to transient hypoxae-
mia due to increased V/Q mismatch and inhibition
of the normal hypoxic pulmonary vasoconstriction
mechanism. This may be overcome easily by supply-
ing supplementary oxygen. f3,-agonists also cause re-
laxation of the gravid uterus and may be used in the
management of pre-term labour.

Anticholinergic Drugs

The use of anticholinergic agents for their broncho-
dilator properties dates back two centuries when
Datura plants were smoked for the relief of asthma. As
an anticholinergic, atropine does cause bronchodilata-
tion but side-effects such as tachycardia and dry mu-
cous membranes limit its usefulness. Anticholinergic
drugs are usually used as second-line agents in the
management of acute bronchospasm and are very ef-
fective in reducing the frequency of acute exacerbations
of COPD when taken regularly. One of the most com-
monly used drugs is ipratropium bromide. It is a syn-
thetic quaternary ammonium compound derived from
atropine. Ipratropium is active topically and there is lit-
tle systemic absorption from the respiratory tract. Mast
cell stabilization has also been proposed as a comple-
mentary mechanism of action. Maximum effect occurs
30-60 min after inhalation and may continue for up to
8h. Tiotropium is a more recently introduced antimus-
carinic bronchodilator with a longer duration of action
that allows once daily administration.

Indications. Ipratropium is used as a second-line
bronchodilator in acute exacerbations of asthma and
COPD. It has an additive effect when used in combi-
nation with B-agonists. It is particularly effective in
older patients with COPD. Tiotropium is prescribed to
COPD patients with the aim of decreasing frequency
of exacerbations; it is not useful in the treatment of
acute bronchospasm.
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Route of Administration and Dose. Ipratropium can
be delivered from a metered dose inhaler (2040 pg)
or as a nebulizer (250-500 pg) up to four times daily.
Tiotropium is delivered as a dry powder by a ‘Spiriva
HandiHaler’ device; the dose is 18 pg once daily.

Adverse Effects. Dry mouth is the most commonly re-
ported adverse effect of the antimuscarinic broncho-
dilators. Other less frequent side-effects include nausea,
constipation and palpitations. The drugs are well known
to precipitate acute urinary retention and so should be
used with caution in patients with benign prostatic
hypertrophy. They may also cause acute angle-closure
glaucoma, particularly when given as a nebulizer (acci-
dental instillation into the eye) with salbutamol.

Methylxanthines

The bronchodilator effect of strong coffee was first de-
scribed in the 19th century. Methylxanthines, which are
chemically related to caffeine, have been used to manage
obstructive airways disease since the 1930s. Theophylline
is the most commonly used methylxanthine and is
available as an oral modified-release preparation.
Aminophylline is a water-soluble salt which is used as an
injectable form of theophylline. Methylxanthines have
widespread effects involving multiple organ systems.
With regard to their bronchodilator effects, the follow-
ing mechanisms have been proposed:

m phosphodiesterase inhibition, leading to in-
creased intracellular cAMP

® adenosine receptor antagonism, preventing mast

cell degranulation

endogenous catecholamine release

prostaglandin inhibition

interference with calcium mobilization

potentiation of B,-agonists.

Methylxanthines also increase cardiac output and
the efficiency of the respiratory muscles, including
improved diaphragmatic contractility. Aminophylline
has been used occasionally in the management of heart
failure and is known to reduce the frequency of apnoea
in the premature neonate.

Indications. Methylxanthines are usually prescribed
when inhaled therapies have failed or have been only
partly effective. They are particularly useful in COPD.

Recently, they have been shown to improve exercise toler-
ance in intensive care patients on a weaning programme.

Route of Administration and Dose. Theophylline may be
used as a sustained release oral preparation for the preven-
tion of acute exacerbations of COPD. The dose depends
on the preparation being used and is given twice daily.
Aminophylline is an intravenous preparation used for the
relief of acute episodes of bronchospasm. It is a strong al-
kaline solution and should not be given intramuscularly
or subcutaneously. A loading dose of 5mgkg™ should
be given slowly over 20min followed by an infusion of
0.5-0.7 mgkg"h". If the patient is already taking an oral
theophylline, then the loading dose should be omitted.
There is a close relationship between the degree
of bronchial dilatation and the plasma concentra-
tion of theophylline. A concentration of <10mgL™ is
associated with a mild effect and a concentration of
>25mgL™" with frequent side-effects. Consequently,
the therapeutic window is narrow and the plasma
concentration should be maintained within the
range 10-20mgL™" (55-110 umol L™). Plasma assays
should be performed 6h after commencing an infu-
sion or following a rate change and then every 24h.
Approximately 40% of the drug is protein-bound.
Theophylline is metabolized mainly in the liver by
cytochrome P450 microenzymes; 10% is excreted
unchanged in urine. Factors which affect the activ-
ity of hepatic enzymes and thus the clearance of the
drug are summarized in Table 9.2. The infusion rate

TABLE 9.2

Factors Affecting the Plasma Concentration
of Methylxanthines for a Given Dose

Factors Which Lower the Plasma Concentration:

Children

Smoking

Enzyme induction - rifampicin, chronic ethanol use, phenytoin,
carbamazepine, barbiturates

High protein diet

Low carbohydrate diet

Factors Which Increase the Plasma Concentration:

Old age

Congestive heart failure

Enzyme inhibition - erythromycin, omeprazole, valproate,
isoniazid, ciprofloxacin

High carbohydrate diet
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of aminophylline should be adjusted accordingly (e.g.
1.6 times for smokers, 0.5 times for patients receiving
erythromycin). The dose for obese patients should be
based on ideal body weight and frequent estimation of
plasma concentration is required to prevent ineffective
therapy or toxicity.

Adverse Effects. Adverse effects of methylxanthines
may be severe and are more likely to occur in patients
also receiving a P-agonist bronchodilator or other
sympathomimetic drugs.

m Central nervous system effects: stimulation of the
CNS may lead to nausea, restlessness, agitation,
insomnia, tremor and seizures. Some CNS effects
(e.g. tremor) may occur even with therapeutic
plasma concentrations of the drug.

m Cardiovascular effects: methylxanthines have posi-
tive chronotropic and inotropic effects on the
heart. Tachyarrhythmias may occur with therapeu-
tic doses, especially in the presence of halothane.

m Renal effects: methylxanthines cause increased
urine output which may be related to an effect
on tubular function or may be an indirect effect
of the increased cardiac output. They may also
lead to hypokalaemia.

m Miscellaneous effects: methylxanthines are known
to increase gastric acid secretion and promote
gastro-oesophageal reflux.

Extreme care should be exercised when adminis-
tering aminophylline in the presence of hypoxaemia,
hypercapnia, dehydration, hypokalaemia or cardiac ar-
rhythmias. Patients must be monitored closely. Deaths
caused by gross hypokalaemia and cardiac arrhyth-
mias have been reported. If toxic symptoms develop,
administration of the drug should be discontinued
and symptomatic treatment provided. Serum potas-
sium concentration should be measured and corrected
if necessary. In extreme cases, haemodialysis may be
required to hasten elimination of the drug.

Anti-Inflammatory Agents
Steroids

Steroids are used commonly as anti-inflammatory
agents. Synthetic glucocorticoids have metabolic,
anti-inflammatory and immunosuppressive effects
(Table9.3). They are able to penetrate the cell membrane

Sites of Action for the Anti-Inflammatory
Effects of Steroids

Site of Action Mechanism

Intracellular steroid
receptors

Steroid-receptor complex alters
the transcription of genes leading
to altered protein synthesis

Lipocortin Increased lipocortin production
inhibits release of arachidonic acid
metabolites and platelet-activating

factor from lung and macrophages

Decrease in the number of
eosinophils and inhibition of
degranulation

Eosinophils

T lymphocytes Reduction in the number of T
lymphocytes and the production

of cytokines

Macrophages Reduced secretion of leukotrienes

and prostaglandin

Endothelial cells Reduction of the leak between cells

Airway smooth muscle
f3,-adrenoceptors

Increased agonist sensitivity,
augmenting the effect of agonists;
increase in receptor density and
prevention of tachyphylaxis

Mucous glands Reduced mucous secretion

and interact with intracellular steroid receptors, influ-
encing transcription of genes and protein synthesis.
Steroid administration leads to reduced numbers of
lymphocytes and eosinophils, reduced secretion of
prostaglandins from macrophages and a reduction in
endothelial permeability. Steroids also increase the sen-
sitivity of B,-adrenoceptors to both endogenous and
inhaled agonists and help prevent tachyphylaxis to ad-
renoceptor agonists such as salbutamol. There is some
evidence that high-dose inhaled steroids help to slow
the airway remodelling that results from chronic in-
flammation in asthma. Remodelling consists of airway
smooth muscle hypertrophy, excess mucous glands and
thickening of the basement membrane. It is thought to
be one cause for the airway hyper-responsiveness that
is characteristic of asthma.

Indications. Inhaled steroids are used commonly in
the management of chronic asthma to reduce the fre-
quency of attacks. They are usually considered when
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Step 5
Step 4
Step 3 Inhaled f3,
Step 2 ag‘;"ft
Step 1 high dose inhaled
steroid
Inhaled 32 and
agonist inhaled long
and acting B Step;4
inhaled steroid agonist and
Inhaled By and and (one of) oral steroid
agonist inhaled long LRA*
Inhaled Bo and acting B Theophylline
agonist inhaled steroid agonist oral B, agonist
*Leukotriene receptor
antagonist
Mild intermittent Regular preventer Initial add-on Persistent poor Use of
asthma therapy therapy control oral steroid
FIGURE 9.2 ™ Summary of the British Thoracic Society asthma management guidelines. (Adapted from British Thoracic Society

Scottish Intercollegiate Guidelines Network (2011): British Guideline on the Management of Asthma.)

patients require a f3 -agonist more than twice a week,
if symptoms disturb sleep more than once a week or if
the patient has suffered exacerbations in the last 2 years
which required a systemic corticosteroid. The addition
of an inhaled steroid constitutes ‘Step 2’ of the British
Thoracic Society (BTS) guidelines for the management
of asthma (Fig. 9.2). Some patients with COPD may
have steroid-responsive disease. Inhaled steroids are un-
licensed for COPD but may be considered in patients
with an FEV| <50% of predicted, or for patients hav-
ing more than two acute exacerbations requiring oral
steroids per year. Oral and intravenous steroids are use-
ful in the management of acute asthma or COPD. They
may also have a role in the treatment of sarcoidosis,
interstitial lung disease and pulmonary eosinophilia.

Route of Administration and Dose. The three most
commonly used inhaled steroids are shown in Table 9.4.
Standard doses are those used in Step 2 of the BTS

TABLE 9.4

Doses of Inhaled Steroids. Step 2 and Step
4 Refer to British Thoracic Society Asthma
Guidelines (Fig. 9.2)

Steroid

Standard (Step 2)

Dose

High (Step 4)

Dose

Beclometasone
dipropionate

100-400 pg twice
daily

0.4-1.0 mg twice
daily

Fluticasone
dipropionate

50-200 pg twice
daily

200-500 pg twice
daily

Mometasone
furoate

200 pg twice daily

400 pg twice daily

guidelines. If symptom control is still poor on Step 3 of
the protocol (steroid+long acting B,-receptor agonist)
then high-dose inhaled steroid constitutes Step 4.
Systemic steroids are part of the standard treat-
ment for acute asthma or COPD. In moderate acute
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attacks, prednisolone 40-50 mg per day may be given
orally. In acute severe or acute life-threatening asthma,
intravenous hydrocortisone 100 mg every 6h may be
required until oral prednisolone can be taken. Therapy
is usually continued for 5-7 days. Long-term or high
doses of steroids may cause adrenal suppression and
if stopped abruptly may precipitate an Addisonian
crisis. Courses of steroids lasting less than 3 weeks
may usually be stopped abruptly without the risk of
precipitating a crisis. Caution should be exercised in
patients who have received repeated short courses,
recently stopped long-term steroid therapy, those re-
ceiving evening doses, or patients receiving >40 mg (or
equivalent) of prednisolone per day.

Adverse Effects. Steroids have many local and systemic
side-effects which commonly limit their use. Inhaled
drugs are less likely than oral or intravenous steroids
to cause systemic side-effects but may cause local ir-
ritation and predisposition to oral candidiasis. Some
of the recognized side-effects of steroids are listed in
Table 9.5.

Other Drugs
Sodium Cromoglicate

This is a derivative of khellin, an Egyptian herbal
remedy which was found to protect bronchi against
allergens. The mechanism of action is not fully

TABLE 9.5

Common Adverse Effects of Steroids

Local Effects (Inhaled Steroids)
Hoarse voice

Oral/pharyngeal candidiasis
Throat irritation and cough

Systemic Effects (from Inhaled or Systemic Steroids)
Adrenergic suppression
Fluid retention
Hypertension

Peptic ulceration
Diabetes mellitus
Increased appetite
Weight gain

Bruising and skin thinning
Osteoporosis

Cataracts

Psychosis

understood but is thought to involve the stabilization
of mast cell membranes. By blocking calcium chan-
nels, the drug is able to prevent mast cell degranu-
lation with its subsequent histamine release. It has
traditionally been used in patients with asthma in
whom exercise is a trigger. Exercise-induced asthma
may, however, just be a marker of poorly controlled
asthma. A 4-6 week trial is useful to assess respon-
siveness. It is given by inhaler in a dose of 5-10mg
(1 or 2 puffs) four times a day. Side-effects are rare
but include coughing, transient bronchospasm and
throat irritation. Very rarely, angioedema may be
precipitated. Sodium cromoglicate can also be used
topically for allergic conjunctivitis and orally for the
prevention of food allergy.

Leukotriene Receptor Antagonists

The leukotriene receptor antagonists are an additional
therapy useful in the management of chronic asthma.
They may be used in addition to, or in place of, a long
acting f,-receptor agonist such as salmeterol in Step 3
of the BTS guidelines (Fig. 9.2). There are two drugs
in this class in common clinical use: montelukast
and zafirlukast. They may be particularly beneficial
in exercise-induced asthma and may also be used in
patients with seasonal allergic rhinitis who have con-
comitant asthma. Two oral drugs in this class are pre-
scribed commonly; montelukast 10 mg is given once
a day, usually in the evening, or zafirlukast 20 mg can
be given twice a day. The most common adverse ef-
fects are gastrointestinal upset and abdominal pain,
with headache and insomnia also reported. These
drugs have been associated rarely with the develop-
ment of Churg-Strauss vasculitis and patients should
be told to report any rash or worsening of pulmonary
symptoms.

Antihistamines

Antihistamines are not used in the management of
COPD or asthma but are used commonly for symp-
tom control in hay fever and have a role in the man-
agement of anaphylaxis. Antihistamines may be
classified as sedating (older compounds which eas-
ily cross the blood-brain barrier) and non-sedating
(newer drugs which do not cross into the CNS).
Indications for antihistamines include hay fever, ur-
ticaria, insect bites, pruritus, nausea and anaphylaxis.
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Many individual preparations exist but two of the
most commonly used drugs are chlorphenamine
(chlorpheniramine) and loratadine. Chlorphenamine
is a sedating antihistamine given in a dose of 4 mg ev-
ery 4-6h to a maximum of 24 mg daily. For anaphy-
laxis, 10 mg can be given i.v. and may be repeated to
a maximum of four doses daily. Loratadine is a non-
sedating antihistamine taken as a 10-mg tablet once
a day. Adverse effects from antihistamines are more
commonly encountered with the older drugs and in-
clude sedation, headache and antimuscarinic effects
such as urinary retention and dry mouth. Other rare
adverse effects include liver dysfunction and angle-
closure glaucoma.

DRUGS ACTING ON THE
PULMONARY VASCULATURE

Physiological control of pulmonary vascular tone
is mediated by neural and humoral influences.
Many of these control mechanisms have mixed ac-
tions. Sympathetic nerves originating from T1-5
release noradrenaline, causing vasoconstriction via
a-receptors. Parasympathetic nerves from the vagus
cause vasodilatation via the action of acetylcholine
on M, receptors by a nitric oxide (NO) dependent
mechanism. There are also non-adrenergic non-
cholinergic (NANC) nerves which cause vasodilata-
tion via NO release. Circulating catecholamines act
on both a- and p,-receptors within the pulmonary
vasculature, with the former vasoconstrictor effect
predominating. Arachidonic acid metabolites such
as thromboxane and most prostaglandins produce
vasoconstriction. However, prostacyclin (PGI) is a
potent vasodilator. Other humoral influences include
amines, peptides and nucleosides which have vari-
able effects dependent upon resting vascular tone.
Hypoxaemia and acidosis are well recognized to
cause vasoconstriction and an increase in pulmonary
vascular resistance.

The main therapeutic benefit of modifying pulmo-
nary vascular tone is in reducing pulmonary vascu-
lar resistance (PVR) in disease states associated with
pulmonary hypertension. Pulmonary hypertension is
most commonly secondary to connective tissue disor-
ders, chronic thrombotic disease, left heart failure or
chronic hypoxaemia. It may rarely be due to idiopathic
pulmonary arterial hypertension (IPAH), formerly

known as primary pulmonary hypertension. With the
exception of chronic thrombotic disease which may be
successfully treated with by pulmonary artery embo-
lectomy and lifelong anticoagulation, the other causes
of pulmonary hypertension are managed by long-term
manipulation of pulmonary vascular resistance.

Inhaled Agents
Nitric Oxide

Nitric oxide is a colourless and highly reactive gas,
first studied by the English chemist Joseph Priestley
in 1772. It is presented in grey/green cylinders, is
highly lipid soluble, and easily crosses biological
membranes.

Indications. Inhaled nitric oxide may be used in the
management of critically ill patients with pulmonary
hypertension or severe V/Q mismatch. It may also
form part of the management of persistent pulmo-
nary hypertension of the newborn. Given as an in-
haled preparation, it only vasodilates vessels close to
well ventilated areas, thereby improving V/Q matching
(Fig. 9.3). It has negligible systemic effects because of
its rapid inactivation by haemoglobin after diffusing
into the pulmonary circulation.

Route of Administration and Dose. NO in nitrogen is
available in concentrations between 400 and 1000 ppm.
It is usually administered in doses between 20 and
80 ppm. Most studies suggest that the maximum ef-
fect occurs at the lower end of this dose range and that
higher doses risk toxicity. NO can be administered
safely only to a patient whose trachea is intubated and
whose lungs are ventilated using a closed circuit sys-
tem. The usual apparatus for delivery involves placing
an injector device in the inspiratory limb between the
gas outlet of the ventilator and the humidifier. The de-
vice detects gas flow going to the patient and injects
an appropriate quantity of NO to achieve the desired
inspired concentration.

Adverse Effects. One of the risks of NO therapy is its
oxidation to nitrogen dioxide (NO,). The rate of oxi-
dation is directly proportional to the concentration
of oxygen in the gas mixture, duration of mixing and
the square of the concentration of NO. These higher
oxides may react with water to form nitric and nitrous
acids which can lead to lipid peroxidation, impaired
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FIGURE 9.3  Schematic diagram of two alveoli represent-
ing regions of lung with different V/Q ratios. (A) Normal
situation - all areas ventilated and equally perfused. (B) A region
of lung is not ventilated, e.g. due to pulmonary oedema. Hypoxic
pulmonary vasoconstriction reduces blood flow through this
lung region; blood flow to the area which is still ventilated is un-
changed, and pulmonary vascular resistance may increase. (C)
Inhaled nitric oxide (NO) therapy - the NO reaches blood vessels
only in the ventilated areas of lung and so vasodilates only these
areas, resulting in better matching of ventilation and perfusion
and reduced pulmonary vascular resistance.

mitochondrial function, prolonged bleeding time and
mutagenesis. Therefore all delivery systems should
measure levels of NO,. NO therapy, especially in
the newborn, may lead to methaemoglobinaemia. All

patients receiving NO should have the methaemoglo-
bin concentration monitored by arterial blood gas
analysis; concentrations greater than 2% should be
avoided. Some patients may display a rebound phe-
nomenon on withdrawal of NO therapy, with wors-
ening hypoxaemia and increased pulmonary vascular
resistance. For this reason, NO therapy should be re-
duced gradually to allow endogenous production to
restart.

lloprost

Iloprost is a prostacyclin analogue which, unlike
the parent drug, may be administered by nebulizer,
avoiding the requirement for an indwelling tunnelled
central venous catheter. Unfortunately, the drug has
a short half-life, requiring administration 6-9 times
daily. It is contraindicated in patients with unstable
angina or those recovering from a recent myocardial
infarction.

Oral Agents
Calcium Channel Antagonists

These agents may be used in the 10% of patients who
have pulmonary hypertension responsive to vasodila-
tor agents at cardiac catheterization. They are inexpen-
sive and widely available. These drugs have negative
inotropic effects and should be used cautiously in pa-
tients with severe right heart dysfunction.

Endothelin Receptor Antagonists

Endothelin is thought to play a role in the remodel-
ling of pulmonary vessels which occurs in response
to chronic hypoxaemia and leads to irreversible pul-
monary hypertension. Endothelin antagonists such as
bosentan prevent this remodelling by blocking the ac-
tion of endothelin at ET, and ET, receptors. Bosentan
is taken twice daily and liver function tests should be
monitored monthly.

Phosphodiesterase Inhibitors

Sildenafil is an oral phosphodiesterase inhibitor bet-
ter known as a treatment for erectile dysfunction. It
is also effective when used to treat pulmonary arte-
rial hypertension. Sildenafil inhibits the breakdown
of secondary messengers cAMP and cGMP, leading
to enhanced physiological vasodilatation. This class
of drugs may also be administered by inhaled and
intravenous routes.
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Angiotensin-Converting Enzyme Inhibitors

These drugs are useful in patients with pulmonary
hypertension secondary to chronic lung disease. Both
traditional ACE inhibitors and the newer angiotensin
IT receptor antagonists can be used to reduce pulmo-
nary artery pressure.

Intravenous Agents
Epoprostanol

Epoprostanol or prostacyclin has been shown to im-
prove exercise tolerance and quality of life in patients
with IPAH. Unfortunately, the drug has a short half-life
of approximately 3 min and must therefore be admin-
istered as a continuous i.v. infusion. In practice, this
requires the patient to have an indwelling, tunnelled
central venous catheter such as a Hickman line. These
long-term catheters are associated with infection risks
and body image issues. The treatment was originally
designed as a bridge to lung transplantation but data
suggest that use of the drug may be associated with a
similar improvement in life expectancy as lung trans-
plantation. Adverse effects include flushing, headache
and hypotension. Epoprostanol is also used commonly
as a platelet inhibitor in renal replacement therapy.

DRUGS MODERATING
VENTILATORY CONTROL

Respiratory Stimulants

Several classes of drug stimulate ventilation and may
be used when ventilatory drive is inadequate. These
agents increase respiratory drive through a variety of
mechanisms. For example, strychnine blocks central
inhibitory pathways, acetazolamide increases hydrogen
ion concentration in the extracellular fluid around the
respiratory centre and doxapram stimulates the respira-
tory centre directly. Only doxapram is now used com-
monly in clinical practice. Non-invasive ventilation
(NIV) has now largely replaced respiratory stimulants
in the management of respiratory failure. They may be
used in the short-term if NIV is contraindicated or un-
available. Stimulants should not be used if muscle fa-
tigue is thought to be contributing to respiratory failure.

Doxapram

Doxapram is the only specific respiratory stimulant
available for use in anaesthesia and critical care.

Indications. Doxapram is used mostly to reverse
postoperative respiratory depression following gen-
eral anaesthesia. It may rarely be used in the manage-
ment of acute respiratory failure or exacerbations of
COPD. It is also used off-licence in the treatment of
neonatal apnoea.

Route of Administration and Dose. When revers-
ing postoperative respiratory depression, a dose of
1-1.5mgkg™" is given intravenously over 30s and
repeated if necessary after an hour. In exceptional
cases, an intravenous infusion may be required. Up to
4mgkg™! may be used in the treatment of acute respi-
ratory failure, alongside oxygen therapy and frequent
blood gas monitoring.

Adverse Effects. Intravenous injection of doxapram
may cause perianal warmth, dizziness and sweating.
The drug can lead to hypertension and tachycardia. It
may rarely precipitate muscle fasciculation, laryngo-
spasm, confusion and seizures. Administration should
therefore be avoided in patients with uncontrolled hy-
pertension, ischaemic heart disease or epilepsy. There
is no role for doxapram in the management of laryn-
gospasm or other causes of complete mechanical air-
way obstruction.

OXYGEN THERAPY

Oxygen therapy may be regarded as a therapeutic
intervention with indications, benefits and adverse
effects. It is increasingly being considered to be a phar-
macological agent or drug. Oxygen is a colourless,
odourless gas which forms 20.93% (by volume) of the
Earth’s atmosphere. It was first recognized as a distinct
gas by Joseph Priestley in 1774 and was identified sub-
sequently as the final universal oxidant in metabolic
reactions. Atmospheric pressure at sea level is ap-
proximately 100 kPa and the partial pressure of oxygen
which we breathe in air at sea level is 21 kPa. Alveolar
oxygen partial pressure is reduced to 14.7kPa by the
addition of water vapour and carbon dioxide. Oxygen
therapy is administered to hypoxaemic patients to in-
crease alveolar oxygen partial pressure. The concen-
tration of inspired oxygen administered depends on
the condition being treated but should in most cases
be titrated against either peripheral oxygen satura-
tion or arterial oxygen tension. Administration of an
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excessive concentration of oxygen may be detrimen-
tal and, rarely, fatal. In patients with type 2 respiratory
failure who rely on a hypoxic drive to breathe, sudden
increases in inspired oxygen concentration may lead
to apnoea.

Indications

The clinical indications for oxygen therapy are too nu-
merous to list but it is useful to consider the causes
of tissue hypoxia. There are four main classes of tissue
hypoxia and oxygen therapy is likely to be of greatest
benefit in the first.

1. Hypoxaemic hypoxia
m reduced inspired partial pressure of oxygen,
e.g. altitude
= hypoventilation, e.g. caused by narcotics
= diffusion impairment, e.g. pulmonary oedema
= ventilation/perfusion mismatch or shunt, e.g.
pulmonary embolus
2. Anaemic hypoxia
3. Ischaemic hypoxia
= generalized ischaemia caused by inadequate
cardiac output, e.g. hypovolaemia
= local ischaemia and hypoxia, e.g. cerebral vas-
cular accident
4. Cytotoxic hypoxia
= inhibition of the final oxidative pathway, e.g.
cyanide poisoning

Acute Oxygen Therapy
High-Concentration Oxygen Therapy

In most medical emergencies, oxygen therapy should
be given quickly and in a high concentration because
the avoidance of tissue hypoxia is of paramount im-
portance. When managing patients with uncom-
plicated pneumonia, pulmonary embolism, sepsis,
shock, trauma or anaphylaxis, up to 60% oxygen may
be delivered via a simple oxygen mask (e.g. Hudson
mask). Therapy should be titrated against peripheral
oxygen saturations and in most patients a saturation
of 94-98% is adequate. If higher concentrations are
required, up to 80% oxygen may be given via a non-
rebreathing or trauma mask in spontaneously breath-
ing patients. During the management of cardiac arrest,
100% oxygen may be delivered via a closed circuit to an
intubated patient. In severe carbon monoxide poison-
ing, hyperbaric oxygen therapy (HBOT) may be used

to increase the partial pressure of alveolar oxygen to
>100kPa.

Low-Concentration Oxygen Therapy

Low-concentration or controlled oxygen therapy is
reserved for patients at risk of type 2 (hypercapnic) re-
spiratory failure who may be harmed by uncontrolled
high concentrations of oxygen. Patients with severe
COPD, bronchiectasis, cystic fibrosis, severe kypho-
scoliosis or ankylosing spondylitis are included in this
group, as are patients with chronic musculoskeletal
weakness on home ventilation therapy. Each case must
be considered in the light of clinical findings but, as a
general rule, oxygen therapy should be started at 24 or
28% and gradually titrated against oxygen saturation
(SpO,) or preferably arterial oxygen tension. An SpO,
of 88-92% is often acceptable in these patients and
may avoid pronounced hypercapnia and respiratory
arrest. Patients are advised to carry an ‘oxygen alert
card’ (Fig. 9.4) which, together with previous blood
gas analysis results, may help to guide therapy.

Prescribing

The British Thoracic Society recommended in its
2008 publication ‘Guideline for Emergency Oxygen
Use in Adult Patients’ that oxygen therapy should be
prescribed by a doctor in common with other medi-
cal drugs. Both under-administration (e.g. postop-
eratively) and over-administration (e.g. in the COPD
patient) of oxygen can cause harm. A prescription
which includes target peripheral oxygen saturation
(as described above) allows nursing staff to titrate the
inspired oxygen concentration via various devices to

Oxygen alert card

Name:

| am at risk of type Il respiratory failure with a raised CO, level.
Please use my % Venturi mask to achieve an

oxygen saturation of % to % during exacerbations

Use compressed air to drive nebulizers (with nasal oxygen at 2 | min-1)
If compressed air not available, limit oxygen-driven nebulizers to 6 minutes.

FIGURE 9.4 " An oxygen alert card which may be carried
by a patient who is known to be vulnerable to the respiratory
depressant effects of inhaled oxygen therapy. (Adapted from
O’Driscoll, Howard and Davison (2008) BTS guideline for emergency
oxygen use in adult patients. Thorax 63: Suppl 6.)
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achieve a measurable therapeutic end-point. The pre-
scription should be signed when appropriate titration
has occurred. Specialist prescription charts have im-
proved patient safety with drugs such as theophylline
and heparin, which require special monitoring; many
centres are now introducing a similar chart with useful
guidelines and flow charts for titrated oxygen therapy.

Long-Term Oxygen Therapy

Domiciliary or long-term oxygen therapy (LTOT) is
prescribed for patients with severe COPD or a small
number of other pulmonary diseases which lead to
chronic hypoxaemia. Two studies in the 1980s sug-
gested that using oxygen continuously for at least
15h per day reduced mortality in patients with se-
vere COPD. Other benefits of LTOT include a sta-
bilization or small reduction in pulmonary arterial
pressure, reduced polycythaemia and improved ex-
ercise tolerance. Some studies have shown that LTOT
leads to an improved quality of life. The indications
for LTOT are based on arterial oxygen tension mea-
sured by arterial blood gas analysis on two separate
occasions, three weeks apart and at least four weeks
after an acute exacerbation. COPD patients with a
PaO, <7.3kPa or a PaO, <8.0kPa with secondary
polycythaemia, peripheral oedema or pulmonary
hypertension should be considered for home oxy-
gen. Other conditions for which LTOT is consid-
ered, depending on the PaO,, include pulmonary
hypertension, cystic fibrosis, interstitial lung disease,
chronic asthma and heart failure. Oxygen is usu-
ally prescribed at 2 or 4 Lmin™" and can be supplied
from either cylinders or an oxygen concentrator.
Concentrators are provided for patients using oxy-
gen for more than 8 h a day or consuming more than
21 cylinders a month. The oxygen is usually deliv-
ered via nasal cannulae, allowing the patient to talk,
eat and drink. The patient should be advised to stop
smoking and all smoking cessation therapy options
should be explored. The prescriber should request
the patient’s permission to pass their details on to
the local fire brigade. Ambulatory oxygen may also
be provided for LTOT patients who frequently travel
or spend nights away from home. The benefits of
ambulatory oxygen therapy include improved com-
pliance with LTOT (aiming for a minimum of 15h
per day) and increased exercise capacity.

Oxygen Toxicity

Oxygen, an element essential to life, may under certain
circumstances produce toxic effects. Breathing high
concentrations of oxygen at atmospheric pressure may
lead to pulmonary toxicity. After inspiring 100% oxy-
gen for as little as 12 h, healthy subjects have reported
retrosternal discomfort, coughing and the urge to
breathe deeply. Tracheobronchitis quickly supervenes
and continued oxygen exposure may lead to neutro-
phil recruitment, impairment of surfactant and acute
lung injury (ALI). Exposure to high concentrations of
oxygen for a week may lead to pulmonary fibrosis. This
process occurs at much lower oxygen concentrations in
patients taking some chemotherapeutic agents. Cancer
patients recently treated with bleomycin or mitomycin
C may develop accelerated ALI and respiratory failure
after exposure to only 40-50% oxygen. Neonates are
also thought to be particularly sensitive to the damag-
ing effects of hyperoxia. Babies are at risk of develop-
ing retrolental fibroplasias if the eyes are exposed to
a PO, >10.6kPa for longer than 3h while under the
age of 44 post-conceptual weeks. Hyperbaric condi-
tions may cause pulmonary, optic and central nervous
system toxicity. Oxygen at 2 bar causes a decrease in vi-
tal capacity of healthy volunteers after only 8 h, which
persists after exposure has ceased. Hyperbaric oxygen
causes narrowing of the visual fields and myopia in
adults. Eventually, symptoms and signs of central ner-
vous system toxicity ensue with nausea, facial twitch-
ing, olfactory/gustatory disturbances and ultimately
tonic-clonic seizures. The underlying pathophysiology
of toxicity is not well understood but may involve reac-
tive oxygen species such as singlet oxygen interfering
with enzyme systems containing sulphydryl groups.

DRUGS AFFECTING MUCOCILIARY
FUNCTION

The mucous found in the airways is a non-homoge-
neous viscoelastic substance consisting of two phases
separated by a thin film of surfactant. A superficial gel-
like layer lies on a more liquid or aqueous layer in con-
tact with the epithelial cells. Secretions from goblet cells
and bronchial glands maintain the normal airway sur-
face liquid (ASL). Goblet cells secrete mucopolysaccha-
rides which form the gel-like layer and are stimulated
by irritant factors. Epithelial cells and bronchial glands
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secrete the low-viscosity aqueous layer and are under
vagal control. Two mechanisms exist to clear mucous
from the respiratory tract: mucociliary clearance and
cough clearance. The former is the dominant mecha-
nism in health and relies on the forward propulsion
of the gel layer on the aqueous layer by epithelial cell
cilia. The efficiency of mucociliary clearance is affected
by ciliary and ASL factors. Ciliary factors include beat
frequency, amplitude and cilia spacing, while ASL fac-
tors include the depth of both layers of ASL, and the
elasticity of the gel layer. Optimal aqueous layer depth
is essential to ensure that the tips of the cilia interact
with the gel layer only on their forward stroke. Cough
clearance becomes more important in various disease
states associated with impaired mucociliary clearance
such as cystic fibrosis. A high-velocity interaction at
the air—-mucous layer boundary causes wave formation
in the mucous layer, leading to forward propulsion.
Many physical factors influence mucociliary function
(Table 9.6) and several pharmacological agents have
been developed to optimise sputum clearance.

Mucolytics
N-Acetylcysteine Derivatives

N-Acetylcysteine (NAC) is a cysteine derivative used
commonly as a mucolytic. It is thought to induce
physical changes in the structure of glycoproteins

Factors Affecting Mucociliary Function

Factors that Depress Mucociliary Function:
Extremes of temperature

Acidic environment

Smoking

Dehydration

Alcohol

Anaesthetics

Dry Gases

Factors that Optimize Mucociliary Function:
Temperature range 29-34°C

Hydration

Humidification

present in mucous. It reduces the disulfide bond (S-S)
to a sulphydryl bond (-SH) which discourages cross-
linking, thereby reducing the viscosity of the mucous.
It may be used in patients with COPD or bronchiecta-
sis, including patients with cystic fibrosis, to reduce the
viscosity of sputum. Carbocisteine is an oral derivative
of NAC; 2.25 g may be taken initially, reducing to 1.5g
daily as symptoms improve. Nacystelyn is an inhaled
lysine derivative of NAC which has been shown to re-
duce the viscoelasticity of mucus in patients with cys-
tic fibrosis. Adverse effects of NAC derivatives include
gastric erosion and bleeding secondary to disruption
of the normal gastric mucosal barrier.

Dornase Alfa

High concentrations of undegraded DNA have been
found in abnormally viscous sputum associated with
poor sputum clearance. Dornase alfa is a genetically
engineered version of a naturally occurring enzyme
which is capable of cleaving DNA into smaller frag-
ments. It acts only on extracellular DNA. The enzyme
has an established role in the management of cystic fi-
brosis. Administration to cystic fibrosis patients with
stable lung disease has been shown to improve FEV, by
5-7% and decrease the frequency of acute exacerba-
tions. The dose is 2500 units or 2.5mg by jet nebulizer
once a day. Side-effects may include voice changes, la-
ryngitis and chest pain.

Hypertonic Saline

Nebulized hypertonic saline has two mechanisms
of action as a mucolytic. It disrupts the ionic bonds
within the gel phase, reducing cross-linking and there-
fore mucous viscosity. It also causes water to shift from
inside to outside the epithelial cells of the respiratory
tract, thereby increasing the water content of the mu-
cous. Hypertonic saline is used in patients with cystic
fibrosis to enhance the removal of sputum and secre-
tions. The usual dose is 4mL of 6% sodium chloride
nebulized twice a day. Excessive administration, es-
pecially in patients with renal impairment, may cause
hypernatraemia.



DRUG CONSIDERATIONS
IN PATIENTS WITH RENAL
DYSFUNCTION

Influence of Renal Disease on
Pharmacokinetics

Renal disease may affect drug pharmacokinetics
through several mechanisms, especially effects on
drug binding, distribution and elimination. Acidic
drugs bind mainly to albumin. In renal failure, a de-
crease in serum albumin, an increase in serum urea,
and the competition of endogenous substrates and
drug metabolites for plasma protein binding sites
lead to a decrease in the plasma protein binding of
drugs. Highly protein-bound drugs have an increased
unbound, active, free fraction. Under these circum-
stances, there may be an increase in the volume of
distribution. Drugs are metabolized in the liver to
water-soluble, inactive metabolites. Although uraemia
has an effect on the intermediary metabolism of the
liver, it does not seem to affect hepatic drug metabo-
lism in humans.

The duration of action of most drugs administered
by bolus or short-term infusion is dependent on re-
distribution and not elimination. It is usually not ne-
cessary to decrease the initial loading dose in patients
with renal dysfunction, but subsequent maintenance
doses may cause drug accumulation and should be
reduced appropriately. The inactive water-soluble me-
tabolites of drugs are eliminated by passive filtration
at the glomerulus. A reduction in glomerular filtration
in renal disease patients may lead to accumulation of
these metabolites.
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DRUGS USED IN
RENAL DISEASE

Influence of Drugs on Renal Function

All anaesthetic agents may cause a generalized depres-
sion of renal function which is transient and clinically
insignificant. However, nephrotoxic drugs can impair
renal function permanently. For example, they may
lead to severe sodium and water depletion, reduction
in renal blood supply, direct renal damage or renal
obstruction (Table 10.1). Some drugs impair renal
function by more than one mechanism.

Some of the fluorinated inhalation agents have
well-recognized nephrotoxic effects, because they in-
crease the serum inorganic fluoride concentration.
Prolonged exposure of the renal tubules to fluoride
ions impairs their ability to concentrate urine, lead-
ing to dehydration, hypernatraemia and increased
plasma osmolarity. Experience with methoxyflurane
(no longer in clinical use) has suggested that a plasma
fluoride level of 50 pmol L™ is potentially nephrotoxic.
Although halothane and isoflurane do not seem to
have a significant effect, prolonged administration of
enflurane may lead to potentially nephrotoxic fluoride
ion concentrations.

Sevoflurane undergoes approximately 5% metabo-
lism and one of the primary metabolites is fluoride.
There were initial concerns that sevoflurane may be
similar to methoxyflurane and impair the ability of
the kidneys to concentrate urine. However, after sevo-
flurane administration is stopped, there is a rapid de-
crease in plasma fluoride concentration because of its
insolubility and rapid pulmonary elimination. Also,
the metabolic production of fluoride within the kid-
ney is much less with sevoflurane than with methoxy-
flurane. Though it would appear that sevoflurane
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TABLE 10.1

Mechanisms of Drug-Induced Renal Damage

Sodium and water depletion

Reduced renal perfusion

Direct renal toxicity

Urinary obstruction

renal toxicity is not a problem in clinical practice,
prolonged administration of sevoflurane is not rec-
ommended in patients with significantly impaired
renal function.

Aprotinin is a serine-protease inhibitor and an anti-
fibrinolytic agent occasionally administered during
major surgery to improve haemostasis. It undergoes
active reabsorption by the proximal tubules and is me-
tabolized by enzymes in the kidney. There is some con-
troversy about its effect on renal function. Although
some studies have shown a low incidence of reversible
renal dysfunction, others have shown changes in bio-
chemical markers of tubular damage without evidence
of renal impairment.

Other drugs with potential for impairing renal
function include aminoglycosides, NSAIDs, radio-
contrast agents and various chemotherapeutic drugs.
The potential for renal damage with these drugs is in-
creased in the presence of hypovolaemia, dehydration
and sepsis.

Several drugs have been investigated for protec-
tion against renal damage or dysfunction in patients
at risk, for example those undergoing cardiac or aortic
surgery, or ICU patients with sepsis. However, there
is little convincing evidence that any specific drug ef-
fectively prevents perioperative renal dysfunction, and
some of the drugs used may be harmful. These are dis-
cussed below.

VASOACTIVE DRUGS USED IN
RENAL DYSFUNCTION

Dopamine

Dopamineisan endogenous catecholamine precursor of
noradrenaline and adrenaline, and is a neurotransmitter
in its own right. It has complicated dose-dependent
pharmacodynamic effects, including positive ino-
tropy, chronotropy, vasoconstriction, and renal and

splanchnic vasodilatation. Dopamine is inactive orally
and has to be administered as an intravenous infu-
sion, because it is metabolized within minutes by the
enzymes dopamine p-hydroxylase and monoamine
oxidase (t,  <2min). Dopamine must be diluted before
infusion.
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Mechanism of Action

Dopamine acts on dopaminergic and adrenergic
receptors in a dose-related fashion. Dopaminergic
receptors are present in various sites in the body and
have been classified into five subtypes. The two most
important receptors in the peripheral cardiovascular
and renal systems are DA and DA,

The infusion of relatively low doses (<2 pgkg” min™)
of dopamine activates postsynaptic DA, receptors in
splanchnic blood vessels and the renal tubules. Stimulation
leads to vasodilatation and increases cortical renal blood
flow, glomerular filtration rate (GFR), sodium excretion
and urine output. There is also an increase in mesenteric
blood flow. Activation of presynaptic DA, receptors de-
creases intrarenal noradrenaline release, which leads to
vasodilatation. It also causes inhibition of aldosterone
secretion from the adrenal glands and a consequent de-
crease in sodium reabsorption. Theoretically, this should
decrease renal oxygen consumption and improve the re-
nal oxygen supply/demand relationship. At low infusion
rates there is little change in cardiac output or heart rate.
A reduction in arterial pressure may occur because of in-
hibition of the sympathetic nervous system by stimulation
of the DA, receptors, and by DA -induced vasodilatation.

Increased infusion rates (2-5pgkg' min™) stimu-
late cardiac B,- and B,-adrenergic receptors, which
causes an increase in myocardial contractility, stroke
volume and cardiac output. At this infusion rate, the
heart rate usually does not change.

Higher doses of dopamine (>10pgkgmin™) lead
to stimulation of the a-adrenergic receptors, causing
vasoconstriction, an increase in peripheral vascular resis-
tance and decreases in renal and splanchnic blood flow.

The dopamine infusion rates given above are guide-
lines and there is considerable intra- and inter-patient
variation. The maximum dose at which dopamine af-
fects only dopamine receptors is debatable. In addition,
up- and downregulation of receptors occurs so the ap-
propriate dose for a required effect may vary from hour
to hour and doses must be individually titrated.
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Clinical Uses

Dopamine has been used widely in ICU and surgical
patients at risk of renal dysfunction, because of its
effects on renal blood flow, diuretic and natriuretic
effects and also because urine output is used as a sur-
rogate marker of tissue perfusion. However, clinical
studies have not demonstrated any benefit of ‘low-
dose’ dopamine for the prevention and treatment of
acute kidney injury in critically ill or surgical patients.
In fact, it reduces regional redistribution of blood flow
within the kidney by shunting blood away from the
outer medulla to the cortex. This is potentially det-
rimental in acute kidney injury given that the outer
medulla is very susceptible to ischaemic injury.

The use of higher doses of dopamine as a positive
inotrope during cardiac failure, or a vasopressor dur-
ing hypotension, is well established. Under these cir-
cumstances, it probably has a beneficial effect on renal
function, but it is important to ensure that there is an
adequate circulating blood volume.

Side-Effects

Side-effects of dopamine include tachyarrhythmias,
vasoconstriction with acute hypertension, and nausea
and vomiting because of a direct effect on receptors
within the chemoreceptor trigger zone. Intravenous
administration of dopamine does not result in central
nervous system effects as dopamine does not cross the
blood-brain barrier. Other potentially detrimental
effects of low-dose dopamine in the critically ill patient
include the following.

® A decrease in splanchnic oxygen consumption in
septic patients despite an increase in splanchnic
blood flow

m A possible decrease in gastric motility compro-
mising gastric feeding and absorption

® Impairment of regional ventilation-perfusion
matching of the lung and the ventilatory drive in
response to hypoxaemia and hypercapnia

m Reduced output of anterior pituitary hormones
including prolactin, growth hormone, TSH and
thyroid hormones

m Jdeally, dopamine should be administered
through a central venous catheter because ex-
travasation may cause sloughing and necrosis of
local surrounding tissues.

Dopexamine

Dopexamine is a synthetic catecholamine with
structural and pharmacological similarities to dopa-
mine; it is used for its increase in cardiac output and
renal and splanchnic vasodilator effects. It is inactive
orally and, because of its short half-life (~ 6 min), it
is administered i.v. as an infusion. Infusion rate starts
at 0.5pgkg ' min™' and is titrated to a therapeutic re-
sponse (up to 6 pgkg' min). Tolerance can occur and
is usually associated with receptor downregulation. It
is metabolized by the recognized pathways for all the
catecholamines.

Dopexamine is an agonist at vascular and renal
dopaminergic DA, and DA, receptors. It also stimu-
lates cardiac and vascular B,-receptors, and has a
limited indirect B, effect. It therefore combines vaso-
dilator, chronotropic and mild inotropic activity and
is used in low cardiac output states where specific re-
nal and hepatosplanchnic vasodilatation is considered
beneficial. The heart rate is increased in a dose-related
manner and it produces a natriuresis and diuresis. The
protective effect of dopexamine on the kidneys is theo-
retical and an effect on outcome still has to be proven.

The most common side-effect is a tachycardia and
ventricular ectopic beats when higher doses are used.
Nausea and vomiting, probably caused by stimulation
of DA, receptors in the chemoreceptor trigger zone,
have been reported.

Fenoldopam

Fenoldopam is a selective DA, agonist. It may be ad-
ministered orally or intravenously and has been used
for the management of congestive cardiac failure, hy-
pertension and renal protection after cardiac surgery,
though current data are inconclusive. Its effects are
slightly different to dopamine because of its DA, se-
lectivity: fenoldopam may preferentially increase flow
to the outer renal medulla, but it may also have anti-
inflammatory effects.

Adenosine

Adenosine is a natural purine and is an important
mediator in the control of renal blood flow and glo-
merular filtration. After i.v. administration it causes
peripheral vasodilatation and decreased arterial pres-
sure. Adenosine-induced arterial hypotension inhib-
its renin release by the juxtaglomerular cells and has
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an interesting effect on the renal vasculature, causing
transient vasoconstriction of the afferent arterioles,
combined with vasodilatation of the efferent arteri-
oles. This results in decreases in renal blood flow and
glomerular filtration pressure and rate. Adenosine Al
receptor antagonists increase GFR, urine production
and sodium excretion without immediate effects on
cardiac haemodynamics, and are being investigated for
use in heart failure.

Adenosine also slows the heart rate and impairs
atrioventricular conduction and is used in the treat-
ment of supraventricular tachycardias (Ch 47).

Calcium Channel Blockers

Calcium channel blockers (CCBs) (Ch 8) are predomi-
nantly used in the treatment of hypertension. They act
selectively on calcium channels in the cellular mem-
brane of cardiac and vascular smooth muscle (VSM)
cells. Free calcium within the VSM enhances vascular
tone and contributes to vasoconstriction. CCBs reduce
the transmembrane calcium influx in VSM cells, caus-
ing vasodilatation. In addition, CCBs have a direct
diuretic effect that contributes to their long-term anti-
hypertensive action. Nifedipine increases the urine
volume and sodium excretion, and may inhibit aldo-
sterone release. This diuretic action is independent of
any change in renal blood flow or GFR.

Because of their vasodilator effects, CCBs are used
in the management of conditions associated with
pathological vasoconstriction, such as Prinzmetal’s
angina, migraine and Raynaud’s disease.

In addition to renal vasodilatation, CCBs decrease
calcium influx and production of oxygen free radicals
in renal ischaemia. They therefore have theoretical
benefits in patients undergoing renal transplantation.
In transplant recipients, CCBs have been shown to
improve intrarenal circulation, decrease the incidence
of post-transplant acute tubular necrosis, and they
may reduce the vasoconstrictive action of ciclosporin.
However, despite these apparent benefits, CCBs have
failed to improve graft survival. They may also cause
hypotension and thereby decrease renal perfusion and
there is no good clinical evidence that they have signifi-
cant renal protective effects. CCBs may also enhance the
effects of depolarizing and non-depolarizing neuro-
muscular blocking agents and this combination should
be used with caution in patients with renal dysfunction.

Angiotensin-Converting Enzyme (ACE)
Inhibitors

Most patients with heart failure and many with
hypertension have increased activity of the renin—
angiotensin—aldosterone system (RAAS). This leads
to increased systemic vascular resistance, further de-
creases in cardiac output and renal perfusion, and
more sodium and fluid retention. These patients are
often receiving diuretics, which in itself triggers the
RAAS. Angiotensin-converting enzyme (ACE) inhibi-
tors (e.g. captopril, enalapril, lisinopril) are being used
increasingly in this scenario, in place of, or in combi-
nation with, diuretics.

ACE inhibitors have a much greater affinity for
the active site on the ACE than the natural substrate,
angiotensin I. Consequently, the conversion of angio-
tensin I to angiotensin II is blocked. ACE is also re-
sponsible for the breakdown of bradykinin, a potent
vasodilator. Therefore, ACE inhibitors lead not only
to vasodilatation but, because of the decreases in al-
dosterone formation and sodium re-uptake, also have
an indirect potassium-retaining diuretic effect. The
combination of ACE inhibitors and the potassium-
saving diuretics should be avoided because of the risk
of hyperkalaemia.

Angiotensin II is important for the maintenance of
an adequate glomerular filtration pressure in patients
with decreased renal perfusion. In the presence of re-
nal artery stenosis, the use of ACE inhibitors may lead
to an impairment of renal function by decreasing renal
perfusion pressure, caused by the decrease in arterial
pressure together with dilatation of the efferent arte-
riole of the glomerulus. Underlying renal impairment
should therefore always be excluded before using ACE
inhibitors, and patients receiving these agents should
be monitored carefully.

Noradrenaline/Adrenaline/Phenylephrine

Although noradrenaline and adrenaline also have
B-receptor effects, all three of these drugs are very
potent vasoconstrictors acting on the vascular o-
receptors (Ch 8). Their use is often accompanied by
fear of inducing decreases in renal blood flow, GFR
and renal function.

The efferent arterioles are the major sites of flow re-
sistance in the kidney and determine renal blood flow,
perfusion pressure and GFR. In hypotension or septic
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shock, restoring the perfusion pressure of the kidney is
of the utmost importance. An infusion of one of these
vasoconstrictors may improve renal perfusion pres-
sure, provided fluid resuscitation has been adequate.
In septic shock, noradrenaline is preferred.

Antidiuretic Hormone (Vasopressin)
and Desmopressin (DDAVP)

Antidiuretic hormone (ADH) is a naturally occurring
hormone, produced in the hypothalamus, transported
by nerve axons down to the posterior pituitary gland
and thence secreted into the blood. The release of
ADH is regulated by the osmolarity of the extracellu-
lar body fluids, changes in arterial pressure and intra-
vascular volume, and the sympathetic nervous system.
An increase in blood osmolarity and hypovolaemia
stimulate the hypothalamic osmoreceptors and arter-
ial baroreceptors as part of the stress response. ADH is
released and acts primarily on receptors in the distal
convoluted tubule and collecting ducts of the neph-
ron to increase free water reabsorption and restore the
plasma volume. The presence or absence of ADH de-
termines to a large extent whether the kidney excretes a
dilute or a concentrated urine. ADH is also termed va-
sopressin, because it has a very potent vasoconstrictor
effect, even more powerful than that of angiotensin.

Vasopressin decreases splanchnic and renal blood
flow and is sometimes used to treat bleeding oesopha-
geal varices. There is some evidence that vasopressin
may reduce progression to renal failure and mortality
in ICU patients with septic shock.

Desmopressin (DDAVP, 1-desamino-8-p-arginine
vasopressin) is a synthetic form of vasopressin that
does not cause vasoconstriction. It is used in cases of
central diabetes insipidus (i.e. spontaneous diuresis
with a urine osmolarity <200 mosm L™).

DDAVP also has an influence on the coagul-
ation system by increasing factor VIII von Willebrand
(VIII:vWE), factor VIII coagulant (VIIL:C), and factor
VIII-related antigen (VIIIr:Ag) activity by stimulating
their release from the storage sites. A dose of 0.3 ugkg™'
is often used in the treatment of haemorrhage in
haemophiliacs.

Platelet dysfunction often occurs in renal disease
when plasma urea concentrations are high. The in-
crease in bleeding time (>15min), despite a normal
platelet count (>100x10°L™"), can be corrected before

major surgery. The most appropriate treatment cur-
rently is the administration of DDAVP in the same
dose as above. It has also been used prophylactically to
reduce bleeding after cardiac surgery.

DDAVP cannot be used repeatedly because the en-
dothelial storage sites of factor VIII:C become depleted,
resulting in tachyphylaxis. Because it also seems to re-
lease tissue plasminogen activator, DDAVP enhances
fibrinolysis and the simultaneous use of an antifibri-
nolytic agent has to be considered. Although vasopres-
sin is a vasoconstrictor, rapid injection of DDAVP may
cause acute hypotension as a result of vasodilatation.

DIURETICS

Diuretics increase the excretion of both water and so-
dium. They are widely prescribed for hypertension,
heart failure and clinical situations associated with
fluid overload. When used on a long-term basis, they
not only change the body’s sodium and fluid balance,
but also act as mild vasodilators. When diuretics are
prescribed for the treatment of fluid retention and
oedema, three important principles have to be kept in
mind. First, although a dramatic diuretic response may
be required in pulmonary oedema and acute cardiac
failure, a mild sustained diuresis is more appropriate
in the majority of patients and will reduce any adverse
effects. Second, plasma potassium concentration and
hydration status must always be monitored. Third, di-
uretic therapy only treats the symptoms and does not
influence the underlying cause or change the outcome
of a patient with oedema.

Some diuretic drugs have other potentially ben-
eficial effects, e.g. reduction of renal tubular oxygen
consumption and theoretical improvements in renal
blood flow. In acute kidney injury (AKI), they may
increase flow of solute through injured renal tubules,
theoretically help maintain tubular patency and de-
crease tubular back-leak. It has also been believed that
the prognosis of oliguric AKI is worse than non-oli-
guric AKI. For these reasons, diuretics have been used
in the management of the oliguria in surgical patients
or the critically ill, but studies have shown no clinical
benefit. There is also no clear evidence that polyuric
renal dysfunction has a better outcome than oliguric
renal failure. Furthermore, the use of diuretics in oli-
guric patients may have adverse effects. These include
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adverse effects on distribution of intrarenal blood flow
and inhibition of important feedback mechanisms;
reduced circulating volume and renal perfusion pres-
sure, with subsequent activation of the RAAS; and by
maintaining urine flow, the clinician may delay the
correction of hypovolaemia or optimization of cardiac
output.

Diuretics are classified according to their mechanism
and site of action on the nephron (see Fig. 10.1):

® glomerulus and proximal renal tubule — e.g. os-
motic diuretics, carbonic anhydrase inhibitors

m ascending limb of the loop of Henle — e.g. loop
diuretics

m distal tubule — e.g. thiazides, potassium-sparing
diuretics

m collecting ducts — e.g. aldosterone antagonists.
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Carbonic Anhydrase Inhibitors
Acetazolamide

Acetazolamide is well absorbed, not metabolized, but
excreted almost unchanged by the kidney within 24 h.
Toxicity is very rare.

Acetazolamide is a carbonic anhydrase inhibitor.
Under normal physiological conditions, the enzyme
carbonic anhydrase is responsible for reabsorption of
sodium and excretion of hydrogen ions in the proxi-
mal convoluted tubule of the nephron. Inhibition of
carbonic anhydrase decreases hydrogen ion excretion
and therefore sodium and bicarbonate ions stay in the
renal tubule. This results in the production of alkaline
urine with a high sodium bicarbonate content; the in-
creased sodium excretion leads to a modest diuresis.
Chloride ions are retained instead of bicarbonate to
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FIGURE 10.1

Sites of action of diuretics.
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maintain an ionic balance. All these changes result in a
hyperchloraemic metabolic acidosis.

Carbonic anhydrase inhibitors are seldom used as
primary diuretics because of their weak diuretic effect.
They may be used in the management of salicylate
overdose to produce an alkaline diuresis as this in-
creases the urinary elimination of weak acids. The
most common use of acetazolamide is to reduce the
intraocular pressure of glaucoma patients. The inhibi-
tion of carbonic anhydrase results in a decreased for-
mation of ocular aqueous humour and cerebrospinal
fluid. It is also valuable in the prevention and man-
agement of acute mountain sickness. When used in
patients with familial periodic paralysis, the metabolic
acidosis increases the potassium concentration in the
skeletal muscles and improves symptoms.

Osmotic Diuretics
Mannitol

Mannitol is an alcohol produced by the reduction of
mannose. It is absorbed unreliably from the gastro-
intestinal tract and therefore has to be given by i.v.
injection; doses of 0.25-1gkg™ are used. Initially it
stays within the intravascular space but is then slowly
redistributed into the extravascular compartment.
Mannitol does not undergo metabolism and is ex-
creted unchanged through the kidneys.

Mannitol expands the intravascular volume and
then undergoes free glomerular filtration with almost
no reabsorption in the proximal tubule. It also de-
creases the energy-consuming process of sodium and
water reabsorption in the proximal tubule. This leads
to an osmotic force that retains water and sodium in
the tubule with a consequent osmotic diuresis, i.e. in-
creased urinary excretion of sodium, water, bicarbon-
ate and chloride. Mannitol does not alter urinary pH.
The raised renal blood flow reduces the rate of renin
secretion which decreases the urine-concentrating ca-
pacity of the kidney.

Mannitol has often been used prophylactically
to protect the kidneys against an ischaemic incident
(e.g. cardiopulmonary bypass, aortic cross-clamping
or hypotensive episodes) and subsequent acute renal
failure. Its theoretical effects include reduced proxi-
mal tubular oxygen demand, scavenging of oxygen
free radicals, reduced tubular endothelial cell swell-
ing and increased tubular flow which might maintain

tubular patency after ischaemic injury. However, there
is no convincing evidence of a renal protective effect
of mannitol in clinical practice. There is also little evi-
dence that conversion from oliguric to non-oliguric
renal failure decreases the mortality rate in critically ill
patients. Nevertheless, mannitol is still used during re-
nal transplantation to help ‘preserve’ the donor kidney.
Anaesthetists often administer mannitol to reduce
intracranial pressure (Ch 32) and intraocular pressure.
Mannitol may precipitate pulmonary oedema
in patients with compromised cardiac function.
Occasionally, it may cause hypersensitivity reactions. If
the blood-brain barrier is not intact after a head injury
or neurosurgery, mannitol may enter the brain, draw
water with it and cause rebound cerebral swelling.

Loop Diuretics

Loop diuretics act primarily on the medullary part of
the ascending limb of the loop of Henle. After initial
glomerular filtration and proximal tubular secretion,
they inhibit the active reabsorption of chloride in the
thick portion of the ascending limb. This leads to chlo-
ride, sodium, potassium and hydrogen ions remain-
ing in the tubule to maintain electrical neutrality, and
their increased excretion in the urine. The extent of the
following diuresis is determined by the concentration
of active drug in this part of the tubule. Because the
ascending limb plays an important role in the reab-
sorption of sodium chloride in the kidney, these drugs
produce a potent diuretic response. The decrease
in sodium chloride reabsorption leads to a reduced
urine-concentrating ability of the normally hypertonic
medullary interstitium. Furosemide, bumetanide and
torasemide are classified as loop diuretics because of
their common site of action. Furosemide is the most
commonly used.

Furosemide

Furosemide is usually administered intravenously
(0.1-1 mgkg™) or orally (0.75-3mgkg™). It is well ab-
sorbed orally and about 60% of the dose reaches the
central circulation within a short period, with the peak
effect after 1-1.5h. Intravenous furosemide is usu-
ally started as a slow 20—40 mg injection in adults, but
higher doses or even an infusion may be required in the
case of elderly patients with renal failure or severe con-
gestive cardiac failure. Typical doses in ICU patients are
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2-5mg per hour; i.v. infusions are associated with less
toxicity than intermittent bolus doses. Approximately
90% of the drug is bound to plasma proteins and its
volume of distribution is relatively low. Metabolism
and excretion into the gastrointestinal tract contrib-
ute to about 30% of the elimination of a dose of furo-
semide. The remainder is excreted unchanged through
glomerular filtration and tubular secretion. Impaired
renal function affects the elimination process, but liver
disease does not seem to influence this. The elimina-
tion half-life of furosemide is 1-1.5h.

Furosemide increases renal artery blood flow if the
intravascular fluid volume is maintained. It causes re-
distribution so that flow to the outer part of the cortex
remains unchanged while inner cortex and medullary
flow is increased. It leads to an improved renal tissue
oxygen tension. This effect, together with the increased
release of renin and the activation of the angiotensin—
aldosterone axis, is mediated via prostaglandins. An
advantage of loop diuretics is their high ceiling effect
(i.e. increasing doses lead to increasing diuresis).

Furosemide is the diuretic of choice in acute pul-
monary oedema or other states of fluid overload
caused by cardiac, renal or liver failure. It reduces the
intravascular fluid volume by promoting a rapid, pow-
erful diuresis even in the presence of a low GFR. The
pulmonary vascular bed and capacitance vessels are di-
lated by furosemide, and often a relief of dyspnoea and
areduction in pulmonary pressures may take place be-
fore the diuretic effect has occurred. In hypertensive
patients, the vasodilatation and preload reduction lead
to a decrease in arterial pressure.

Furosemide has been used widely in the manage-
ment of the oliguric surgical or critically ill patient,
but as with other diuretic drugs, studies have shown
no clinical benefit. Furosemide should never be used
to treat oliguria caused by a decreased intravascular
fluid volume or dehydration, because the following
diuresis could exaggerate hypovolaemia and renal
ischaemic injury. It is important to restore the intra-
vascular volume status first before any pharmacologi-
cal intervention.

A raised intracranial pressure is often treated with
furosemide. It mobilizes cerebral oedema fluid, de-
creases cerebrospinal fluid production and lowers
intracranial pressure without changing plasma osmo-
larity. In contrast to mannitol, a disrupted blood—brain

barrier does not influence the effect of furosemide on
the intracranial pressure.

Excessive doses of furosemide often lead to fluid or
electrolyte abnormalities. Severe hypokalaemia may
precipitate dangerous cardiac arrhythmias, especially
in the presence of high concentrations of digitalis.
It may also enhance the effect of non-depolarizing
neuromuscular blocking drugs. Hypovolaemia, dehy-
dration and the consequent haemoconcentration may
lead to changes in blood viscosity. Hyperuricaemia and
prerenal uraemia may develop and may precipitate an
acute gout attack in a patient with pre-existing gout.

Furosemide may cause high concentrations of ami-
noglycosides and cephalosporins in the kidneys and
this may enhance their nephrotoxic effects. Prolonged
high blood concentrations of furosemide may have a
direct toxic action resulting in interstitial nephritis. It
may also cause transient or permanent deafness be-
cause of changes in the endolymph electrolyte compo-
sition. Patients allergic to other sulphonamide drugs
may have a cross-sensitivity, although idiosyncratic
reactions are rare.

Bumetanide

The mechanism of action of bumetanide and its ef-
fects are similar to those of furosemide. The differ-
ence between these two drugs is the greater potency
and bioavailability of bumetanide; smaller doses are
needed. The normal adult dose is 0.5-3mg i.v. over
1-2min. The onset of diuresis is within 30 min and
this usually lasts for about 4h. The pharmacokinet-
ics are similar to those of furosemide, with the excep-
tion that bumetanide is absorbed completely after
oral administration and its rate of elimination is less
dependent on renal function. Potassium loss is also a
problem with bumetanide. Ototoxicity may be slightly
less frequent than with furosemide, but renal toxicity is
more of a problem. In clinical practice, there is no clear
advantage or disadvantage over furosemide, providing
equivalent doses are administered.

Thiazide Diuretics

Although thiazide diuretics are seldom used by anaes-
thetists, many patients scheduled for surgery are re-
ceiving these drugs for chronic hypertension or heart
failure. There are a large number of thiazides available,
all with a similar dose-response curve and diuretic effect.
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Bendroflumethiazide, chlorothiazide, hydrochlorothia-
zide and chlorthalidone are a few examples of the better
known thiazide diuretics. The majority have a duration
of action of 6-12h. In comparison with loop diuretics,
thiazides have a longer duration of action, act at a differ-
ent site, have a low ‘ceiling’ effect and are less effective in
renal failure.

Thiazide diuretics are administered orally, absorbed
rapidly from the gastrointestinal tract and initiate a
diuresis within 1-2h. The major distinction between
the available thiazides is their difference in elimination
rate. They are distributed in the extracellular space and
eliminated in the proximal tubule of the nephron by
active secretion.

Thiazides inhibit the active pump for sodium and
chloride reabsorption in the cortical ascending part
of the loop of Henle and the distal convoluted tubule.
Therefore, the urine-concentrating ability of the kid-
ney is not impaired, as normally this area is responsible
for less than 5% of sodium reabsorption. The diuresis
achieved by the thiazides is therefore never as effective
as that of the loop diuretics. It is mild but sustained. In
contrast with loop diuretics, the excretion of calcium is
decreased and hypercalcaemia may become a problem.
In the presence of aldosterone activity, the increase in
sodium delivery to the distal renal tubules is associ-
ated with increased potassium loss, similar to that of
the loop diuretics. The reduced clearance of uric acid
by thiazides may cause hyperuricaemia.

Thiazides are used extensively in low doses, and of-
ten combined with a low-sodium diet, for the man-
agement of essential hypertension. A reduction in
extracellular fluid volume and mild peripheral vaso-
dilatation are responsible for the sustained antihyper-
tensive effect. The full antihypertensive effect may take
up to 12 weeks to become established. Higher doses of
thiazides are used for the management of congestive
cardiac failure and other oedematous conditions such
as nephrotic syndrome and liver cirrhosis.

The most common side-effects of the thiazides
are probably dehydration and hypovolaemia. This
may present as orthostatic hypotension. When ad-
ministered chronically, these drugs lead typically to a
diuretic-induced hypokalaemic, hypochloraemic, met-
abolic alkalosis. In combination with magnesium de-
pletion, the hypokalaemia may trigger serious cardiac
arrhythmias, in addition to digitalis toxicity, muscle

weakness and the potentiation of non-depolarizing
muscle relaxants.

Thiazides decrease the tubular secretion of urate,
which may lead to hyperuricaemia and gout. They are
sulphonamide derivatives and may therefore cause
inhibition of insulin release from the pancreas and
blockade of peripheral glucose utilization. This may
precipitate hyperglycaemia or an increase in insulin
requirements in a patient with diabetes mellitus. They
also lead to an increase in total blood cholesterol.

Potassium-Sparing Diuretics

Only a small part of sodium reabsorption into the
renal cells takes place via the sodium—potassium ex-
change mechanism in the distal tubules. The potas-
sium-retaining diuretics act on the distal convoluted
tubules and the collecting ducts and therefore cause
only a limited diuresis. There are two subgroups in this
category: drugs acting independently of the aldoste-
rone mechanism (e.g. triamterene and amiloride) and
aldosterone antagonists (e.g. spironolactone).

These drugs increase the urinary excretion of so-
dium, chloride and bicarbonate and lead to an increase
in urinary pH. They prevent excessive loss of potassium
that occurs with the loop and thiazide diuretics by re-
ducing the sodium—potassium exchange. Potassium-
sparing drugs do, however, augment the diuretic
response of these drugs when given in combination.

Amiloride and Triamterene

Amiloride acts directly on the distal tubule and col-
lecting duct. It causes potassium retention and an in-
crease in sodium loss. After oral intake, up to 25% is
absorbed, onset of its peak effect is within 6h and it
is then excreted unchanged in the urine. Amiloride is
almost always used in combination with thiazide or
loop diuretics. It then has a synergistic action in terms
of diuresis, although it opposes the potassium loss.
Amiloride has few side-effects. Hyperkalaemia and
acidosis may occur, and it is therefore contraindicated
in patients with renal failure.

Triamterene has characteristics similar to those of
amiloride.

Spironolactone

Aldosterone causes sodium reabsorption and potassium
loss in the distal convoluted tubule. Spironolactone has
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a steroid molecular structure, acts as a competitive
antagonist on the aldosterone receptors and inhibits
sodium reabsorption and potassium loss. In the ab-
sence of aldosterone, it has no effect.

After oral absorption, spironolactone is immedi-
ately metabolized to a number of metabolites. Some of
these are active and act for up to 15h.

Spironolactone is the logical choice of diuretic in
the management of liver cirrhosis, ascites and second-
ary hyperaldosteronism. Heart failure or hyperten-
sion in the presence of high mineralocorticoid levels
(Conn’s syndrome or prednisone therapy) is another
indication. Spironolactone is often combined with
thiazides to maximize the diuretic effect and prevent
potassium loss.

Hyperkalaemia may develop if spironolactone is
used in the presence of renal dysfunction. If used in
high doses, it may cause gynaecomastia and impotence.

ACUTE RENAL FAILURE, SEPSIS
AND THE INTENSIVE CARE UNIT

Acute renal failure is a common complication of sepsis
and septic shock; the combination is associated with a
mortality of over 50%. The arterial vasodilatation that
accompanies sepsis is mediated in part by cytokines
that upregulate inducible nitric oxide synthase with a
subsequent increased release of nitric oxide. The po-
tent vasodilatory effect of nitric oxide is partly respon-
sible for the vascular resistance to the pressor response
to noradrenaline and angiotensin II. Early in sepsis-
related acute renal failure, cytokines such as tumour
necrosis factor alpha (TNF-a) cause vasoconstriction
of the renal vasculature, though trials of monoclonal
antibodies against TNF-a have not shown any im-
provement in survival.

This early vasoconstrictor phase is potentially re-
versible and some clinical studies have suggested that
measures to optimize haemodynamics with fluids
and vasoactive drugs can reduce the incidence of es-
tablished acute kidney injury though more data are
needed. The administration of vasopressin (see above)
in patients with septic shock may help maintain ar-
terial pressure despite the relative ineffectiveness of
other vasopressors such as noradrenaline and angio-
tensin II. It constricts the glomerular efferent arteri-
ole and therefore increases the filtration pressure and

glomerular filtration rate. There is early evidence in
patients who have septic shock and are at risk of acute
kidney injury that vasopressin may reduce progression
to renal failure, and mortality.

ACUTE KIDNEY INJURY AFTER
CARDIAC OR MAJOR VASCULAR
SURGERY

The incidence of acute kidney injury (AKI) after
cardiac surgery is approximately 10% and is associ-
ated with a high morbidity and mortality. Clinical
evidence suggests that preoperative renal insufficiency,
diabetes mellitus, prolonged cardiopulmonary bypass
(CPB) time and postoperative hypotension are all in-
dependent risk factors for AKI in the cardiac patient.
International consensus statements have recently been
drawn up regarding the pathophysiology and treat-
ment of AKI in cardiac surgical patients. Six patho-
physiological processes were found to be most likely
to contribute to this: exogenous and endogenous tox-
ins, metabolic factors, ischaemia-reperfusion injury,
neurohormonal activation, inflammation, and oxida-
tive stress, which are probably all interrelated.

The most effective way to prevent AKI in this setting
is by adequate hydration and perfusion pressure during
CPB, and the maintenance of cardiac output through-
out the perioperative period. Data for the effects of
hypothermia during CPB, pulsatile CPB flow or avoid-
ing CPB altogether through off-pump cardiac surgical
techniques on the incidence of AKI are not conclusive.
Many drugs have been studied for renal protection dur-
ing CPB. Low-dose dopamine is ineffective and may
even be harmful. Although mannitol is used in routine
pump prime in many cardiac units and furosemide
potentially reduces renal medullary oxygen consump-
tion, neither prevents AKI after cardiac surgery. Recent
therapeutic trials to reduce acute kidney injury in car-
diac surgery patients fall broadly into reactive oxygen
molecule scavengers, anti-inflammatory agents, and
anti-apoptotic agents (tetracyclines, minocycline, hu-
man recombinant erythropoietin). However the results
have been inconsistent and disappointing and there is
currently no pharmacological strategy known to reli-
ably reduce the incidence of AKI.

Aprotinin has been used to reduce transfusion
requirements in high risk cardiac surgical patients.
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Recent evidence has raised concerns that aprotinin is
associated with an increased risk of AKI in cardiac sur-
gery but the evidence is conflicting and the possibility
of risk is not consistently supported by data from pub-
lished, randomized, placebo-controlled clinical trials.
Aprotinin is currently not recommended for routine
use in cardiothoracic surgery.

DRUGS AND RENAL
TRANSPLANTATION

The best treatment for end-stage renal failure is renal
transplantation. Apart from optimizing the recipient’s
general health (e.g. correction of anaemia, preopera-
tive dialysis, etc.), immunosuppression plays an ex-
tremely important role in graft survival.

Erythropoietin

Erythropoietin is a circulating hormone secreted by
the kidneys. It stimulates the bone marrow to pro-
duce red blood cells. The ability of the kidney to se-
crete erythropoietin deteriorates as excretory function
decreases. Patients with severe chronic renal failure
are unable to produce adequate quantities of eryth-
ropoietin, which leads to diminished red blood cell
production. The retention of toxic substances also
contributes to bone marrow depression. In addition,
red cell survival is reduced by 50% in advanced renal
failure. Therefore these patients almost always develop
a chronic anaemia.

Long-term administration of recombinant hu-
man erythropoietin (rHUEPO) in chronic renal fail-
ure patients results in global stimulation of the bone
marrow, increasing red blood cell differentiation and
maintaining cell viability, thereby improving anaemia.
It also decreases bleeding by increasing platelet adhe-
sion in haemodialysed uraemic patients. A side-effect
of rHUEPO is the development of hypertension or ex-
acerbation of existing hypertension.

Immunosuppression
Prednisolone and Azathioprine

Corticosteroids were the first drugs to be used as im-
munosuppressive agents. Initially, very high doses
were used, producing the typical steroid side-effects,
e.g. Cushingoid appearance, hypertension, hypergly-
caemia and osteoporosis. Experience and research

showed that large doses were not necessary and that
better results and fewer side-effects were possible with
lower doses.

The ‘modern era’ of immunosuppression started
with the discovery of azathioprine. For a long period
of time, the combination of azathioprine and cortico-
steroids was the ‘gold standard’ in transplant surgery.
Azathioprine is a derivative of 6-mercaptopurine and
is metabolized to its active form in the liver. It affects
the synthesis of DNA and RNA and is broken down
by the enzyme xanthine oxidase. Co-administration
of allopurinol (xanthine oxidase inhibitor) is contra-
indicated because it may result in bone marrow sup-
pression, agranulocytosis and leucopaenia. Patients
receiving azathioprine are prone to develop viral warts
or malignancies of the skin and hepatic dysfunction.

Ciclosporin A and Ciclosporin-Neoral

The next major advance in transplant surgery was
the discovery of ciclosporin A. This fungal peptide
prevents the proliferation and clonal expansion of T
lymphocytes. The chance of acute rejection is reduced
significantly by administration of this drug. In spite of
the large number of side-effects of ciclosporin A, it has
been accepted as the new standard against which all
other immunosuppressants are judged. Ciclosporin A
is lipophilic and incompletely absorbed in the small
bowel. Serious side-effects such as gingival hypertro-
phy, hepatotoxicity and nephrotoxicity make this a
less than perfect drug. For a long time, classic triple
therapy consisted of prednisolone, azathioprine and
ciclosporin A.

Recently, ciclosporin was released in a new form un-
der the tradename Neoral. This form is a microemul-
sion that enhances the bioavailability of ciclosporin
through improved absorption. Ciclosporin (Neoral) is
equipotent to the parent drug and most renal trans-
plant patients are presently receiving this agent.

Rapamycin

Rapamycin is a macrolide with antifungal and potent
immunosuppressant effects. It prevents proliferation
of T cells and antagonizes the action of interleukin-2
on its receptor. This agent is 100 times more potent
than ciclosporin A. It has no adverse effects on liver
or renal function, but has the potential to enhance the
nephrotoxicity and hepatotoxicity of ciclosporin.
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TABLE 10.2

A Typical Perioperative Regimen for Renal Transplant

Preoperative

Induction immunosuppression (ciclosporin-Neoral, FK506/tacrolimus,

rapamycin, or sirolimus and mycophenolate mofetil (MMF)
Heparin 5000 units subcutaneously
Ranitidine 150 mg orally (stress ulcer prophylaxis)

Nifedipine 20 mg orally (vasodilator, free radical scavenger)

At induction

Antibiotic prophylaxis - co-amoxiclav (augmentin) 1.2 g intravenously

methylprednisolone 0.5g i.v.

During vascular anastomosis

Mannitol 0.5 gkg™ intravenously + dopamine 3-5pgkg™ min™

Postoperative

Antibiotic prophylaxis

Heparin 5000 units subcutaneously, twice daily

Aspirin 150 mg orally

Ranitidine 150 mg orally, twice daily
Co-trimoxazole 480 mg orally, daily (prophylaxis against Pneumocystis carinir)
Immunosuppression (‘triple therapy’)

Tacrolimus

Tacrolimus is a macrolide antibiotic with a similar
structure to rapamycin. It is a very potent immunosup-
pressant drug that inhibits the activation of T cells and
interleukin-2 generation. The principal side-effects are
nephrotoxicity and neurotoxicity.

Mycophenolate Mofetil

Mycophenolate mofetil (MMF) is a new immuno-
suppressant licensed for use in renal transplantation.
It inhibits a key enzyme in the purine synthesis path-
way and therefore has a specific effect on B and T
lymphocytes. The synthesis of adhesion molecules
is also inhibited by MMF. It seems as though MMF
effectively prevents chronic rejection in renal trans-
plant patients. MMF is neither nephrotoxic nor
hepatotoxic.

There are a variety of substances with potent im-
munosuppressant properties which are usually used
in combination with each other. Despite their power-
ful immunosuppressant effects, it is unlikely that any
of the new or existing drugs may be used as mono-
therapy. The calcineurin inhibitors (CNIs), ciclospo-
rin and tacrolimus, have revolutionized the overall
success of renal transplantation through reduction in
early immunological injury and acute rejection rates.
However, the CNIs have a significant adverse effect
on renal function and cardiovascular disease, and ex-
tended long-term graft survival has not been achieved.

CNI minimization using mycophenolate mofetil or si-
rolimus may be associated with a modest increase in
creatinine clearance and a decrease in serum creatinine
in the short term. A typical perioperative regimen for
renal transplantation is shown in Table 10.2.

The role of drugs inhibiting antigen presentation and
the use of monoclonal antibodies are still being defined.
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METABOLISM

Metabolism may be defined as the chemical processes
which enable cells to function. Basal metabolic rate
(BMR) is the minimum amount of energy required
to maintain basic autonomic function and normal
homeostasis. For example, energy is required by the
myocardium to maintain heart rate and stroke vol-
ume and by nerve and muscle membranes to main-
tain membrane potentials. In a healthy resting adult,
BMR is in the region of 2000 kcal day™ (equivalent to
40kcalm—=h"). One calorie is the energy required in
joules to raise the temperature of 1g of water from
15°C to 16°C. Because this is a very small unit, a more
practical measure in human physiology is the kcal or
Calorie (C).

Adenosine triphosphate (ATP) is the ‘energy cur-
rency’ of the body. It contains two high-energy
phosphate bonds and is present in all cells. Most physi-
ological processes acquire energy from it. Oxidation
of nutrients in cells releases energy, which is used to
regenerate ATP. Conversion of one mole of ATP to ad-
enosine diphosphate (ADP) releases 8kcal of energy.
Additional hydrolysis of the phosphate bond from
ADP to AMP also releases 8kcal (Fig. 11.1). Other
high-energy compounds include creatine phosphate
and acetyl CoA. The generation of energy through the
oxidation of carbohydrate, protein and fat is termed
catabolism, whereas the generation of stored energy as
energy-rich phosphate bonds, carbohydrates, proteins
or fats is termed anabolism (Fig. 11.2). The amount of
energy released by carbohydrate, protein and fat me-
tabolism is: carbohydrate 4.1kcal g, protein 4.1 kcal g
and fat 9.3 kcalg™.
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METABOLISM, THE STRESS RESPONSE
TO SURGERY AND PERIOPERATIVE
THERMOREGULATION

CARBOHYDRATE METABOLISM

The final product of carbohydrate digestion is glucose,
which is used to form ATP in cells. Because the cellular
membrane is impermeable to glucose, it is transported
by a carrier protein (GLUT4) across the membrane
in a process termed facilitated diffusion. Activation
of insulin receptors speeds translocation of GLUT4-
containing endosomes into the cell membrane which
then mediate glucose transport into the cell. Facilitated
diffusion of glucose into cells is increased 10-fold in
the presence of insulin, without which the rate of up-
take would be inadequate. This is a passive process
(i.e. it does not require energy expenditure by the
cell). In contrast, glucose absorption in the gastroin-
testinal tract and reabsorption in the renal tubule are
both active processes (i.e. are energy-consuming pro-
cesses). They involve co-transport with sodium ions
via sodium-dependent glucose transporters (SGLT).

Aerobic Glycolysis

After absorption into cells, glucose may be used imme-
diately or stored in the form of glycogen, particularly
in liver and muscle. The process of releasing glucose
molecules from the glycogen molecule in times of high
metabolic demand is termed glycogenolysis. This pro-
cess is initiated by the enzyme phosphorylase, which is
activated in the presence of adrenaline (epinephrine)
and glucagon. Adrenaline is released by the sympathetic
nervous system, while glucagon is released from the o
cells of the pancreas in response to hypoglycaemia.
The mechanism of glucose catabolism involves an
extensive series of enzyme-controlled steps, rather
than a single reaction. This is because the oxidation of
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PO, PO,
ATP %» ADP %» AMP
8kcal 8 kcal

FIGURE 11.1 Hydrolysis of adenosine triphosphate (ATP).
ADP, adenosine diphosphate; AMP, adenosine monophosphate.

one mol of glucose (180g) releases almost 686kcal of
energy, whereas only 8 kcal is required to form one mol-
ecule of ATP. Therefore, an elaborate series of reactions,
termed the glycolytic pathway, releases small quantities
of energy at a time, resulting in the synthesis of 38 mol
of ATP from each mol of glucose (Fig. 11.3). As each
molecule of ATP releases 8kcal, a total of 304kcal of
energy in the form of ATP is synthesized. Hence, the ef-
ficiency of the glycolytic pathway is 44%, the remainder
of the energy being released as heat.
The glycolytic pathway may be summarized as:

1. Glycolysis, i.e. splitting the glucose (6 carbon at-
oms) molecule into two molecules of pyruvic
acid (3 carbon atoms each). This results in the
net formation of two molecules of ATP anaerobi-
cally but also generates two pairs of H* for entry
into the respiratory chain (see below) (Fig. 11.4).

2. Oxidation of each of the pyruvic acid (3 carbon
atom) molecules in the Krebs citric acid cycle
results in the generation of five pairs of H* per
3-carbon moiety, i.e. 10 pairs of H* per 6 carbon
glucose molecule (Fig. 11.5).

3. Oxidative phosphorylation, i.e. the formation
of ATP by the oxidation of hydrogen to water.

Carbohydrate ———— Hexoses

Fat ———> Fatty acids

FIGURE 11.2

This process is also known as the respiratory
chain. For each molecule of glucose, a total of
12 pairs of H" are fed into the respiratory chain,
each pair generating three molecules of ATP.
Thus, oxidative phosphorylation results in 36
molecules of ATP per molecule of glucose. A
further two molecules of ATP are produced an-
aerobically. Therefore, one molecule of glucose
generates 38 molecules of ATP. Uncoupling of
oxidative phosphorylation allows ATP produc-
tion to be sacrificed for heat production as part
of thermoregulatory homeostasis.

Anaerobic Glycolysis

This is the process of ATP formation in the absence
of oxygen and is possible because the first two steps
of glycolysis do not require oxygen. In the absence of
oxygen, pyruvic acid molecules and hydrogen ions ac-
cumulate, which would normally stop the reaction.
However, pyruvic acid and hydrogen ions combine in
the presence of the enzyme lactic dehydrogenase to form
lactic acid, which diffuses easily out of cells, allowing
anaerobic glycolysis to continue. Lactic acidosis is a fea-
ture of shock caused by, for example, severe sepsis. This
is a highly inefficient use of the energy within glucose.
When oxygen is again available to the cells, lactic acid is
reconverted to glucose or used directly for energy.

The glycolytic pathway metabolizes 70% of glucose.
A second mechanism, the phosphogluconate pathway
(also known as the hexose monophosphate shunt) is
responsible for metabolism of the remaining 30%.
The importance of this pathway is that ATP is formed

D
Protein ———> Amino acids —— >
e g

____» Carbohydrates

Common .
metabolic —— > Protein
pool ———— Fat
CO,
H+

Respiratory ~ H20
chain

Overview of metabolism.
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Glycogen
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Glycerol
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Meyerhof Triose phosphate / Triglyceride
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FIGURE 11.3

Acetyl CoA

Ketones

Summary of the glycolytic pathway. Krebs citric acid cycle. FFA, free fatty acid. Note that two molecules of

pyruvic acid are produced for each molecule of glucose metabolized. Each pyruvic acid molecule enters the Krebs citric acid cycle.

independently of the enzymes needed in the glycolytic
pathway, and hence an enzymatic abnormality in the
glycolytic pathway does not completely inhibit energy
metabolism. It also provides for the production of pen-
toses, which are needed for nucleic acid production.

Gluconeogenesis

This is the formation of glucose from amino acids,
which are usually used for protein formation. It oc-
curs when stores of glycogen are depleted. Prolonged
hypoglycaemia is the main trigger for this process, but
ACTH, glucocorticoids and glucagon also have a role.

PROTEIN METABOLISM

Proteins are composed of amino acids, of which there
are more than 20 different types in humans. All amino
acids have a weak acid group (-COOH) and an amine
group (-NH,). They are joined by peptide linkages to

form peptide chains (primary structure), a reaction which
releases a molecule of water in the process. The blood con-
centration of amino acids is approximately 1-2 mmol L™.
Entry into cells requires facilitated or active transport us-
ing carrier mechanisms. They are then conjugated into
proteins by the formation of peptide linkages. Formation
of the peptide link requires 0.5—4.0kcal derived from
ATP. Large proteins may be composed of several peptide
chains wrapped around each other (secondary structure)
and bound by weaker links, e.g. hydrogen bonds, electro-
static forces and sulfhydryl bonds (tertiary structure).

Some amino acids present in the body are not pres-
ent in proteins to any appreciable extent including,
for example, ornithine, 5-hydroxytryptophan, -dopa
and thyroxine. Catecholamines, histamine and sero-
tonin are formed from specific amino acids. Sulphur-
containing amino acids are the source of urinary
sulphate and provide sulphur for incorporation into
various proteins, e.g. Coenzyme A.
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FIGURE 11.4 = The metabolism of glucose.
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CO, +2H*

Pyruvic acid (3C)

/_‘COZ

Acetyl CoA (2C)

2H*

Oxaloacetic acid (4C)

2H*

Malic acid (4C)

Fumaric acid (4C)

CO,
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The Krebs citric acid cycle. Note that five pairs of H* are generated by the oxidation of each pyruvate molecule.

FIGURE 11.5

Citric acid (6C)

Isocitric acid (6C)

2H*

Oxalosuccinic acid (6C)

CO,

o-ketoglutarate (5C)

Each pair of H* generates three molecules of ATP in the respiratory chain in the mitochondria.

There is equilibrium between the amino acids in
plasma, plasma proteins and tissue proteins. Proteins may
be synthesized from amino acids in all cells of the body,
the type of protein depending on the genetic material in
the DNA, which determines the sequence of amino acids
formed and hence controls the nature of the synthesized
proteins. Essential amino acids must be ingested as they
cannot be synthesized in the body. Table 11.1 lists the
eight essential amino acids. If there is dietary deficiency
of any of these, the subject develops a negative nitrogen
balance. Others are non-essential (i.e. may be synthesized
in the cells). Synthesis is by the process of transamina-
tion, whereby an amine radical (-NH,) is transferred
to the corresponding a-keto acid. Breakdown of excess
amino acids into glucose (gluconeogenesis) generates
energy or storage as fat, both of which occur in the liver.
The breakdown of amino acids occurs by the process of
deamination, which takes place in the liver. It involves
the removal of the amine group with the formation of

TABLE 11.1

Essential Amino Acids

Leucine

Isoleucine

Lysine

Methionine

Phenylalanine

Threonine

Tryptophan

Valine

the corresponding ketoacid. The amine radical may be
recycled to other molecules or released as ammonia. In
the liver, two molecules of ammonia are combined to
form urea (Fig. 11.6). Amino acids may also take up am-
monia to form the corresponding amide.
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o-ketoglutaric acid + amino acid

|

glutamic acid + o-keto acid + NAD' + H,O
a-ketoglutaric acid + NADH + H* + NH,
— Ornithine + CO,, + NH,

H,0

Citrulline + NH,

Arginine

Arginase

H,0

Urea

FIGURE 11.6 ™ Deamination is the process of metabolizing
amino acids. Ammonia is the end product. Two molecules of
ammonia combine as shown to form urea. This occurs in the liver.

During starvation or when no protein is ingested
(e.g. after major surgery), 20-30g day™' of protein is
catabolized for energy purposes. This occurs despite
the continuing availability of some stored carbohy-
drates and fats. When carbohydrate and fat stores are
exhausted, the rate of protein catabolism is increased
to >100g day”', resulting in a rapid decline in tissue
function. During the systemic inflammatory response
syndrome (SIRS) or after major surgery, there is
functional catabolism also. Several hormones influ-
ence protein metabolism. Growth hormone, insulin
and testosterone are anabolic, i.e. they increase the
rate of cellular protein synthesis. Other hormones,
e.g. glucocorticoids, are catabolic, i.e. they decrease
the amount of protein in most tissues, except the
liver. Glucagon promotes gluconeogenesis and pro-
tein breakdown. Thyroxine indirectly affects protein
metabolism by affecting metabolic rate. If insufficient
energy sources are available to cells, thyroxine may
contribute to excess protein breakdown. Conversely, if

adequate amino acid and energy sources are available,
thyroxine may increase the rate of protein synthesis.

LIPID METABOLISM

Lipids are a diverse group of compounds characterized
by their insolubility in water and solubility in non-
polar solvents such as ether or benzene. They include
fats, oils, steroids, waxes, etc. They serve as an immedi-
ate energy source but also provide storage energy. They
include cholesterol, which is a precursor of steroids.
They provide electrical insulation for nerve conduc-
tion and when combined with protein they are known
as lipoproteins, an important component of cell mem-
branes. Lipoproteins are also the predominant means
for the transport of bloodstream lipids.

Lipids include triglycerides (TGs), phospholipids
(PLs) and cholesterol. The basic structure of TGs and
PLs is the fatty acid. Fatty acids are long-chain hydro-
carbon organic acids. TGs are composed of three long-
chain fatty acids bound with one molecule of glycerol
(Fig. 11.7). Phospholipids have two long-chain fatty
acids bound to glycerol with the third fatty acid re-
placed by attached compounds such as inositol, cho-
line or ethanolamine. Although cholesterol does not
contain fatty acid, its sterol nucleus is formed from
fatty acid molecules.

Some polyunsaturated fatty acids are considered es-
sential because they cannot be synthesized in humans
and because they are precursors for eicosanoids. They
must be acquired from plant sources. These essential
fatty acids are linolenic acid and linoleic acid which
together with their derivative arachidonic acid form
prostaglandins, lipoxins and leukotrienes (collectively
termed eicosanoids).

After absorption in the gastrointestinal tract, lipids
are aggregated into droplets (diameter 90-1000 nm),
termed chylomicrons, composed mainly of TGs. These
molecules are too large to pass the endothelial cells
of the portal system and so enter the circulation via

R—COO—(‘JHZ
R—COO—(‘JH
R-COO-CH,

FIGURE 11.7
of carbon atoms.

Triglyceride structure. R represents a chain
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the thoracic duct. Chylomicrons are metabolized by
lipoprotein lipase adherent to the endothelium of
many tissues throughout the body including adipose
tissue but not adult liver. Chylomicrons carry choles-
terol to the liver. The fatty acids and lipoproteins re-
leased from the liver into the circulation are derived
from secondary products of chylomicron metabolism.

Transport of lipids from the liver or adipose cells to
other tissues that need it as an energy source occurs by
means of binding to plasma albumin. The fatty acids
are then referred to as free fatty acids (FFAs), to distin-
guish them from other fatty acids in the plasma. After
12h of fasting, all chylomicrons have been removed
from the blood, and circulating lipids then occur in the
form of lipoproteins. Lipoproteins are smaller particles
than chylomicrons but are also composed of TGs, PLs
and cholesterol. They may be classified as:

m very low-density lipoproteins (VLDLs), consisting
mainly of TGs

® Jow-density lipoproteins (LDLs), consisting mainly
of cholesterol

® high-density lipoproteins (HDLs), consisting mainly
of protein.

Cholesterol

Cholesterol is a lipid with a sterol nucleus and is formed
from acetyl CoA. It may be absorbed from food (animal
sources only) but is also synthesized in the liver and to a
lesser extent other tissue. Its function is predominantly
the formation of bile salts in the liver, which promote
the digestion and absorption of lipids. The remainder
is used in the formation of adrenocortical and sex hor-
mones and it is deposited also in the skin, where it re-
sists the absorption of water-soluble chemicals.

The serum cholesterol concentration is correlated
with the incidences of atherosclerosis and coronary
artery disease. Prolonged elevations of VLDL, LDL
and chylomicron remnants are associated with ath-
erosclerosis. Conversely, HDL is protective. Factors af-
fecting blood cholesterol concentration are outlined in
Figure 11.8.

There is a feedback mechanism whereby increased
cholesterol absorption from the diet results in inhi-
bition of the enzyme HMG-CoA reductase, which
regulates synthesis of cholesterol. There are many
hormonal influences in cholesterol metabolism also,

Acetyl-CoA Ingested cholesterol

S)

A\
Sterol nucleus

HMG-CoA reductase
v ‘G-)/ Ingested saturated fats

Synthesized cholesterol

®

\4

Blood cholesterol concentration

of S

Hypothyroidism Oestrogens Ingested
Diabetes mellitus unsaturated fats
Androgens

FIGURE 11.8 ™ Factors affecting blood cholesterol

concentration.

including increased plasma concentrations in response
to abnormally low concentrations of thyroid hormone,
insulin and androgens. Oestrogen reduces cholesterol
concentration by an unknown mechanism. The family of
cholesterol-lowering drugs termed statins are inhibitors
of the enzyme HMG-CoA reductase.

Lipids are ingested in similar proportions to carbo-
hydrates and may be used as an energy source imme-
diately or stored in the liver or adipose cells for later
use as an energy source. The stages in the use of TGs
as an energy source are as follows. TG is hydrolysed to
its constituent glycerol and three fatty acids; glycerol is
then conjugated to glycerol 3-phosphate and enters the
glycolytic pathway, which generates ATP as described
above. Fatty acids need carnitine as a carrier agent to
enter mitochondria, where they undergo beta oxida-
tion. The precise number of ATP molecules formed
from a molecule of TG depends on the length of the
fatty acid chain, longer chains providing more acetyl
CoA and hence more molecules of ATP. Newborns
have a special type of fat, termed brown fat, which on
exposure to a cold stressor is stimulated to break down
into free fatty acids and glycerol. In brown adipose tis-
sue, oxidation and phosphorylation are not coupled
and therefore the metabolism of brown fat is especially
thermogenic.
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2CH;-CO-CoA + H,0 (acetyl CoA) ——— CH;—CO-CH,—COOH (acetoacetic acid)

+2H

CH;-CHOH-CH,-COOH
(B—hydroxybutyric acid)

FIGURE 11.9

Ketones

Initial degradation of fatty acids occurs in the liver,
but the acetyl-CoA may not be used either immedi-
ately or completely. Ketones, or keto acids, are either
acetoacetic acid, formed from two molecules of acetyl
CoA, B-hydroxybutyric acid, formed from the reduc-
tion of acetoacetic acid, or acetone, formed when a
smaller quantity of acetoacetic acid is decarboxylated
(Fig. 11.9). These three substances are collectively
termed ketones. They are organic acids formed in the
liver, from which they diffuse into the circulation and
are transported to the peripheral tissues where they
may be used for energy. Their importance is that they
accumulate in diabetes and starvation, such as may oc-
cur in the perioperative period. In both circumstances,
no carbohydrates are being metabolized. In diabetes,
decreased insulin results in a reduction in intracellular
glucose, and in starvation, carbohydrates are lacking
simply because they are not being ingested. The en-
suing breakdown of fat as described above results in
large quantities of ketones being released from the
liver to the peripheral tissues. There is a limit to the
rate at which ketones are used by the tissues, because
depletion of essential carbohydrate intermediate me-
tabolites slows the rate at which acetyl CoA can enter
the Krebs cycle (see Fig. 11.5). Hence, blood ketone
concentration may increase rapidly, causing metabolic
acidosis and ketonuria. Acetone may be discharged on
the breath to give a characteristic sweet odour.

Measuring Metabolic Rate

Basal metabolic rate (BMR) is determined at com-
plete mental and physical rest 12-14h after food in-
gestion, if body temperature is within the normal
range. Metabolic rate increases by approximately 8%
for every 1°C rise of body temperature. BMR may be
measured by indirect calorimetry which involves the

-Co,

CH;-CO-CH,
(acetone)

Ketone formation.

TABLE 11.2

Factors Influencing Metabolic Rate

Malnutrition (20%)

Sleep (15%)

Exercise (up to 2000XBMR)

Protein ingestion

Age: <5 years has X2 BMR of >70

Thyroid hormone imbalance (increase or decrease by 50%)

Sympathetic stimulation

Testosterone (by 15%)

Temperature

Anaesthesia (20% reduction) (regional anaesthesia - no effect)

measurement of water, CO, or protein breakdown
products produced to enable the metabolic rate to be
quantified. Alternatively, the O, consumption can be
measured. A total of 4.82 kcal of energy is produced per
litre of O, consumed although accurate assessment de-
pends on information about the type of food ingested.
Factors influencing BMR are listed in Table 11.2.

THE STRESS RESPONSE TO
SURGERY

The stress response is a physiological response which
has evolved to protect the body from injury and to en-
hance chances of survival. It involves cardiovascular,
thermoregulatory and metabolic mechanisms and was
first described by Cuthbertson in 1929.

Surgery or trauma consistently elicits a characteris-
tic neuroendocrine and cytokine response in propor-
tion to the extent of injury or metabolic insult. Minor
surgery on a limb has a negligible stress response, in
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contrast to major surgery such as a laparotomy or tho-
racotomy. The characteristics of the stress response to
surgery are summarized in Table 11.3. There are two
principal components to the stress response to sur-
gery: the neuroendocrine response and the cytokine
response. The neuroendocrine response is stimulated
by painful afferent neural stimuli reaching the CNS.
It may be diminished and sometimes eliminated alto-
gether by dense neural blockade from a regional anaes-
thetic technique.

The cytokine component of the stress response
is stimulated by local tissue damage at the site of the
surgery itself and is not inhibited by regional anaes-
thesia. It is diminished by minimally invasive surgery,
especially laparoscopic techniques. Triggers are listed
in Table 11.4.

There is growing evidence that the stress response is
detrimental and is associated with postoperative mor-
bidity. It has adverse effects on several key physiologi-
cal systems, including the cardiovascular, respiratory
and gastroenterological systems.

Consequences of the Neuroendocrine
Element of the Stress Response

Protein Catabolism

Major surgery results in a net excretion of nitrogen-
containing compounds, referred to as negative ni-
trogen balance, reflecting catabolism of protein into
amino acids for gluconeogenesis. This is partly because
of perioperative starvation, but mainly because of the
stress response, which causes decreased total protein

TABLE 11.3

Components of the Stress Response to Surgery

Neuroendocrine Response Consequence

Result

Hypothalamic-pituitary-
adrenal

ACTH, GH, ADH, B-endorphin,
prolactin all increased

Activation of adrenocortical hormones
Mobilization of glucose reserves
Water retention

Protein catabolism and gluconeogenesis

Sympathetic nervous system Catecholamines increased

stimulation

Hypothalamic-pituitary-adrenal

Renin-angiotensin-aldosterone

Increased glucagon

Decreased insulin, testosterone

Increased acute-phase proteins
(liver)

Heart rate and cardiac output increased
SVR and arterial pressure increased

Activation of adrenocortical hormones; mobilization
of glucose reserves; water retention; protein catabolism
and gluconeogenesis

Increased SVR, retention Na* and H,0O, secretion K*

Increased plasma glucose, lipolysis and insulin
resistance

Hyperglycaemia, catabolic state

Decreased liver synthesis of albumin

Cytokine Response

Cytokine and inflammatory IL-1, IL-6, TNF-«

mediator release Prostaglandins increased

Neutrophils increased

Lymphocytes decreased

Platelet adhesion
Increased coagulation
Increased hypothalamic-pituitary-adrenal activity

Local inflammation, pain

Pyrexia (due to increased IL-1) Increased metabolic rate

Increased demand on cardiovascular system

ACTH, adrenocorticotrophic hormone; GH, growth hormone; ADH, antidiuretic hormone; SVR, systemic vascular resistance; TNF-0i,

tumour necrosis factor alpha.
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TABLE 11.4

Triggers of the Neuroendocrine and
Cytokine Response in Patients After Surgery

Noxious afferent stimuli (especially pain)

Local inflammatory tissue factors, especially cytokines

Pain and anxiety

Starvation

Hypothermia and shivering

Haemorrhage

Acidosis

Hypoxaemia

Infection

synthesis, in addition to protein breakdown. Peripheral
skeletal muscle is predominantly affected, but visceral
protein may also be catabolized. Catecholamines, cor-
tisol, glucagon and interleukins (IL-1 and IL-6) are
involved in proteolysis and gluconeogenesis. Protein
catabolism contributes to weight loss and impaired
wound healing, and may delay overall postoperative
recovery. Up to 0.5kg day™ of lean muscle mass may
be lost postoperatively because of this aspect of the
stress response.

Carbohydrate Mobilization

Hyperglycaemia and insulin intolerance are major
features of the stress response and may persist for
several days postoperatively. They result from increased
blood concentrations of catecholamines, cortisol and
glucagon and also from sympathetic nervous system
stimulation (by further increasing catecholamine re-
lease from the adrenal medulla). These hormones also
inhibit insulin and therefore glucose uptake into mus-
cle, fat and liver. Moreover, there is decreased sensitiv-
ity of muscle and liver to circulating insulin during
the stress response. Blood glucose concentrations may
increase to over 11 mmol L™, leading to glycosuria and
osmotic diuresis.

Fat Metabolism

The net effect of the hormonal alterations listed in
Table 11.3 is lipolysis, stimulated by catecholamines
acting at (xl-adrenoreceptors, with resultant increased

concentrations of FFAs in the circulation. FFAs may
be oxidized in the liver to form ketones (e.g. aceto-
acetate), which may be used as a source of energy by
peripheral tissues.

Cardiovascular Effects

The stress response to surgery and postoperative
pain activates the sympathetic nervous system (SNS),
which may increase myocardial oxygen demand by
increasing heart rate and arterial pressure. Activation
of the SNS may also cause coronary artery vasocon-
striction, reducing the supply of oxygen to the myo-
cardium, which in turn can predispose to myocardial
ischaemia. This effect may be aggravated by the fact
that there is a hypercoagulable state postoperatively
and the stress response is an important factor in caus-
ing this. The concentration of antidiuretic hormone
(ADH) increases during the stress response, and this
is known to contribute to increased platelet adhesive-
ness (Fig. 11.10).

Respiratory Effects

Postoperative pulmonary dysfunction may also result
from pain and the stress response to major surgery.
The most important alteration in respiratory function
caused by the stress response is a reduction in func-
tional residual capacity (FRC). This is the amount of
air remaining in the lungs at the end of a normal ex-
piration. The main cause of reduction in FRC is post-
operative pain, which reduces the depth and rate of
breathing. When FRC is reduced, it may become less
than the closing capacity, the volume of air in the lungs
required to prevent alveolar collapse. When FRC is less
than closing capacity, airway closure occurs, with re-
sultant ventilation-perfusion mismatch, shunting of
blood and hypoxaemia.

Gastrointestinal Effects

The stress response to surgery stimulates both af-
ferent nociceptive input and efferent SNS output,
resulting in ileus and excessive SNS stimulation
relative to parasympathetic nervous system (PNS)
stimulation. Postoperative ileus is a temporary im-
pairment of gastrointestinal motility after major
surgery. It delays resumption of an enteral diet, and
this starvation itself prolongs the stress response to
surgery.
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Afferent noxious stimuli from the site of surgery
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FIGURE 11.10

Potential effect of the surgical stress response on coronary arterial blood flow. ADH, antidiuretic hormone;

SVR, systemic vascular resistance; SNS, sympathetic nervous system.

Immunological System Effects

Many mediators of the stress response (cortisol, in-
terleukins, prostaglandins, etc.) are cellular and hu-
moral immunosuppressants. It is not known if stress
response-mediated immunosuppression, which oc-
curs for several days after surgery, influences patient
outcome.

Afferent Neural Stimuli

Afferent noxious stimuli (such as pain, pressure, burn-
ing, distension) are transmitted by Ax and C nerve fi-
bres. They enter the spinal cord via the dorsal root and
synapse in the dorsal horn.

Local Factors and the Immunological (Cytokine)
Response

Afferent neural stimuli are not the sole means of elic-
iting the stress response to surgery. Severe injury in
a denervated limb also elicits the response, suggest-
ing a non-neural stimulus. Cytokines and mediators
of inflammation are released in response to local
tissue destruction or trauma, increasing peripheral

nociceptive activity. The magnitude of this response
is proportional to the extent of tissue damage.

Effect of General Anaesthesia on the
Stress Response

Intravenous (with the exception of etomidate) and
inhalational anaesthetic agents have no appreciable
effect on either the neuroendocrine or the cytokine
elements of the stress response, irrespective of dose.
Etomidate inhibits the 11f8-hydoxylase enzyme in-
volved in adrenal cortisol synthesis leading to re-
duced cortisol concentrations and is associated with
increased mortality in the critically ill when infu-
sions of etomidate are used for sedation. At much
higher doses, adrenal 18p3-hydroxylase and choles-
terol side chain cleavage enzymes are inhibited, thus
reducing aldosterone and other steroid hormone
synthesis. There is some evidence that inhibition
of 11p-hydoxylase occurs after a single induction
dose of etomidate, reducing plasma cortisol con-
centrations for several hours, but the clinical signifi-
cance of this is unclear. High-dose opioid analgesia
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(e.g. morphine 4 mgkg™ or fentanyl 50-100 pgkg™)
may completely inhibit the neuroendocrine element
(with the exception of that triggered by cardiopul-
monary bypass). If the opioid is given after the sur-
gical incision, it does not prevent the emergence of
the stress response. These high doses of opioids are
impractical for most operations.

Effect of Epidural Anaesthesia and
Analgesia on the Stress Response

Neuroendocrine Element

While only very high-dose, opioid-based general an-
aesthesia completely inhibits the stress response to
upper abdominal surgery epidural anaesthesia, com-
menced before the surgical incision and continued
postoperatively, significantly reduces it. Epidural an-
aesthesia and analgesia for lower limb or pelvic surgery
completely suppresses the response. Administration
of local anaesthetic drugs into the epidural space is
more effective in this respect than administration of
opioids alone.

Cytokine Element

The systemic release of cytokines in response to local
tissue damage is not influenced by any anaesthetic
technique, including epidural anaesthesia and an-
algesia. However, the cytokine element of the stress
response is reduced by limiting the extent of the sur-
gical incision, in particular, by use of laparoscopic
techniques.

Benefits of Modifying the Stress Response

It is generally agreed that it is beneficial to decrease
the stress response in patients with cardiovascular
disease. Neonates undergoing cardiac surgery show a
decreased stress response when anaesthesia is supple-
mented with sufentanil and may suffer fewer postop-
erative complications.

There is actually no evidence that limiting the en-
docrine and metabolic responses to surgery is benefi-
cial in all patients. However, regional anaesthesia may
reduce complications in elderly high-risk patients (de-
creased cardiovascular and respiratory complications,
reduced hospital stay) but further studies are needed
to confirm this.

THERMOREGULATION AND
ANAESTHESIA

Mammals are homeothermic, requiring a nearly con-
stant internal body temperature; core temperature
is one of the most closely guarded physiological pa-
rameters. Although core temperature varies daily with
circadian rhythm and monthly in women, body tem-
perature does not deviate more than a few tenths of a
degree either side of normal. Anaesthesia and surgery
have dramatic effects on temperature regulation, such
that post-operative hypothermia is the rule rather than
the exception. Hypothermia results in significant mor-
bidity, including shivering, coagulopathy, prolonged
duration of drug action and increased risk of surgical
wound infection.

Physiology

It is useful to consider thermoregulatory physiology
in terms of a two-compartment model. A central core
compartment, comprising the major trunk organs and
the brain (the main sources of heat production), ac-
counts for two-thirds of body heat content. Core body
temperature is maintained within a narrow range
(36.8-37.2°C), which facilitates optimal cellular en-
zyme function. This range is known as the ‘interthresh-
old range, temperatures within this range result in
little homeostatic regulation. The peripheral compart-
ment consists of skin and subcutaneous tissues over
the body surface, and the limbs. It amounts to about
one-third of total body heat content. In contrast with
the core, peripheral tissues have wide variation in
temperature, ranging from 2-3 °C below to more than
20°C below core temperature in extreme conditions.
Peripheral tissue acts as a heat sink to absorb or give
up heat in an attempt to maintain core temperature
within its narrow range.

Heat Balance
Thermogenesis

Maintaining core temperature within a narrow range
requires balancing heat production and loss. It is
achieved by a control system consisting of afferent
thermal receptors, central integrating systems and
efferent control mechanisms (Fig. 11.11). It was for-
merly believed that the spinal cord and brainstem were
passive conductors of afferent signals to the preoptic
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Thermal receptors (cold and warm)
Predominantly skin, some visceral
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FIGURE 11.11 Control of thermoregulation.

area of the hypothalamus, but it is now accepted that
thermoregulation is a ‘multi-level, multiple-input’ sys-
tem with the spinal cord, nucleus raphe magnus and
locus subcoeruleus involved both in generating affer-
ent thermal signals and modulating efferent thermo-
regulatory responses.

Body heat is produced by metabolism, shivering and
exercise. Basal metabolic rate cannot be manipulated
by thermoregulatory mechanisms. Vasoconstriction
and shivering are the principal autonomic mecha-
nisms of preserving body heat and increasing heat
production.

Adjacent to the centre in the posterior hypothala-
mus on which the impulses from cold receptors im-
pinge, there is a motor centre for shivering. It is
normally inhibited by impulses from the heat-sensitive
area in the anterior hypothalamus, but when cold im-
pulses exceed a certain rate, the motor centre for shiv-
ering becomes activated by ‘spillover’ of signals and it
sends impulses bilaterally into the spinal cord. Initially,
this increases the tone of skeletal muscles throughout
the body, but when this muscle tone increases above
a specific level, shivering is observed. Shivering may
increase heat production six-fold.

Non-shivering thermogenesis is also an important
mechanism in increasing heat production, but is
probably limited in its effectiveness to neonates. Its
role in adult thermogenesis is thought to be minimal,
increasing the rate of heat production by <10-15%,
compared to the doubling seen in neonates. Non-
shivering thermogenesis occurs mainly in brown
adipose tissue (BAT). This subtype of adipose tissue
contains large numbers of mitochondria in its cells,
which are supplied by extensive SNS innervation.
When sympathetic stimulation occurs, oxidative me-
tabolism of the mitochondria is stimulated. However,
it is uncoupled from phosphorylation, so that heat is
produced instead of generating ATP. Exercise may
increase heat production by as much as 20-fold for a
short time at maximal intensity.

Heat Loss

Perioperative heat loss occurs predominantly by
radiation (50-60%), convection (25-30%) evaporation
(10-20%) and conduction (5%). Radiation is the major
route of heat loss and is proportional to the difference
in temperature between the patient and environment
to the power of four. Conductive and convective heat
losses are proportional to the difference between skin
temperature and ambient temperature. Air flow accel-
erates cooling at a rate proportional to the square root
of the air velocity. Evaporative heat loss from skin is
usually minimal (<5% of overall heat loss) as is evapo-
ration from the respiratory tract in a warm operating
theatre, particularly when using a heat and moisture
filter in the breathing system. Evaporative losses may
become significant in surgery in which warm moist
viscera are exposed to the air, e.g. laparotomy, and fol-
lowing the application of cleaning fluids (particularly
alcoholic), when the latent heat of vaporization draws
heat from the body to lower core temperature by as
much as 0.2-0.4°Cm™.

Thermoregulation

Thermoregulation is achieved by a physiological
control system consisting of peripheral and central
thermoreceptors, an integrating control centre and
efferent response systems (see Fig. 11.11).

Thermoreceptors. Afferent thermal input comes from
anatomically distinct cold and heat receptors, located



THERMOREGULATION AND ANAESTHESIA 193

predominantly in the skin, but also centrally. The af-
ferent thermal input comes from both core (80%) and
peripheral (20%) compartments. The peripheral input
is by thermally sensitive receptors located in the skin
and mucous membranes, while core input occurs from
thermoreceptors located in the hypothalamus itself
(20%), brain (20%), spinal cord (20%), and thoracic
and abdominal tissue (20%). Cold-specific receptors
are innervated by Ad fibres. Heat receptors are inner-
vated by C fibres. Cold receptors in the skin outnumber
heat receptors 10-fold and are the major mechanism by
which the body protects itself against cold temperatures.
Afferent input from these cold receptors in the skin is
transmitted ultimately to the posterior hypothalamus.

Afferent thermal signals provide feedback to tem-
perature-regulating centres in the hypothalamus. The
preoptic area of the hypothalamus contains tempera-
ture-sensitive and temperature-insensitive neurones.
The temperature-sensitive neurones, which predomi-
nate by 4:1, increase their discharge rate in response to
increased local heat and this activates heat loss mecha-
nisms. Conversely, cold-sensitive neurones increase their
rate of discharge in response to cooling. Detection of
cold differs from detection of heat, in that the principal
mechanism of detection of cold is input from cutaneous
cold receptors. At normothermia, most afferent input
comes from cold receptors. Blockade of this afferent in-
put by regional anaesthesia explains why the lower limbs
are often perceived by the patient as feeling warm when
epidural or spinal anaesthesia is established.

Central Control. The central control mechanism,
situated in the hypothalamus, determines mean body
temperature by integrating thermal signals from pe-
ripheral and core structures and comparing mean
body temperature with a predetermined ‘set point’
temperature. The set point or physiological ‘thermostat’
of the thermoregulatory system is the temperature
at which the system requires zero action to maintain
that temperature (36.8-37.2°C). The limits of this
range represent the thresholds at which cold or heat
responses are instigated, and hence it has been termed
the ‘interthreshold range’. Normally it is <1 °C, but this
increases to 4 °C during general anaesthesia.

Effector Mechanisms. The most effective mechanisms
for controlling body temperature are behavioural.

In extreme cold conditions, vasoconstriction and shivering
are of limited effect compared to behavioural measures
such as taking shelter and wearing protective clothing.

Physiological responses to heat result in vasodila-
tation and sweating which are the major autonomic
mechanisms of increasing heat loss. Maximal sweating
rates may reach over 1 Lh™ for a short time, resulting
in heat loss of up to 15 times BMR.

Physiological responses to cold are generally of
more relevance to anaesthesia because hypothermia is
common during most procedures. In normal adults,
the first response to a decrease in core temperature
below the normal range (36.5-37.5°C) is peripheral
vasoconstriction. If core temperature continues to
decrease, shivering commences. Vasoconstriction and
shivering are characterized by threshold onset, gain and
maximal response intensity. Threshold is the tempera-
ture at which the effector is activated. Gain is the rate
of response to a given decrease in core temperature.
Normally, the threshold core temperature for thermo-
regulatory vasoconstriction is 36.5°C, with shivering
commencing at 36.0-36.2°C.

Measurement of Temperature

Core temperature may be evaluated reliably by an
infrared thermometer at the tympanic membrane
(provided that the external auditory meatus is free of
ear wax) or by thermocouples positioned in the distal
oesophagus, nasopharynx or pulmonary artery. Skin
surface temperature varies with ambient temperature
and induction of anaesthesia, and is usually also mea-
sured with a thermocouple. Rectal and bladder tem-
perature may lag behind changes in core temperature
because these organs are not perfused well enough to
reflect rapid changes in body heat content.

Effect of General Anaesthesia on
Thermoregulation

General anaesthesia has a number of effects on homeo-
static mechanisms controlling thermoregulation which
combine to cause hypothermia and impair the mecha-
nisms which would normally limit the associated heat loss.

Widening of the Interthreshold Range

As discussed above, the interthreshold range is a nar-
row range of core temperature within which thermo-
regulatory mechanisms are relatively quiescent.
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Thresholds for thermoregulatory effectors. (A) Under normal conditions, the range of core temperatures

within which no effector is active, i.e. normal temperature, is approximately 0.5 °C. (B) During general anaesthesia, the range of
core temperatures within which no effector is active is increased to approximately 4.0 °C.

General anaesthesia causes a dose-dependent widening
of this interthreshold range, with an increase in the
temperature at which thermoregulatory responses to
heat are activated and an even greater reduction in the
temperature at which thermoregulatory responses to
cold are activated. Typically, the interthreshold range
widens by about 4°C, with the body becoming poiki-
lothermic within this temperature range (Fig. 11.12).
However, once core temperature falls outside this
range, the gain (the rate of response to a given decrease
in core temperature) and maximal response intensity
of homeostatic mechanisms are unaffected. All general
anaesthetic agents, both volatile and intravenous, im-
pair thermoregulatory responses to a similar, but not
identical, extent.

Stages of Hypothermia

Mild hypothermia during general anaesthesia fol-
lows a distinctive pattern and occurs in three phases
(Fig. 11.13):

Phase 1 (Redistribution Stage). Under normal con-
ditions, the temperature gradient between core and
peripheral compartments is maintained by tonic

vasoconstriction. On induction of anaesthesia,
normal vasoconstrictor tone is reduced, and vaso-
dilatation occurs, allowing heat to flow down its
concentration gradient from the warm core to the
cooler periphery, resulting in a mild core hypother-
mia (core temperature about 35.5-36.0°C). This
core hypothermia occurs because of redistribution of
body heat on induction of anaesthesia, and overall
heat loss from the body is minimal. Redistribution
hypothermia results in an initial rapid decrease in
core temperature of approximately 1°C over the
first 30 min, but mean body temperature and body
heat content remain constant during this 30 min
(Fig. 11.14).

There are a number of factors which affect the
magnitude of this initial phase 1 hypothermia.

m The greater the temperature gradient between
the core and periphery, the greater is the decrease
in core temperature. Patients who have been
left in a cold reception room, for example, will
have a relatively cold peripheral compartment
and will suffer a greater degree of redistribution
hypothermia.
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Core temperature (°C)
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FIGURE 11.13 = Characteristic patterns of hypothermia during general anaesthesia (GA) alone, epidural or spinal anaesthesia

alone and combined general and epidural anaesthesia. Patients in this last category are more likely to develop profound hypo-
thermia than others (see text).

At rest 20min post-induction Established hypothermia
(phase 1) (phase 3)
Core = 66% Core =71% Core <66%
Periphery = 34% Periphery = 29% Periphery >34%

FIGURE 11.14 © Typical perioperative changes in core and peripheral compartment sizes.
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m Patients who are obese tend to be chronically
vasodilated and have a warm peripheral com-
partment. Consequently, they suffer less vaso-
dilatation on induction of anaesthesia and the
reduced core—peripheral gradient also limits the
magnitude of the redistribution hypothermia.

® Neonates, and to a lesser extent children, have
a much smaller peripheral compartment than
adults and any decrease in core temperature on
induction of anaesthesia is likely to be true heat
loss rather than redistribution hypothermia.

Phase 2 (Heat Loss>Heat Production). Phase 2 is a
slower linear decrease in core temperature to 34—35°C
over the next 2h and occurs as a result of heat loss ex-
ceeding heat production. General anaesthesia reduces
metabolic heat production by 15-40%, particularly
through decreased brain metabolism and reduced re-
spiratory muscle activity. Increased heat loss occurs
through peripheral vasodilatation, evaporative heat
loss from the body surface, and evaporative losses
from exposed body cavities (some animal studies have
shown that as much as 50% of total heat loss can come
from exposed bowel).

Phase 3 (Plateau Phase). Phase 3 is a core tempera-
ture plateau (or thermal equilibrium), where heat loss
equals heat production (either metabolic or warming
devices) (Fig. 11.14). This core temperature plateau re-
sults largely from thermoregulatory vasoconstriction,
triggered by a core temperature of 33—-35°C. Patients
with impaired autonomic responses (e.g. elderly, dia-
betics, Parkinson’s disease, Shy-Drager syndrome, etc.)
are less able to establish effective vasoconstriction and
in these patients, establishment of a plateau phase may
be delayed or even absent.

Effect of Regional Anaesthesia on
Thermoregulation

Regional anaesthesia has a similar effect to general
anaesthesia on thermoregulation and hypothermia.
Regional anaesthesia widens the interthreshold range.
The reasons for this are not clear, but are probably
related to a blockade of afferent input to the hypo-
thalamus. As with general anaesthesia, redistribution
of body heat during spinal or epidural anaesthesia is
the main cause of hypothermia. Because redistribution

during spinal or epidural anaesthesia is confined
usually to the lower half of the body, the initial core
hypothermia is not as pronounced as in general anaes-
thesia (approximately 0.5°C). Otherwise, the pattern
of hypothermia during spinal or epidural anaesthe-
sia is similar to that seen during general anaesthesia
for the first two phases. The major difference for spi-
nal or epidural anaesthesia is that the plateau phase
does not emerge because vasoconstriction is blocked
(see Fig. 11.13). Heat loss continues unabated during
epidural anaesthesia despite the activation of effector
mechanisms above the level of the block. Therefore,
patients undergoing long procedures with combined
general and epidural anaesthesia are at risk of a greater
degree of hypothermia.

Consequences of Perioperative
Hypothermia

In specific circumstances, hypothermia may have a
protective effect in terms of reducing basal metabolic
rate. The use of moderate hypothermia is routine prac-
tice in many centres during cardiopulmonary bypass.
It is generally agreed, however, that, in most situations,
the deleterious consequences of mild hypothermia
outweigh the potential benefits, with evidence emerg-
ing that hypothermia per se is responsible for adverse
postoperative outcomes. In particular, hypothermic
patients are more likely than normothermic patients
to have postoperative wound infections. The initial
3—4h after bacterial contamination are thought to be
crucial in determining whether clinical infection en-
sues. In vitro studies suggest that platelet function and
coagulation are impaired by hypothermia, and mildly
hypothermic patients lose >25% more blood in the
perioperative period than do normothermic patients.
In addition, perioperative thermal discomfort is often
remembered by patients as the worst aspect of their
perioperative experience (Table 11.5).

Physical, Active and Passive Strategies for
Avoiding Perioperative Hypothermia

Preventing redistribution-induced hypothermia may
be achieved by physical and pharmacological means
(Table 11.6). Redistribution of heat results when
anaesthetic-induced vasodilatation allows heat to flow
from the core to the periphery down its concentra-
tion gradient. Pre-emptive skin surface warming does
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TABLE 11.5

Consequences of Perioperative Hypothermia

CO|, HR|, BP|
PR durationt,
QRS durationt,
QT prolongation,
J waves
Viscosity?
Cardiac work?
Ml risk?

Cardiac

Respiratory Increased dead space

Respiratory fatigue

Wound infection Caused by vasoconstriction and hence

low tissue oxygen tension (P.0,)

Prolonged drug action

Negative nitrogen balance, metabolism], 8% per 1 °C below
normal temperature

Prolonged coagulation

DVT/PE risk?

Oxyhaemoglobin dissociation curve shifted to right

Stress responsef

Patient discomfort/shivering

TABLE 11.6

Strategies for Prevention of Perioperative
Hypothermia

Intraoperative use of forced air convective warming device

Reflective space blankets

Heating and humidifying inspired gases

Increased ambient temperature to 23 °C

Warmed i.v. fluids

not increase core temperature but increases body heat
content, particularly in the legs, and removes the gra-
dient for heat loss via the skin. However, this approach
is rarely used in clinical practice because it requires 1 h
of prewarming. This is unfortunate because it is a far
more effective method of minimizing peri-operative
hypothermia than trying to rewarm patients who have
become hypothermic.

Passive insulation with a single layer of any insulat-
ing material reduces cutaneous heat loss by 30-50%.

Because only 10% of metabolic heat production is lost
in heating and humidifying inspired gases, this method
is relatively ineffective. Heat and moisture exchange
filters retain significant amounts of moisture and heat
within the respiratory system, but are only 50% as ef-
fective as active mechanisms. Ambient temperature
determines the rate of heat loss by radiation and con-
vection and maintains normothermia if close to ini-
tial, preinduction, core temperature (36 °C). However,
this is usually impractical, as operating room staff find
this temperature uncomfortable. Water mattresses are
demonstrably ineffective at preventing heat loss, pos-
sibly because relatively little heat is lost from the back.
Moreover, decreased local tissue perfusion associated
with local temperatures of 40°C may lead to skin ne-
crosis. Heat loss may be reduced if intravenous fluids
are warmed before or during administration.

Forced air warming systems are undoubtedly the
best way to maintain normothermia during long
procedures and are particularly effective when used
intra-operatively for vasodilated patients, allowing heat
applied peripherally to be transferred rapidly to the
core. Their use increases core temperature and reduces
the incidence of postanaesthetic shivering (Table 11.6).

Postanaesthetic Shivering

Postanaesthetic shivering affects up to 65% of
patients after general anaesthesia and 33% during epi-
dural or regional anaesthesia. It is usually defined as
readily detectable tremor of the face, jaw, head, trunk
or extremities lasting longer than 15s. Apart from
the obvious discomfort, postanaesthetic shivering, in
common with hypothermia, is associated with sev-
eral potentially deleterious sequelae (see Table 11.5).
Postanaesthetic shivering is usually preceded by core
hypothermia and vasoconstriction. Two patterns of
muscular activity, seen in electromyography studies,
contribute to the phenomenon of postanaesthetic
shivering; first, a tonic pattern (4—8 cycles min™' char-
acteristic of the response to hypothermia in awake pa-
tients) is observed, and then a phasic (6-7 Hz) pattern
resembling clonus.

While hypothermia is one factor in the aetiology of
postanaesthetic shivering, not all patients who shiver
are hypothermic. Studies on postoperative patients
have indicated that male gender, age (16-60 years)
and anticholinergic premedication are risk factors for



198 11

METABOLISM, THE STRESS RESPONSE TO SURGERY AND PERIOPERATIVE THERMOREGULATION

TABLE 11.7

Treatment of Postanaesthetic Shivering

Pethidine 0.33 mgkg™ (other opioids to a lesser extent)

Doxapram 1.5mgkg™”

Clonidine 2 pgkg™

Methylphenidate 0.1 mgkg™

Physostigmine 0.04 mgkg™

Ondansetron 0.1 mgkg™

postanaesthetic shivering, while the intraoperative use
of pethidine virtually abolishes it. The use of propofol
reduces the incidence of postoperative shivering com-
pared with thiopental.

Postoperative shivering should not be treated in
isolation from perioperative hypothermia. Not all pa-
tients who shiver are hypothermic, but most are, and
successful treatment of shivering in these patients
without concomitant management of hypothermia
may result in deepening hypothermia. However, the
mainstay of symptomatic treatment of postoperative
shivering is radiant heating, forced air rewarming or
pharmacological methods (Table 11.7).

A wide range of drugs is effective and it would be
surprising if all worked on a single part of the thermo-
regulatory mechanism. Pethidine is remarkably effec-
tive in treating postoperative shivering, 25mg being
sufficient in the majority of adults. There is evidence
that this may be the result of an action at the k-opioid
receptor.

One hypothesis for the mechanism of postanaes-
thetic shivering is that, because the brain recovers
later than the spinal cord, uninhibited spinal clonic
tremor occurs, resulting in shivering. Consistent with
this hypothesis, doxapram (a cerebral stimulant)
has also been shown to be an effective treatment,
but it is not as effective as pethidine. Various drugs,
the mechanisms of action of which are unclear, are
also effective. Physostigmine prevents the onset of
postanaesthetic shivering, implying that choliner-
gic pathways are involved in the thermoregulatory
mechanisms which lead to shivering. Clonidine, an
a-adrenergic agonist and ondansetron, a seroton-
ergic antagonist, are also effective.
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T he realization that the enzyme systems and meta-
bolic processes responsible for the maintenance of cel-
lular function are dependent on an environment with
stable electrolyte and hydrogen ion concentrations led
Claude Bernard to describe the ‘milieu interieur’ over
100 years ago. Complex homeostatic mechanisms have
evolved to maintain the constancy of this internal en-
vironment and thus prevent cellular dysfunction.

BASIC DEFINITIONS

Osmosis refers to the movement of solvent molecules
across a membrane into a region in which there is a
higher concentration of solute. This movement may
be prevented by applying a pressure to the more
concentrated solution — the effective osmotic pres-
sure. This is a colligative property; the magnitude of
effective osmotic pressure exerted by a solution de-
pends on the number rather than the type of particles
present.

The amounts of osmotically active particles pres-
ent in solution are expressed in osmoles. One osmole
of a substance is equal to its molecular weight in grams
(1mol) divided by the number of freely moving par-
ticles which each molecule liberates in solution. Thus,
180¢g of glucose in 1L of water represents a solution
with a molar concentration of 1 molL™" and an osmo-
larity of 1osmolL™. Sodium chloride ionizes in so-
lution and each ion represents an osmotically active
particle. Assuming complete dissociation into Na*
and CI, 58.5g of NaCl dissolved in 1L of water has
a molar concentration of 1 molL™ and an osmolarity
of 2osmol L. In body fluids, solute concentrations are
much lower (mmol L) and dissociation is incomplete.

FLUID, ELECTROLYTE
AND ACID-BASE BALANCE

Consequently, a solution of NaCl containing 1 mmol L™
contributes slightly less than 2 mosmol L.

The term osmolality refers to the number of os-
moles per unit of total weight of solvent, whereas
osmolarity refers to the number of osmoles per litre
of solvent. Osmolality (unlike osmolarity), is not af-
fected by the volume of various solutes in solution.
Confusion regarding the apparently interchangeable
use of the terms osmolarity (measured in osmolL™)
and osmolality (measured in osmolkg™) is caused by
their numerical equivalence in body fluids; plasma os-
molarity is 280—-310 mosmol L™ and plasma osmolality
is 280—-310 mosmolkg". This equivalence is explained
by the almost negligible solute volume contained in
biological fluids and the fact that most osmotically ac-
tive particles are dissolved in water, which has a den-
sity of 1 (i.e. osmolL'=o0smolkg™). As the number of
osmoles in plasma is estimated by measurement of the
magnitude of freezing point depression, the more ac-
curate term in clinical practice is osmolality.

Cations (principally Na*) and anions (ClI- and
HCO;) are the major osmotically active particles in
plasma. Glucose and urea make a smaller contribution.
Plasma osmolality (P ) may be estimated from the
formula:

OSM

P, =2[Na"] (mmol L")+ blood glucose(mmol L")
+blood urea(mmol L") =290mosmolkg™

Osmolality is a chemical term and may be con-
fused with the physiological term, tonicity. This term
is used to describe the effective osmotic pressure of a
solution relative to that of plasma. The critical differ-
ence between osmolality and tonicity is that all solutes
contribute to osmolality, but only solutes that do not
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cross the cell membrane contribute to tonicity. Thus,
tonicity expresses the osmolal activity of solutes re-
stricted to the extracellular compartment, i.e. those
which exert an osmotic force affecting the distribution
of water between intracellular fluid (ICF) and extra-
cellular fluid (ECF). As urea diffuses freely across cell
membranes, it does not alter the distribution of water
between these two body fluid compartments and does
not contribute to tonicity. Other solutes that contrib-
ute to plasma osmolality but not tonicity include eth-
anol and methanol, both of which distribute rapidly
throughout the total body water. In contrast, mannitol
and sorbitol are restricted to the ECF and contribute
to both osmolality and tonicity. The tonicity of plasma
may be estimated from the formula:

plasma tonicity = 2[Na+ ](mmol L‘l)
+blood glucose (mmol L)
=285mosmol kg™

COMPARTMENTAL DISTRIBUTION
OF TOTAL BODY WATER

The volume of total body water (TBW) may be mea-
sured using radioactive dilution techniques involving
either deuterium or tritium, both of which cross all
membranes freely and equilibrate rapidly with hydro-
gen atoms in body water. Such measurements show

that approximately 60% of lean body mass (LBM) is
water in the average 70kg male adult. As fat contains
little water, females have proportionately less TBW
(55%) relative to LBM. TBW decreases with age, de-
creasing to 45-50% in later life.

The distribution of TBW between the main body
compartments is illustrated in Figure 12.1. One-third
of TBW is contained in the extracellular fluid volume
(ECFV) and two-thirds in the intracellular fluid vol-
ume (ICFV). The ECFV is subdivided further into the
interstitial and intravascular compartments. In addi-
tion to the absolute volumes of each compartment,
Figure 12.1 shows the relative size of each compart-
ment compared with body weight.

SOLUTE COMPOSITION OF BODY
FLUID COMPARTMENTS

Extracellular Fluid

The capillary endothelium behaves as a freely perme-
able membrane to water, cations, anions and many
soluble substances such as glucose and urea (but not
protein). As a result, the solute compositions of in-
terstitial fluid and plasma are similar. Each contains
sodium as the principal cation and chloride as the
principal anion. Protein behaves as a non-diffusible
anion and is present in a higher concentration in

Intracellular
fluid volume

\

Total 42 L
body
water BW x 0.6
Extracellular
fluid volume
FIGURE 12.1

28 L
BW x 0.4
- 11L
Interstitial
fluid volume BW x 0.15
14 L
BW x 0.2
3L
Intravascular
fluid volume BW x 0.05

Distribution of total body water in a 70 kg male, and related to body weight (BW).
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Solute Solute

Na* 10 HPOZ Na* 140 cr 114

K+ 150 SOZ |-1s0 K+ 4 HCO, 30

Mg2* 4  HCO,

Prot
Water <::’::> Water

< ICFV > <€ ECFV >
FIGURE 12.2 = Principal solute composition of body fluid

compartments. All concentrations are expressed in mmol L.

plasma. The concentration of CI" is slightly higher in
interstitial fluid in order to maintain electrical neutral-
ity (Donnan equilibrium).

Intracellular Fluid

This differs from ECF in that the principal cation is po-
tassium and the principal anion is phosphate. In addi-
tion, there is a high protein content. In contrast to the
capillary endothelium, the cell membrane is perme-
able selectively to different ions and freely permeable
to water. Thus, equalization of osmotic forces occurs
continuously and is achieved by the movement of wa-
ter across the cell membrane. The osmolalities of ICF
and ECF at equilibrium must be equal. Water moves
rapidly between ICF and ECF to eliminate any induced
osmolal gradient. This principle is fundamental to an
understanding of fluid and electrolyte physiology.

Figure 12.2 shows the solute composition of the
main body fluid compartments. Although the total con-
centration of intracellular ions exceeds that of extracel-
lular ions, the numbers of osmotically active particles
(and thus the osmolalities) are the same on each side of
the cell membrane (290 mosmolkg™ of solution).

WATER HOMEOSTASIS

Normal day-to-day fluctuations in TBW are small
(<0.2%) because of a fine balance between input,
controlled by the thirst mechanisms, and output, con-
trolled mainly by the renal-ADH (antidiuretic hor-
mone) system.

The principal sources of body water are ingested
fluid, water present in solid food and water produced as
an end-product of metabolism. Intravenous fluids are

Ingested fluid 1300
Solid food 800
Metabolic water 400

ICF ECF _| Skin 500
28 L 14L Lungs 400

Urine 1500
Faeces 100

FIGURE 12.3
millilitres.

Daily water balance. Input and output in

another common source in hospital patients. Actual
and potential outlets for water are classified convention-
ally as sensible and insensible losses. Insensible losses
emanate from the skin and lungs; sensible losses oc-
cur mainly from the kidneys and gastrointestinal tract.
Figure 12.3 depicts the daily water balance in a 70kg
adult in whom input and output balance. It should be
noted that sources of potential loss are not evident in
this diagram. For example, over 5L of fluid are secreted
daily into the gut in the form of saliva, bile, gastric juices
and succus entericus, yet only 100 mL of fluid is present
in faeces. This illustrates the potential that exists for sig-
nificant fluid loss in the presence of disease.

PRACTICAL FLUID BALANCE

Calculation of the daily prescription of fluid is an
arithmetic exercise to balance the input and output of
water and electrolytes.

Table 12.1 shows the electrolyte contents of five
intravenous solutions used commonly in the United
Kingdom. These solutions are adequate for most
clinical situations. Two self-evident but important
generalizations may be made regarding solutions for
intravenous infusion.

Rule 1. All infused Na* remains in the ECF; Na* cannot
gain access to the ICF because of the sodium pump.
Thus, if saline 0.9% is infused, all Na* remains in the
ECE. As this is an isotonic solution, there is no change
in ECF osmolality and therefore no water exchange
occurs across the cell membrane. Thus, saline 0.9%
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TABLE 12.1

Electrolyte Contents of Commonly Used Intravenous Fluids

Solution Electrolyte Content (mmol L") Osmolality (mosmol kg™")
Saline 0.9% (‘normal saline’) Na* 154 cl 154 308
Saline 0.45% (‘half-normal saline’) Na* 77 cr 77 154
Glucose 4%/saline 0.18% (glucose-saline) Na* 31 cl 31 284
Glucose 5% Nil 278
Compound sodium lactate (Hartmann’s Na* 131 cl 112 281
solution) K* 5 HCO; (as lactate) 29

Ca” 4

expands ECFV only. However, if saline 0.45% is given,
ECF osmolality decreases; this causes a shift of water
from ECF to ICE If saline 1.8% is administered, all Na*
remains in the ECF, its osmolality increases and water
moves from ICF to ECF to maintain osmotic equality.

Rule 2. Water without sodium expands the TBW. After
infusion of a solution of glucose 5%, the glucose enters
cells and is metabolized. The infused water enters both
ICF and ECF in proportion to their initial volumes.

Table 12.2 illustrates the results of infusion of 1L of
saline 0.9%, saline 0.45% or glucose 5% in a 70 kg adult.

Assessment of daily fluid requirements may be
allocated usefully into three processes:

® normal maintenance needs

® abnormal losses resulting from the underlying
pathology

® correction of pre-existing deficits.

TABLE 12.2

Compartmental Expansion Resulting from Infusion
of 1L of Saline 0.9%, Saline 0.45% or Glucose 5%

CHANGE IN
VOLUME (ML)

Intravenous Infusion

of 1000mL ECF ICF Remarks

Saline 0.9% +1000 0 Na* remains
in ECF

Glucose 5% +333 +666 66% of TBW
is ICF

Saline 0.45% +666 +333 33% of TBW
is ECF

Normal Maintenance Needs

Water. Regardless of the disease process, water and
electrolyte losses occur in urine and as evapora-
tive losses from skin and lungs. It is evident from
Figure 12.3 that a normothermic 70kg patient with
a normal metabolic rate may lose 2500 mL of water
per day. Allowing for a gain of 400mL from water
of metabolism, this hypothetical patient needs about
2000 mL day™ of water. As a rule of thumb, a volume
of 30-35mLkg™" day' of water is a useful estimate for
daily maintenance needs.

Sodium. The normal requirement is 1 mmolkg™!
day™ (50-80 mmol day™) for adults.

Potassium. The normal requirement is 1 mmolkg™
day™ (50-80 mmol day™) for adults.

Thus, a 70kg patient requires daily provision of
2000-2500mL of water and approximately 70 mmol
each of Na* and K*. This could be administered as one
of the following:

® 2000 mL of glucose 5% + 500 mL of saline 0.9%

m 2500mL of glucose 4%/saline 0.18%; plus
potassium as KCI, 1g (13 mmol) added to each
500 mL of fluid.

Abnormal Losses

These are common in surgical patients. They may be
sensible or insensible and either overt or covert.
Losses from the gut are common, e.g. nasogastric
suction, diarrhoea and vomiting or sequestration of
fluid within the gut lumen (e.g. intestinal obstruc-
tion). Although the composition of gastrointestinal
secretions is variable, replacement should be with sa-
line 0.9% with 13-26 mmol L™ of potassium as KCI.
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If losses are considerable (>1000mL day™), a sample
of the appropriate fluid should be sent for biochemi-
cal analysis so that electrolyte replacement may be
rationalized.

Increased insensible losses from the skin and lungs
occur in the presence of fever or hyperventilation. The
usual insensible loss of 0.5 mL kg™ h™ increases by 12%
for each °Celsius rise in body temperature.

Sequestration of fluid at the site of operative trauma
is a form of fluid loss which is common in surgical pa-
tients. Plasma-like fluid is sequestered in any area of
tissue injury; its volume is proportional to the extent
of trauma. This fluid is frequently referred to as ‘third-
space’ loss because it ceases to take part in normal
metabolic processes. However, it is not contained in
an anatomically separate compartment; it represents
an expansion of ECFV. Third-space losses are not
measured easily. Sequestered fluid is reabsorbed after
48-72h.

Existing Deficits

These occur preoperatively and arise primarily from
the gut. The difficulty in correcting these deficits re-
lates to an inability to quantify their magnitude ac-
curately. Fluid and electrolyte deficits occur directly
from the ECF. If the fluid lost is isotonic, only ECFV is
reduced; however, if water alone or hypotonic fluid is
lost, redistribution of the remaining TBW occurs from
ICF to ECF to equalize osmotic forces.

Dehydration with accompanying salt loss is a com-
mon disorder in the acutely ill surgical patient.

Assessment of Dehydration

This is a clinical assessment based upon the following.

History. How long has the patient had abnormal
loss of fluid? How much has occurred, e.g. volume and
frequency of vomiting?

Examination. Specific features are thirst, dryness
of mucous membranes, loss of skin turgor, orthostatic
hypotension or tachycardia, reduced jugular venous
pressure (JVP) or central venous pressure (CVP) and
decreased urine output. In the presence of normal re-
nal function, dehydration is associated usually with a
urine output of less than 0.5mLkg"h™". The severity
of dehydration may be described clinically as mild,
moderate or severe and each category is associated
with the following water loss relative to body weight:

® nild: loss of 4% body weight (approximately 3L
in a 70kg patient) — reduced skin turgor, sunken
eyes, dry mucous membranes

® noderate: loss of 5-8% body weight (approxi-
mately 4-6 L in a 70 kg patient) — oliguria, ortho-
static hypotension and tachycardia in addition to
the above

m severe: loss of 8-10% body weight (approxi-
mately 7L in a 70 kg patient) — profound oliguria
and compromised cardiovascular function.

Laboratory Assessment

The degree of haemoconcentration and increase in al-
bumin concentration may be helpful in the absence of
anaemia and hypoproteinaemia. Increased blood urea
concentration and urine osmolality (>650 mosmolkg™)
confirm the clinical diagnosis.

Perioperative Fluid Therapy

In addition to normal maintenance requirements of
water and electrolytes, patients may require fluid in
the perioperative period to restore TBW after a period
of fasting and to replace small blood losses, loss of ECF
into the ‘third space’ and losses of water from the skin,
gut and lungs.

Blood losses in excess of 15% of blood volume in
the adult are usually replaced by infusion of stored
blood. Smaller blood losses may be replaced by a crys-
talloid electrolyte solution such as compound sodium
lactate; however, because these solutions are distrib-
uted throughout ECF, blood volume is maintained
only if at least three times the volume of blood loss
is infused. Alternatively, a colloid solution (human
albumin solution or more usually a synthetic substi-
tute) may be infused in a volume equal to that of the
estimated loss.

Third-space losses are usually replaced as compound
sodium lactate. In abdominal surgery (e.g. cholecys-
tectomy), a volume of 5mLkg"'h™ during operation,
in addition to normal maintenance requirements (ap-
proximately 1.5mLkg'h') and blood loss replace-
ment, is usually sufficient. Larger volumes may be
required in more major procedures, but one should be
guided by measurement of CVP or other measures of
preload.

In the postoperative period, normal maintenance
fluids should be administered (see above). Additional
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fluid (given as saline 0.9% or compound so-
dium lactate) may be required in the following
circumstances:

m if blood or serum is lost from drains (colloid so-
lutions should be used if losses exceed 500 mL)

m if gastrointestinal losses continue, e.g. from a
nasogastric tube or a fistula

m after major surgery (e.g. oesophagectomy, total
gastrectomy, aortic aneurysm repair), when ad-
ditional water and electrolytes may be required
for 24-48h to replace continuing third-space
losses

® during rewarming if the patient has become
hypothermic during surgery.

Normally, potassium is not administered in the
first 24 h after surgery as endogenous release of po-
tassium from tissue trauma and catabolism war-
rants restriction. The postoperative patient differs
from the ‘normal’ patient in that the stress reaction
modifies homeostatic mechanisms; stress-induced
release of ADH, aldosterone and cortisol causes
retention of Na® and water and increased renal
excretion of potassium. However, restriction of fluid
and sodium in the postoperative period is inappro-
priate because of increased losses by evaporation
and into the ‘third space’.

This syndrome of inappropriate ADH secretion
may persist for several days in elderly patients, who
are at risk of symptomatic hyponatraemia if given
hypotonic fluids in the postoperative period. Elderly,
orthopaedic patients taking long-term thiazide
diuretics are especially at risk if given 5% glucose
postoperatively. Such patients may develop water
intoxication and permanent brain damage as a result
of relatively modest reductions in serum sodium
concentration.

After major surgery, assessment of fluid and elec-
trolyte requirements is achieved best by measurement
of CVP and serum electrolyte concentrations. Fluid
and electrolyte requirements in infants and small chil-
dren differ from those in the adult (see Ch 36).

Patients with renal failure require fluid replacement
for abnormal losses, although the total volume of fluid
infused should be reduced to a degree determined by
the urine output.

SODIUM AND POTASSIUM

Sodium Balance

Daily ingestion amounts to 50-300mmol. Losses
in sweat and faeces are minimal (approximately
10mmol day') and the kidney makes final adjust-
ments. Urine sodium excretion may be as little as
2mmol day" during salt restriction or may exceed
700 mmol day™ after salt loading. Sodium balance is
related intimately to ECFV and water balance.

Disorders of Sodium/Water Balance
Hypernatraemia

Hypernatraemia is defined as a plasma sodium con-
centration of more than 150 mmol L' and may result
from pure water loss, hypotonic fluid loss or salt gain.
In the first two conditions, ECFV is reduced, whereas
salt gain is associated with an expanded ECFV. For
this reason, the clinical assessment of volaemic sta-
tus is important in the diagnosis and management
of hypernatraemic states. The common causes
of hypernatraemia are summarized in Table 12.3.
The abnormality common to all hypernatraemic
states is intracellular dehydration secondary to ECF
hyperosmolality. Primary water loss resulting in

TABLE 12.3

Causes of Hypernatraemia

Pure Water Depletion

Extrarenal loss Failure of water intake (coma, elderly,
postoperative)
Mucocutaneous loss

Fever, hyperventilation, thyrotoxicosis

Renal loss Diabetes insipidus (cranial, nephrogenic)

Chronic renal failure

Hypotonic Fluid Loss

Extrarenal loss Gastrointestinal (vomiting, diarrhoea)

Skin (excessive sweating)

Renal loss Osmotic diuresis (glucose, urea,

mannitol)

Salt Gain

latrogenic (NaHCO,, hypertonic saline)
Salt ingestion
Steroid excess
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hypernatraemia may occur during prolonged fever,
hyperventilation or severe exercise in hot, dry cli-
mates. However, a more common cause is the renal
water loss that occurs when there is a defect in either
the production or release of ADH (cranial diabetes
insipidus) or an abnormality in response to ADH
(nephrogenic diabetes insipidus).

The administration of osmotic diuretics results tem-
porarily in plasma hyperosmolality. An osmotic diuresis
may occur also in hyperglycaemia. During an osmotic
diuresis, the solute causing the diuresis (e.g. glucose,
mannitol) constitutes a significant fraction of urine sol-
ute, and the sodium content of the urine becomes hypo-
tonic relative to plasma sodium. Thus, osmotic diuretics
cause hypotonic urine losses which may result in hyper-
natraemic dehydration.

Hypertonic dehydration may occur also in paedi-
atric patients. Diarrhoea, vomiting and anorexia lead
to loss of water in excess of solute (hypotonic loss).
Concomitant fever, hyperventilation and the use of
high-solute feeds may combine to exaggerate the
problem. ECFV is maintained by movement of water
from ICF to ECF to equalize osmolality, and clinical
evidence of dehydration may not be apparent until
10-15% of body weight has been lost. Rehydration
must be undertaken gradually to prevent the develop-
ment of cerebral oedema.

Measurement of urine and plasma osmolalities and
assessment of urine output help in the diagnosis of
hypernatraemic, volume-depleted states. If urine out-
putis low and urine osmolality exceeds 800 mosmol kg™,
then both ADH secretion and the renal response to
ADH are present. The most likely causes are extrarenal
water loss (e.g. diarrhoea, vomiting or evaporation) or
insufficient intake. High urine output and high urine
osmolality suggest an osmotic diuresis. If urine osmo-
lality is less than plasma osmolality, reduced ADH se-
cretion or impairment of the renal response to ADH
should be suspected; in both cases, urine output is high.

Usually, hypernatraemia caused by salt gain is iat-
rogenic in origin. It occurs when excessive amounts
of hypertonic sodium bicarbonate are administered
during resuscitation or when isotonic fluids are given
to patients who have only insensible losses. Treatment
comprises induction of a diuresis with a loop diuretic
if renal function is normal; urine output is replaced

in part with glucose 5%. Dialysis or haemofiltration is
necessary in patients with renal dysfunction.

Consequences of Hypernatraemia. The major clinical
manifestations of hypernatraemia involve the central
nervous system. Severity depends on the rapidity with
which hyperosmolality develops. Acute hypernatraemia
is associated with a prompt osmotic shift of water from
the intracellular compartment, causing a reduction in
cell volume and water content of the brain. This results
in increased permeability and even rupture of the capil-
laries in the brain and subarachnoid space. The patient
may present with pyrexia (a manifestation of impaired
thermoregulation), nausea, vomiting, convulsions,
coma and virtually any type of focal neurological
syndrome. The mortality and long-term morbidity of
sustained hypernatraemia (Na* >160mmolL™" for
over 48h) is high, irrespective of the underlying aetiol-
ogy. In many cases, the development of hypernatraemia
can be anticipated and prevented, e.g. cranial diabetes
insipidus associated with head injury, but in situations
where preventative strategies have failed, treatment
should be instituted without delay.

Treatment of Hypernatraemia. The magnitude of
the water deficit can be estimated from the measured
plasma sodium concentration and calculated total
body water:

water deficit = (measured[Na*]/140 x TBW) - TBW

Thus, in a 75kg patient with a serum sodium of
170 mmol L™":

water deficit = (170/140 X 0.6 X 75) - (0.6 X 75)
=54.6—45
=9.6L

For hypernatraemic patients without volume de-
pletion, 5% glucose is sufficient to correct the water
deficit. However, the majority of hypernatraemic pa-
tients are frankly hypovolaemic and intravenous fluids
should be prescribed to repair both the sodium and
the water deficits. Regardless of the severity of the con-
dition, isotonic saline is the initial treatment of choice
in the volume-depleted, hypernatraemic patient, as
even this fluid is relatively hypotonic in patients with



206 12

FLUID, ELECTROLYTE AND ACID-BASE BALANCE

severe hypernatraemia. When volume depletion has
been corrected, further repair of any water deficit may
be accomplished with hypotonic fluids. Fluid therapy
should be prescribed with the intention of correcting
hypernatraemia over a period of 48-72h to prevent
the onset of cerebral oedema.

Hyponatraemia

This is defined as a plasma sodium concentration of
less than 135 mmol L™'. Hyponatraemia is a common
finding in hospital patients. It may occur as a result of
water retention, sodium loss or both; consequently, it
may be associated with an expanded, normal or con-
tracted ECFV. As in hypernatraemia, the state of ECFV

is important in determining the cause of the electro-
lyte imbalance.

As plasma osmolality decreases, an osmolal gradi-
ent is created across the cell membrane and results in
movement of water into the ICE. The resulting expan-
sion of brain cells is responsible for the symptomatol-
ogy of hyponatraemia or ‘water intoxication’: nausea,
vomiting, lethargy, weakness and obtundation. In se-
vere cases (plasma Na* <115mmolL™), seizures and
coma may result.

A scheme depicting the causes of hyponatraemia
is shown in Figure 12.4. True hyponatraemia must be
distinguished from pseudohyponatraemia. Sodium ions
are present only in plasma water, which constitutes 93%

HYPONATRAEMIA

l

EVALUATION OF
EXTRACELLULAR FLUID
VOLUME

Y

HYPOVOLAEMIA

Y
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of normal plasma. In the laboratory, the concentra-
tion of sodium in plasma is measured in an aliquot of
whole plasma and the concentration is expressed in
terms of plasma volume (mmol L™ of whole plasma).
If the percentage of water present in plasma is de-
creased, as in hyperlipidaemia or hyperproteinae-
mia, the amount of Na* in each aliquot of plasma is
also decreased, even if its concentration in plasma
water is normal. A clue to this cause of hyponatrae-
mia is the finding of a normal plasma osmolality.
Pseudohyponatraemia is not encountered when
plasma sodium concentration is measured by in-
creasingly used ion-specific electrodes, because this
method assesses directly the sodium concentration
in the aqueous phase of plasma.

True hyponatraemic states may be classified conve-
niently into depletional and dilutional types. Depletional
hyponatraemia occurs when a deficit in TBW is associ-
ated with an even greater deficit of total body sodium.
Assessment of volaemic status reveals hypovolaemia.
Losses may be renal or extrarenal. Excessive renal loss
of sodium occurs in Addison’s disease, diuretic ad-
ministration, renal tubular acidosis and salt-losing
nephropathies; usually, urine sodium concentration
exceeds 20mmol L. Extrarenal losses occur usually
from the gastrointestinal tract (e.g. diarrhoea, vomit-
ing) or from sequestration into the ‘third space’ (e.g.
peritonitis, surgery). Normal kidneys respond by con-
serving sodium and water to produce a urine that is
hyperosmolal and low in sodium. In both situations,
treatment should be directed at expanding the ECFV
with saline 0.9%.

Dilutional hyponatraemic states may be associated
with hypervolaemia and oedema or with normovolae-
mia. Again, assessment of volaemic status is important.
If oedema is present, there is an excess of total body
sodium with a proportionately greater excess of TBW.
This is seen in congestive heart failure, cirrhosis and
the nephrotic syndrome and is caused by secondary
hyperaldosteronism. Treatment comprises salt and
water restriction and spironolactone.

In normovolaemic hyponatraemia, there is a mod-
est excess of TBW and a modest increase in ECFV
associated with normal total body sodium. Pseudo-
hyponatraemia is excluded by finding high protein or
lipid levels and a normal plasma osmolality. True nor-
movolaemic hyponatraemia is commonly iatrogenic

in origin. The syndrome of inappropriate intravenous
therapy (SIIVT) is caused usually by administration of
intravenous fluids with a low sodium content to pa-
tients with isotonic losses.

A more chronic water overload may occur in pa-
tients with hypothyroidism and in conditions associ-
ated with an inappropriately elevated concentration
of ADH. The syndrome of inappropriate ADH secre-
tion (SIADH) is characterized by hyponatraemia, low
plasma osmolality and an inappropriate antidiuresis,
i.e. a urine osmolality higher than anticipated for the
degree of hyponatraemia. It occurs in the presence
of malignant tumours (e.g. lung, prostate, pancreas),
which produce ADH-like substances, in neurological
disorders (e.g. head injury, tumours, infections) and in
some severe pneumonias. A number of drugs are asso-
ciated with increased ADH secretion or potentiate the
effects of ADH (Table 12.4). In patients with SIADH,
the urine is concentrated in spite of hyponatraemia.
Management comprises restriction of fluid intake to
encourage a negative fluid balance. In severe or refrac-
tory cases, demeclocycline or lithium may result in
improvement. Both drugs induce a state of functional
diabetes insipidus and have been used effectively in
SIADH if the primary disease cannot be treated.

Consequences of Hyponatraemia. Symptoms vary
with the underlying aetiology, the magnitude of the re-
duction of plasma sodium and the rapidity with which
the plasma sodium concentration decreases. Serious
consequences involve the central nervous system and

TABLE 12.4

Drugs Associated with Antidiuresis and
Hyponatraemia

Increased ADH Secretion

Hypnotics - barbiturates

Analgesics - opioids

Hypoglycaemics - chlorpropamide, tolbutamide
Anticonvulsants - carbamazepine

Miscellaneous - phenothiazines, tricyclics

Potentiation of ADH at Distal Tubule

Paracetamol
Indometacin
Chlorpropamide
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result from intracellular overhydration, cerebral oe-
dema and raised intracranial pressure. Nausea, vomit-
ing, delirium, convulsions and coma result.

Treatment of Hyponatraemia. Acute symptomatic
hyponatraemia is a medical emergency and requires
prompt intervention using hypertonic saline. The ra-
pidity with which hyponatraemia should be corrected
is the subject of controversy because of observations
that rapid correction may cause central pontine my-
elinolysis, a disorder characterized by paralysis, coma
and death. As a causal relationship between this syn-
drome and the rate of increase of plasma sodium has
not been established and it is clear that there is a pro-
hibitive mortality associated with inadequately treated
water intoxication, rapid correction of the symp-
tomatic hyponatraemic state is warranted. Sufficient
sodium should be given to return the plasma con-
centration to 125mmolL™ only and this should be
administered over a period of no less than 12h. The
amount of sodium needed to cause the desired correc-
tion in the plasma sodium can be calculated as follows:

Na* required (mmol) = TBW
X (desired[Na*] — measured[Na*])

Hypertonic saline (3%) contains 514 mmol L™ of
Na* and administration poses the risk of pulmonary
oedema, especially in oedematous patients, in whom
renal dialysis is preferable.

Potassium Balance

The normal daily intake of potassium is 50-200 mmol.
Minimal amounts are lost via the skin and faeces; the
kidney is the primary regulator. However, the mecha-
nisms for the retention of potassium are less efficient
than those for sodium. In periods of K* depletion,
daily urinary excretion cannot decrease to less than
5-10mmol. A considerable deficit of total body potas-
sium occurs if intake is not restored. Hypokalaemia is a
more common abnormality than hyperkalaemia.

Hypokalaemia

This is defined as a plasma potassium concentration
of less than 3.5mmolL™". Non-specific symptoms of
hypokalaemia include anorexia and nausea, effects
on skeletal and smooth muscle (muscle weakness,

TABLE 12.5

Causes of Hypokalaemia

Cause Comments

Reduced intake Usually only contributory

Tissue redistribution Insulin therapy, alkalaemia,
f3,-adrenergic agonists, familial
periodic paralysis, vitamin B,,

therapy

Increased Loss
Gastrointestinal Diarrhoea, vomiting, fistulae,
(urine K*

<20mmolL™)

nasogastric suction, colonic villous
adenoma

Renal Diuretic therapy, primary or
secondary hyperaldosteronism,
malignant hypertension,

renal artery stenosis (high
renin), renal tubular acidosis,
hypomagnesaemia, renal failure

(diuretic phase)

paralytic ileus) and abnormal cardiac conduction
(delayed repolarization with ST-segment depression,
reduced height of the T wave, increased height of the
U wave and a widened QRS complex).

The causes of hypokalaemia are summarized in
Table 12.5. Management includes diagnosis and treat-
ment of the underlying disorder in addition to reple-
tion of total body potassium stores. As a general rule,
a reduction in plasma K* concentration by 1 mmol L™
reflects a total body K* deficit of approximately 100 mmol.
Potassium supplements may be given orally or in-
travenously. The maximum infusion rate should not
exceed 0.5mmolkg?h™ to allow equilibration with
the intracellular compartment; much slower rates are
generally used.

The potassium salt used for replacement therapy
is important. In most situations, and especially in the
presence of alkalosis, potassium should be replaced as
the chloride salt. Supplements are available also as the
bicarbonate and phosphate salts.

Hyperkalaemia

This is defined as a plasma potassium concentra-
tion exceeding 5mmol L. Vague muscle weakness
progressing to flaccid paralysis may occur. However,
the major clinical feature of an increasing plasma
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TABLE 12.6

Causes of Hyperkalaemia

Factitious (Pseudohyperkalaemia)

In vitro haemolysis
Thrombocytosis
Leucocytosis
Tourniquet
Exercise

TABLE 12.7

Treatment of Hyperkalaemia

Calcium gluconate 10% i.v. (0.5mlkg™" to maximum of 20 mL)
given over 5min. No change in plasma [K*]. Effect immediate
but transient

Glucose 50g (0.5-1.0gkg™) plus insulin 20 units (0.3 unit kg ') as
single i.v. bolus dose. Then infusion of glucose 20%, plus insulin
6-20 units h™' (depending on blood glucose)

Impaired Excretion

Sodium bicarbonate 1.5-2.0 mmolkg™ i.v. over 5-10 min

Renal failure

Acute or chronic hyperaldosteronism
Addison’s disease

K*-sparing diuretics

Indometacin

Tissue Redistribution

Tissue damage (burns, trauma)
Rhabdomyolysis

Tumour necrosis

Hyperkalaemic periodic paralysis
Massive intravascular haemolysis
Succinylcholine

Excessive Intake

Blood transfusion
Excessive i.v. administration

potassium concentration is the characteristic se-
quence of ECG abnormalities. The earliest change is
the development of tall, peaked T waves and a short-
ened QT interval, reflecting more rapid repolarization
(6~7mmolL™). As plasma K" increases (8—10 mmol L™),
abnormalities in depolarization become manifest as
widened QRS complexes and widening, and eventu-
ally loss, of the P wave; the widened QRS complexes
merge finally into the T waves (sine wave pattern).
Plasma concentrations in excess of 10mmolL™" are
associated with ventricular fibrillation. The cardiac
toxicity of K* is enhanced by hypocalcaemia, hypo-
natraemia or acidaemia. The causes of hyperkalaemia
are summarized in Table 12.6.

Immediate treatment is necessary if the plasma po-
tassium concentration exceeds 7mmolL™" or if there
are any serious ECG abnormalities. Specific treatment
may be achieved by four mechanisms:

® chemical antagonism of the membrane effects
® enhanced cellular uptake of K*

Calcium resonium 15g p.o. or 30g p.r. 8-hourly

Peritoneal or haemodialysis

m dilution of ECF
m removal of K* from the body.

Methods by which the plasma potassium con-
centration may be reduced are summarized in
Table 12.7.

ACID-BASE BALANCE

Hydrogen ion homeostasis is a fundamental pre-
requisite to virtually all biochemical processes; hydro-
gen ion concentration [H] significantly influences
protein, including enzyme, structure and function and
therefore nearly all biochemical pathways and many
drug mechanisms. Unlike the majority of ions, [H']
is controlled at the nanomolar rather than millimolar
level. Total body H* turnover per day is in the order
of 150 mmol, although most of this is ‘trapped” within
metabolic pathways (particularly ATP hydrolysis). The
resultant acids may be considered as volatile (from met-
abolic CO, production) and non-volatile (from carbo-
hydrate, fat and protein metabolism). While the lungs
and kidneys play a primary role in [H*] homeostasis,
the liver and gastrointestinal tract are also important
particularly in relation to ammonium metabolism.

Due to the very low concentration of hydrogen ions
in body fluids the pH notation was adopted for the
sake of practicality. This system expresses [H*] on a
logarithmic scale:

pH=-log, [H+]

A more logical arithmetic convention which
expresses [H*] in nmolL™ is gaining popularity.
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TABLE 12.8

Comparison of Logarithmic and Arithmetic
Methods of Expressing Hydrogen lon
Concentration in the Range of Blood [H*]
Compatible with Life

pH [H*] (nmol L")

7.8 16

7.7 20

7.6 25 Alkalaemia
7.5 32

7.4 40 Normal
7.3 50

7.2 63

7.1 80

7.0 100 Acidaemia
6.9 125

6.8 160

Table 12.8 compares values of [H*] expressed as pH
and nmol L' and reveals several disadvantages of the
pH notation. The most obvious disadvantage is that it
moves in the opposite direction to [H*]; a decrease in
pH is associated with increased [H*] and vice versa. It
is also apparent that the logarithmic scale distorts the
quantitative estimate of change in [H*]; for example,
twice as many hydrogen ions are required to reduce
pH from 7.1 to 7.0 as are needed to reduce it from
7.4 to 7.3. The pH scale gives the false impression
that there is relatively little difference in the sensitiv-
ity of biological systems to an equivalent increase or
decrease in [H*]. However, when [H*] is expressed in
nmol L7, it becomes apparent that tolerance is lim-
ited to a reduction in [H*] of only 24 nmolL™" from
normal, but to an increase of up to 120nmolL™".
Nevertheless, the pH notation remains the most
widely used system and is used in the remainder of
this chapter.

Basic Definitions

An acid is a substance that dissociates in water to
produce H*; a base is a substance that can accept H'.
Strong acids dissociate completely in aqueous solu-
tion, whereas weak acids (e.g. carbonic acid, H,CO,)

dissociate only partially. The conjugate base of an acid
is its dissociated anionic product. For example, bicar-
bonate ion (HCO; ) is the conjugate base of carbonic
acid:

H,CO; —H* + HCO;

A buffer is a combination of a weak acid and its
conjugate base (usually as a salt) which acts to mini-
mize any change in [H*] that would occur if a strong
acid or base were added to it. Buffers in body fluids
represent an important defence against [H*] change.
The carbonic acid/bicarbonate system is an impor-
tant buffer in blood and has historically been used as
the principle determinant of physiological pH (this is
in no small part due to the relationship this system
has with the PaCO,). However, it is important to ap-
preciate the existence of other buffer systems such as
plasma proteins, haemaglobin and phosphate. The
pH of a buffer system may be determined from the
Henderson—Hasselbalch equation, which, for the car-
bonic acid/bicarbonate system, relates pH, [H,CO,]
and [ HCO; |

pH=pK +log,,([HCO;,]/[H,CO,])

where K=dissociation constant and pK=-log, K.

This equation shows that [H*] in body fluids is a
function of the ratio of base to acid. For the bicarbon-
ate buffer system, pK is 6.1. As most of the carbonic
acid pool exists as dissolved CO,, the equation may be
rewritten:

pH =6.1+log,, {[ HCO; ]/(0.225xPCO, )}

The value 0.225 represents the solubility coefficient
of CO, in blood (mL kPa™). Normally, [ HCOS ] is
24mmol L™ and PaCO, is 5.3 kPa. Thus:

pH=6.1+log,,[24/(0.225%5.3)]|=7.4

Most acid-base disorders may be formulated in
terms of the Henderson-Hasselbalch equation. The pH
of plasma is kept remarkably constant at 7.36-7.44, i.e.
a hydrogen ion concentration of 40+5nmol L™. This is
achieved by:

m regulation of H* excretion and bicarbonate
regeneration by the kidney

® regulation of CO, by the alveolar ventilation of
the lungs.
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Cellular metabolism poses a constant threat to
buffer systems by the production of volatile and non-
volatile acids. Thus, the acid—base status of body fluids
reflects the metabolism of both H* and CO,,.

Acid-Base Disorders

The normal pH of body fluids is 7.36-7.44. Conven-
tional acid-base nomenclature involves the following
definitions:

acidosis —a process that causes acid to accumulate
acidaemia — this is present if pH <7.36
alkalosis—a process that causes base to accumulate
alkalaemia — this is present if pH >7.44.

Simple acid-base disorders are common in clini-
cal practice and their successful management can
usually be achieved by analysis of the carbonic acid/
bicarbonate system as outlined above. In particular
determination of pH, [ HCO; ] and PaCO,, along with
calculation of standard bicarbonate, base excess and
anion gap (see below) will enable meaningful diag-
nosis and treatment. The first step involves diagno-
sis of the primary disorder; this is followed by an
assessment of the extent and appropriateness of any
compensation.

Primary acid-base disorders are either respiratory
or metabolic. The disorder is respiratory if the primary
disturbance involves CO,, and metabolic if it involves
HCO; . Thus, four potential primary disturbances ex-
ist (Table 12.9) and each may be identified by analysis
of pH, [HCO; | and PaCO,. Both pH and PaCO, are
measured directly by the blood gas machine. [ HCO; |
is measured directly on the electrolyte profile but

is derived in most blood gas machines. Other derived
variables include standard bicarbonate and base excess.
The standard bicarbonate is not the actual bicarbonate
of the sample but an estimate of bicarbonate concen-
tration after elimination of any abnormal respiratory
contribution to [ HCO; ], i.e. an estimate of [ HCO; ]
at a PaCO, of 5.3kPa. The base excess (in alkalosis) or
base deficit (in acidosis) is the amount of acid or base
(in mmol) required to return the pH of 1L of blood
to normal at a PaCO, of 5.3 kPaj it is a measure of the
magnitude of the metabolic component of the acid—
base disorder.

After the primary disorder has been identified, it
is necessary to consider if it is acute or chronic and
if any compensation has occurred. The body defends
itself against changes in pH by compensatory mech-
anisms, which tend to return pH towards normal.
Primary respiratory disorders are compensated by a
metabolic mechanism and vice versa. For example,
a primary respiratory acidosis is compensated for
by renal retention of HCO,, whereas a primary
metabolic acidosis is compensated for by hyperven-
tilation and a decrease in PaCO,. Thus, in each case,
the acidaemia produced by the primary acidosis is
reduced by a compensatory alkalosis. The response
to a respiratory alkalosis is increased renal elimi-
nation of HCOj, and metabolic alkalosis results
in hypoventilation and increased PaCO,, pH being
restored towards normal by the compensatory
respiratory acidosis. In each case, the efficiency of
compensatory mechanisms is limited; compensa-
tion is usually only partial and rarely complete.
Overcompensation does not occur.

TABLE 12.9

Compensatory Mechanisms in Acid—Base Disturbances

Primary Disorder pH HCO; PaCO, Compensation
Metabolic acidosis | 1l Hyperventilation | PaCO,
Metabolic alkalosis 1 ™ Hypoventilation 1 PaCO,
Respiratory acidosis l " Renal retention of HCOJ
Respiratory alkalosis 1 1l Renal elimination of HCO;

11 or 11 denotes the primary abnormality.

The final pH depends on the degree of compensation. Respiratory compensation for metabolic disorders is rapid; renal compensation for

respiratory disorders is slow.
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Metabolic Acidosis

The cardinal features of a metabolic acidosis are a de-
creased [ HCO; |, a low pH and an appropriately low
PaCO,. The extent of the acidaemia depends upon the
nature, severity and duration of the initiating pathol-
ogy in addition to the efficiency of compensatory
mechanisms. The magnitude of the compensatory re-
sponse is proportional to the decrease in [HCO,]. The
lower limit of the respiratory response is a PaCO, of
1.3kPa. In a steady state:

predicted PaCO, = (0.2 X observed bicarbonate)
+1.1 (kPa)

If the observed PaCO, differs from the predicted
value, then an independent respiratory disturbance is
present.

In most instances, establishing the presence and
the cause of a metabolic acidosis is straightforward. In
difficult cases, an important clue to the nature of the
abnormality is given by the measurement of the anion
gap in plasma:

anion gap = ([Na*]+[K"]) - ([Cl"]+[HCO;])

In reality, the numbers of cations and anions in plasma
are the same and an anion gap exists because negatively
charged proteins, together with phosphate, lactate and
organic anions (which maintain electrical neutrality), are
not measured. The normal anion gap is 12-18 mmol L™
In the critically ill population adjustments for hypo-
albuminaemia (albumin itself being an anion) and
hypophosphataemia should be made as follows:

corrected anion gap = ([Na+ ] + [K+ ])

~([cr ]+[Hco,))
—(0.2x [albumin]gdL™ +1.5
X[ phosphate|mmolL™")

Clinically, it is useful to divide the metabolic aci-
doses into those associated with a normal anion gap
and those with an increased anion gap. The former
are caused by loss of HCO; from the body and re-
placement with chloride. In acidoses associated with
an increased anion gap, HCO; has been titrated by
either endogenous, e.g. lactic acidosis, diabetic keto-
acidosis, or exogenous acids (e.g. poisons), thus in-
creasing the number of unmeasured plasma anions

TABLE 12.10

Types and Causes of Metabolic Acidosis
High Anion Gap

Overproduction of acid Diabetic ketoacidosis

Lactic acidosis: Type A- |DO, e.g.
shock, hypoxaemia

Type B - Normal DO, but impaired
tissue O, utilization or lactate
clearance e.g. metformin, hepatic
failure

Starvation

Salicylates

Methanol

Ethylene glycol

Renal failure

Exogenous acid

Reduced excretion

Normal Anion Gap

Bicarbonate loss Extrarenal

Diarrhoea

Biliary/pancreatic fistula
lleostomy
Ureterosigmoidostomy

Renal

Renal tubular acidosis
Carbonic anhydrase inhibitors
HCI, NH,Cl, arginine or lysine
hydrochloride

Addition of acid (with
chloride)

without altering the plasma chloride concentration
(Table 12.10). Another useful concept is the osmolal/
osmolar (depending on units used) gap:

osmolal gap =measured osmolality — calculated
osmolality

The concept is similar to the anion gap. A raised
osmolal gap infers unrecognized/unmeasured os-
motically active molecules within the plasma. A
raised osmolal gap in conjunction with metabolic
acidosis should immediately raise concern of metha-
nol, ethylene glycol, paraldehyde or formaldehyde
poisoning requiring urgent treatment. Other causes
of raised osmolal gap in the absence of acidae-
mia include hyperglycaemia, hyperlipidaemias and
paraproteinaemias.

Clinical Effects and Treatment. Metabolic acido-
sis results in widespread physiological disturbances,
including reduced cardiac output, pulmonary
hypertension, arrhythmias, Kussmaul respiration
and hyperkalaemia; the severity of the disturbances
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is related to the extent of the acidaemia. Treatment
should be directed initially at identifying and re-
versing the cause. If acidaemia is considered to be
life-threatening (pH <7.2, [HCO; ] <10mmolL™),
measures may be required to restore blood pH to
normal. Overzealous use of sodium bicarbonate may
lead to rapid correction of blood pH, with the risks of
tetany and convulsions in the short term and volume
overload and hypernatraemia in the longer term. The
required quantity of bicarbonate should be calculated:

bicarbonate requirement (mmol)=body weight (kg) X
base deficit (mmolL™")x0.3

Administration of sodium bicarbonate should
be followed by repeated measurements of plasma
[ HCO; ] and pH. Sodium bicarbonate is available as
isotonic (1.4%; 163 mmolL™) and hypertonic (8.4%;
1000 mmol L) solutions. Slow infusion of the hyper-
tonic solution is advisable to minimize adverse effects.

When considering the use of sodium bicarbonate
in the context of metabolic acidaemia, it is important
to realize that carbon dioxide is generated during the
buffering process. This may result in a superimposed
respiratory acidosis, especially in those patients with
impaired ventilatory reserve or at the limit of compen-
sation. It is also important to distinguish those acido-
ses associated with tissue hypoxia (e.g. cardiac arrest,
septic shock) from those where tissue hypoxia is not a
factor. It appears that therapy with sodium bicarbon-
ate often exacerbates the acidosis if tissue hypoxia is
present. For example, in patients with type A lactic aci-
dosis, NaHCO, increases mixed venous PaCO,, which
rapidly crosses cell membranes resulting in an intracel-
lular acidosis, particularly in cardiac and hepatic cells.
Theoretically, this could result in decreased myocardial
contractility and cardiac output and decreased lactate
extraction by the liver, aggravating the lactic acidosis.
Current guidelines for the management of cardiopul-
monary arrest no longer recommend the routine use
of sodium bicarbonate. However, if the acidosis is not
associated with tissue hypoxaemia (e.g. uraemic aci-
dosis) then the use of sodium bicarbonate results in a
potentially beneficial increase in arterial pH.

Metabolic Alkalosis

The cardinal features of a metabolic alkalosis are
an increased plasma [HCO; ], a high pH and an

TABLE 12.11

Types and Causes of Metabolic Alkalosis

Chloride-Responsive (urine chloride <20 mmolL™")

Loss of acid
Vomiting
Nasogastric suction
Gastrocolic fistula
Chloride depletion
Diarrhoea
Diuretic abuse
Excessive alkali
NaHCO, administration
Antacid abuse

Chloride-Resistant (urine chloride >20 mmolL™")

Primary or secondary hyperaldosteronism
Cushing’s syndrome

Severe hypokalaemia

Carbenoxolone

appropriately raised PaCO,. The compensatory re-
sponse of hypoventilation is limited and not very effec-
tive. For diagnostic and therapeutic reasons, it is usual
to subdivide metabolic alkalosis into the chloride-
responsive and chloride-resistant varieties (Table 12.11).
The differential diagnosis of metabolic alkalosis, and
in particular the classification of patients on the basis
of the urinary chloride concentration, is important be-
cause of the differences in treatment of the two groups.
In chloride-responsive alkalosis, the administration of
saline causes volume expansion and results in the ex-
cretion of excess bicarbonate; if potassium is required,
it should be given as the chloride salt. In patients in
whom volume administration is contraindicated, the
use of acetazolamide results in renal loss of HCO; and
an improvement in pH. H,-receptor antagonists may
be helpful if nasogastric suction is contributing to hy-
drogen ion loss.

Severe alkalaemia with compensatory hypoven-
tilation may result in seizures or CNS depression. In
life-threatening metabolic alkalosis, rapid correction is
necessary and may be achieved by administration of
hydrogen ions in the form of dilute hydrochloric acid.
Acid administration requires central vein cannulation,
as peripheral infusion causes sclerosis of veins. Acid is
given as 0.1 normal HCI in glucose 5% at a rate no
greater than 0.2 mmolkg'h".
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Respiratory Acidosis

The cardinal features of a respiratory acidosis are a
primary increase in PaCO,, a low pH and an appropri-
ate increase in plasma bicarbonate concentration. The
extent of the acidaemia is proportional to the degree
of hypercapnia. Buffering processes are activated rap-
idly in acute hypercapnia and may remove enough H*
from the extracellular fluid to result in a secondary in-
crease in plasma [ HCO; ].

Usually, hypoxaemia and the manifestations of the
underlying disease dominate the clinical picture, but
hypercapnia per se may result in coma, raised intracra-
nial pressure and a hyperdynamic cardiovascular system
(tachycardia, vasodilatation, ventricular arrhythmias)
resulting from release of catecholamines. There are
many causes of respiratory acidosis, the most important
of which are classified in Table 12.12. Treatment consists
of reversing the underlying pathology if possible and
mechanical ventilatory support if required.

TABLE 12.12

Causes of Respiratory Acidosis

Central Nervous System

Respiratory Alkalosis

The cardinal features of respiratory alkalosis are a pri-
mary decrease in PaCO, (alveolar ventilation in excess
of metabolic needs), an increase in pH and an appro-
priate decrease in plasma bicarbonate concentration.
Usually, hypocapnia indicates a disturbance of venti-
latory control (in patients not receiving mechanical
ventilation). As in respiratory acidosis, the manifest-
ations of the underlying disease usually dominate the
clinical picture. Acute hypocapnia results in cerebral
vasoconstriction and reduced cerebral blood flow and
may cause light-headedness, confusion and, in severe
cases, seizures. Circumoral paraesthesia, hyperreflexia
and tetany are common. Cardiovascular manifest-
ations include tachycardia and ventricular arrhyth-
mias secondary to the alkalaemia.

The causes of respiratory alkalosis are summarized in
Table 12.13. Treatment comprises correction of the under-
lying cause and thus differential diagnosis is important.

TABLE 12.13

Causes of Respiratory Alkalosis

Supratentorial

Drug overdose

Trauma

Tumour

Degeneration or infection
Cerebrovascular accident
Cervical cord trauma

Peripheral Nervous System

Polyneuropathy

Myasthenia gravis
Poliomyelitis

Botulism

Tetanus

Organophosphorus poisoning

Primary Pulmonary Disease

Airway obstruction

Asthma

Laryngospasm

Chronic obstructive airways disease
Parenchymal disease

ARDS

Pneumonia

Severe pulmonary oedema

Chronic obstructive airways disease
Loss of mechanical integrity

Flail chest

Voluntary/hysterical hyperventilation
Pain, anxiety

Specific Conditions

CNS disease
Meningitis/encephalitis
Cerebrovascular accident
Tumour
Trauma

Respiratory disease
Pneumonia
Pulmonary embolism
Early pulmonary oedema or ARDS
High altitude

Shock
Cardiogenic
Hypovolaemic
Septic

Miscellaneous
Cirrhosis
Gram-negative septicaemia
Pregnancy
IPPV

Drugs/hormones
Salicylates
Aminophylline
Progesterone
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Stewart’s Physicochemical Theory of
Acid-Base Balance

The ‘traditional’ model based on carbonic acid/bicar-
bonate chemistry with renal and pulmonary regulation
of hydrogen ion concentration is relatively easy to un-
derstand and to apply in common clinical situations.
However, it is at best a simplified model of a much
more complex reality and as such has some limitations.
It struggles to explain the phenomena of hyperchlor-
aemic acidosis and the effect of other acids not buft-
ered by the bicarbonate system, and the important role
of plasma proteins. In the 1980s, Stewart, a Canadian
physiologist, suggested that the bicarbonate system
could not be viewed in isolation but rather the effect
of fundamental physicochemical laws (mass action and
electrochemical neutrality) on multiple biochemical
reactions had to be considered, the bicarbonate system
just being one of these, which in turn set [H*]. He went
on to theorize three independent variables which deter-
mine water dissociation, which is the major source of
protons and therefore determinant of pH:

m The strong ion difference (SID)=([Na*]+[K*]+
[Mg**]+[Ca?*])—([Cl-]-[lactate]), i.e. the total
concentration of fully dissociated cations minus
the total concentration of fully dissociated anions

» Totalweak acid concentration (A, ) =2.43 X [total
protein], i.e. this includes associated and dissoci-
ated ions (predominantly albumin)

® o X PCO,, where atis the solubility coefficient for
carbon dioxide

These three variables come together to form the
Stewart equation:

_ pKa +1og[SID]—Kb [A,;]/[Kb+10 - pH]
o+ PCO,

pH

If albumin is removed from this equation it is
remarkably similar to the Henderson—Hasselbach
equation. In humans the strong ion difference equates
to about 40 mmol/L, i.e. a net positive charge. This is
the apparent SID (SIDa). However, we know plasma
cannot be charged and SIDa is offset by the effective
SID (SIDe) which is generated by poorly dissociated
weak acids (albumin, phosphate and sulphate). The

difference between SIDa and SIDe is the strong ion gap
(SIG) which is analogous but superior to the anion gap
as it accounts for total weak acid, and in particular al-
bumin. Within this theory it is not just the function
of the lungs (CO,) and the kidneys (SID) being mod-
elled but also the organs determining A, , namely the
gastrointestinal tract and liver. The Stewart equation
also emphasizes the importance of [Cl™] as a key deter-
minant of SID and therefore pH. An increasing [Cl"]
in relation to [Na'], say after excessive normal saline
administration, will decrease SID (with a normal SIG)
and thereby decrease pH. This explains the common
clinical phenomenon of hyperchloraemic acidosis. It is
also worthy of note that Stewart’s theory rejects HCO~
as an independent variable and therefore a determi-
nant of pH, as in the classical model, being altered by
both changes in PaCO, and SID.

This physicochemical approach does not funda-
mentally alter our clinical classification or management
of acid base disturbance but may, in the view of some,
improve our diagnostic resolution and understanding
e.g. hyperchloraemic acidosis and hypoalbuminaemic
alkalosis. It is, however, a relatively cumbersome equa-
tion and as such has not entered into common bedside
usage. These different approaches to acid—base balance
are not in themselves right or wrong but rather differ-
ent viewing points of the same scene.
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aematological conditions can have a sig-

nificant impact on the conduct of anaesthesia.
Anaesthetists need to have an understanding of the
pathophysiology associated with various haema-
tological diseases which are known to increase the
risk of thrombosis, infection, or haemorrhage. In
addition, as one of the largest groups of clinicians
responsible for the transfusion of various blood
products, anaesthetists need to be familiar with the
rationale for their safe use.

THE PHYSIOLOGY OF BLOOD

Blood Cells and Plasma

Red blood cells (RBCs, or erythrocytes) typically
survive for about 120 days after their release into
the circulation. They are created in bone marrow
and are released as reticulocytes, which mature over
two days into adult RBCs. In healthy adults, 1-2%
of RBCs present in the circulation are reticulocytes.
Reticulocytes and red blood cells do not have nuclei
but residual RNA can still be found in reticulocytes as
they mature into erythrocytes.

The classic shape of a red cell is a biconcave disk
8pm in diameter, but because red cells deform easily
they can pass through capillaries which are smaller
than this.

At the end of their 120-day life-span, senescent red
cells are destroyed by macrophages present in the liver,
spleen and bone marrow. The iron present within the
cells is made available for further red cell production,
whilst the porphyrins are converted into unconjugated
bilirubin.
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HAEMATOLOGICAL DISORDERS
AND BLOOD TRANSFUSION

The primary function of red cells is to carry oxy-
gen, bound to haemoglobin, to the tissues of the
body. In adults, the majority of haemoglobin pres-
ent is HbA (which consists of two o and two P glo-
bin chains: «f,). A small amount of HbA, is also
present (,,), as is an even smaller amount of fetal
haemoglobin, HbF (a,y,). HbF and HbA, typically
represent less than 4% of the total amount of haemo-
globin. Each globin chain contains a ‘pocket’ of haem
in which iron is held in its ferrous state allowing it to
bind reversibly with oxygen. As oxygen binds to each
haem pocket in turn, the whole haemoglobin mol-
ecule changes shape, increasing its overall affinity for
oxygen. When the haemoglobin molecule ‘unloads’
oxygen, the overall affinity for oxygen decreases be-
cause 2,3-diphosphoglycerate (2,3-DPG) displaces the
two P chains. These changes account for the sigmoid
shape of the oxygen—haemoglobin dissociation curve.
Increased concentrations of carbon dioxide, hydrogen
ions, 2,3-DPG, and sickle haemoglobin (HbS) shift the
oxygen-haemoglobin dissociation curve to the right.
Fetal haemoglobin does not bind with 2,3-DPG and so
has a dissociation curve shifted to the left.

White blood cells (leukocytes) present in the circu-
lation include granulocytes (neutrophils, eosinophils,
basophils), lymphocytes and monocytes. The main
purpose of white cells is to defend against infection
from micro-organisms, and to do this they have to be
able to travel across the endovascular wall and into
the interstitial space. Once they are present in tissues,
monocytes may differentiate into macrophages.

Neutrophils, monocytes and macrophages are the
three major phagocytic cells responsible for the de-
struction of bacteria, fungi or damaged cells. Phagocytic
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cells respond in three stages to foreign substances:
chemotaxis, whereby phagocytes are attracted to sites
of inflammation by chemical signals; phagocytosis,
which is where the phagocyte ingests the material in
question (often aided by a process called opsonization,
in which particles are ‘tagged’ by immunoglobulins or
complement); and destruction, which is achieved by
the release of reactive oxygen species within the cell.

Eosinophils are involved in both allergic reactions
and the response to parasitic infections. Lymphocytes
are subdivided into B cell, T cell, and natural killer
(NK) cells. B and T cells release immunoglobulins in
response to antigens derived from bacteria, viruses
and other foreign particles. Many of these antigens are
processed and presented to the lymphocytes by spe-
cialist macrophages, termed antigen presenting cells.
Lymphocytes which recognise specific antigens can
proliferate and produce clones of themselves in re-
sponse to a specific threat and this ‘threat-response’ is
effectively memorized by the organism, resulting in an
adaptive immune response. Natural killer lymphocytes
do not need prior activation by antigens and are there-
fore part of an innate immune response which is re-
sponsible for identifying tumour cells or cells invaded
by some viruses.

Platelets are produced by the natural breaking apart
of megakaryocytes to form cell fragments with no nu-
cleus. Their lifespan is approximately 5 days and they
are chiefly involved in haemostasis, in which they are
integral to the production of blood clots by adhering
to the endothelium, aggregating, and catalysing proco-
agulant processes. They are also involved in the release
of growth factors such as fibroblast growth factor.

All of the cells within the circulation are suspended
in blood plasma, a mixture of water, electrolytes, pro-
teins such as albumin and globulins, various nutrients
such as glucose, and clotting factors.

Blood Coagulation

The physiology of haemostasis involves a complex
interaction between the endothelium, clotting factors
and platelets. Normally, the subendothelial matrix and
tissue factor are separated from platelets and clotting
factors by an intact endothelium. However, when a
blood vessel is damaged, vasospasm occurs, which re-
duces initial bleeding and slows blood flow, increas-
ing contact time between the blood and the area of

injury. Initial haemostasis occurs through the action of
platelets. Circulating platelets bind directly to exposed
collagen with specific glycoprotein Ia/Ila receptors. Von
Willebrand factor released from both endothelium and
activated platelets strengthens this adhesion. Platelet
activation results in a shape change, increasing platelet
surface area, allowing the development of extensions
which can connect to other platelets (pseudopods).
Activated platelets secrete a variety of substances from
storage granules, including calcium ions, ADP, platelet
activating factor, von Willebrand factor, serotonin,
factor V and protein S. Activated platelets also undergo
a change in a surface receptor, glycoprotein GIIb/
IIIa, which allows them to cross-link with fibrino-
gen. In parallel with all these changes, the coagulation
pathway is activated and further platelets adhere and
aggregate (Fig. 13.1).

The classical description of coagulation pathways
includes an intrinsic pathway and an extrinsic pathway
in which clotting factors are designated with Roman
numerals (Fig. 13.1). Each pathway consists of a cas-
cade in which a clotting factor is activated and in
turn catalyses the activation of another pathway. The
intrinsic pathway involves the sequential activation
of factors XII, XI and IX. The extrinsic pathway in-
volves the activation of factor VII by tissue factor, and
is sometimes called the tissue factor pathway. Of the
two pathways, the extrinsic pathway is considered to
be the more important because abnormal expression
of the intrinsic pathway does not necessarily result
in abnormal clotting. The intrinsic pathway may have
an additional role in the inflammatory response.

Both the intrinsic and extrinsic pathways result in
a final common pathway which involves the activation
of factor X. Activated factor X in turn converts pro-
thrombin to thrombin (factor II to ITa), which allows
the conversion of fibrinogen to fibrin (factor I to Ia).
Fibrin then becomes cross-linked to form a clot.

Itisimportant to note that this description of intrin-
sic and extrinsic pathways is essentially a description
of what happens in laboratory in vitro conditions. The
in vivo process is much more of an interplay between
platelets, circulating factors and the endothelium.

The following steps can be conceptualized (Fig. 13.1):

Initiation. Damaged cells express tissue factor (TF)
which, following activation by binding with circulat-
ing factor VIla, initiates the coagulation process by
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Initiation:

Damaged TF-bearing cell

IXa

IX ——

FIl ——— Flla (Thrombin)

Fl: Fibrinogen
Fll: Prothrombin

FllI: Tissue factor (TF)
(Thromboplastin mix)

FIV: Calcium ions
FV: Proaccelerin

FVII: Proconvertin
(Stable factor)

FVIII: Antihaemophilic
factor

Amplification and propagation:
FX

IXa ——

—»

Fll

Activated

platelet

Platelet

&

Va
Flla—— Vllla

l Xla

Fibrinogen —— Fibrin

FIX: Christmas factor

FX: Stuart factor
(Thrombokinase)

FXI: Plasma
thromboplastin
antecedent (PTA)

FXIl: Hageman factor
FXII: Fibrin stabilizing

| FVila |+| IX — IXa |=| Amplification |

FXllla factor
Note: Factor Va was
once named FVI
| Stable clot |

FIGURE 13.1
2007; 2(2): 45-50.

activating factor IX to factor IXa and factor X to factor
Xa. A rapid binding of factor Xa to factor II occurs,
producing small amounts of thrombin (factor Ila).

Amplification. The amount of thrombin produced
by these initiation reactions is insufficient to form ad-
equate fibrin, so a series of amplification steps occurs.
Activated factors IX, X and VII promote the activation
of factor VII bound to tissue factor. Without this step,
there are only very small amounts of activated factor
VII present. In addition, thrombin generates activated
factors V and VIII.

There is a parallel system of anticoagulation, involv-
ing antithrombins and proteins C and S, which help pre-
vent an uncontrolled cascade of thrombosis. Thrombin
binds to thrombomodulin on the endothelium. This
prevents the procoagulant action of thrombin. In
addition, the thrombin-thrombomodulin complex
activates protein C. Along with its cofactor, protein S,
activated protein C (APC) proteolyzes factor Va and fac-
tor VIIIa. Factor Va increases the rate of conversion of

Clotting processes. From Curry ANG, Pierce JMT. Continuing Education in Anaesthesia, Critical Care & Pain

prothrombin to thrombin and factor VIIIa is a cofactor
in the generation of activated factor X. Inactivation of
these two factors therefore leads to marked reduction in
thrombin production. Activated protein Calso has effects
on endothelial cells and leukocytes, independent of its
anticoagulant properties, including anti-inflammatory
properties, reduction of leukocyte adhesion, and che-
motaxis and inhibition of apoptosis.

Antithrombin is a serine protease inhibitor which is
found in high concentrations in plasma. It inhibits the
action of activated factors VII, X, XI, XII and throm-
bin. It is the site of action of heparin, which increases
its rate of action several thousand-fold.

In addition, platelet adhesion and aggregation are
normally inhibited in intact blood vessels by the nega-
tive charge present on the endothelium, which prevents
platelet adhesion, and by substances which inhibit
aggregation such as nitric oxide and prostacyclin.

Controlled fibrinolysis occurs naturally, involving the
conversion of plasminogen to plasmin, which in turn
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degrades fibrin. Plasminogen can be activated by naturally
occurring tissue plasminogen activator and urokinase.

Common laboratory tests used to investigate co-
agulation include:

® The activated prothrombin time (PT), which tests
for factors involved in the extrinsic coagulation
pathway (prothrombin, factors V, VII, X), normal
range 12—14s, but often expressed as a ratio (the
international normalized ratio, INR)

® The activated partial thromboplastin time (APTT,
also known as the kaolin cephalin clotting time,
KCCT), which tests for factors present within the
intrinsic pathway (including factors I, 11, V, VIII,
IX and X), normal range 26-33.5s, often also ex-
pressed as a ratio (APTTR)

® Thromoboplastin time (TT), which tests for
the presence of fibrinogen and the function of
platelets, normal range 14-165s

® Fibrinogen assay, normal range 1.5-4 gL

HAEMATOLOGICAL DISORDERS
AND THEIR IMPACT ON
ANAESTHESIA

Anaemia

Anaemia occurs as a result of decreased red cell pro-
duction or increased loss due to bleeding or destruc-
tion. A number of congenital or acquired conditions
can result in anaemia (Table 13.1). Anaemia is defined
as a haemoglobin less than 13 g dL™" (men) or 12 g dL™!
(women), but the level of anaemia at which physiolog-
ical dysfunction occurs in everyday life, or under the
stress of surgery, is unclear.

Symptoms associated with anaemia include dysp-
noea, angina, vertigo and syncope, palpitations and
limited exercise tolerance. These symptoms may be
better tolerated in younger patients or in those in
whom the onset is more gradual. Anaemia detected in
the preoperative period should ideally be investigated
and treated prior to surgery. This is true of even rela-
tively mild anaemias because patients with a low hae-
moglobin concentration at the outset are more likely to
receive blood transfusions as a result of their surgery,
and there are occasions on which simple treatments,
for example pre-operative iron supplementation, may
prevent this. Anaemia is classically subdivided into
three diagnostic categories:

® microcytic, hypochromic anaemia (anaemia with
a low mean cell volume, MCV <78fL, and low
mean cell haemoglobin, MCH <27 pg); common
causes include iron deficiency anaemia, chronic
blood loss, anaemia of chronic disease, thalassae-
mia or sideroblastic anaemia.

® macrocytic anaemia (MCV <100fL); common
causes include vitamin B , or folate deficiency/
malabsorption, alcoholism, liver disease, myelo-
dysplasia or hypothyroidism. If the reticulocyte
count is high (>2.5%), acute blood loss or hae-
molytic anaemia may be considered.

® pormocytic normochromic anaemia (nor-
mal MCV and MCH); common causes include
anaemia of chronic disease, aplastic anaemia,
haematological malignancy, or bone marrow
invasion or fibrosis. If the reticulocyte count is
high, this may also represent acute blood loss or
haemolysis.

Haemoglobinopathies

Causes of anaemia of particular interest to anaes-
thetists are the haemoglobinopathies, which include
sickle-cell disease and thalassaemia. This is because
both diseases may be associated with systemic compli-
cations, that in the case of sickle-cell disease may be
triggered or exacerbated by anaesthetic techniques.

Sickle-Cell Disease

Sickle-cell disease is a genetic variation in the syn-
thesis of haemoglobin which occurs most commonly
in people with African or Mediterranean heritage. It
involves a valine substitution in the p globin chain to
make sickle haemoglobin (HbS), and because it is an
autosomal recessive condition, individuals can either
have HbA and HbS present (HbAS; sickle-cell trait),
or just HbS (HbBSS; sickle-cell anaemia). HbS becomes
less soluble when deoxygenated, and aggregates, caus-
ing the red cell to deform into the classic sickle shape
which can lodge in the microcirculation, becoming se-
questrated and/or causing areas of ischaemia. Sickling
is probably not the only cause of the pathology of
sickle-cell disease. HDS is unstable as well as insoluble,
resulting in cell breakdown, oxidative damage and en-
dothelial damage. Surgical stress may therefore trigger
vaso-occlusion through an inflammatory rather than
sickling process. Sickle cell trait is relatively protected
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TABLE 13.1

Causes of Anaemia
Decreased Production

Bone marrow failure Aplastic anaemia
Chemotherapy or bone marrow transplant conditioning
Marrow infiltration or destruction
" Non-haematological cancers (e.g. breast, lung, kidney or thyroid cancers)
® Lymphoma
= Myelofibrosis
= Myeloma
" Tuberculosis
Decreased erythropoiesis Alcoholism
Chronic disease
Hypothyroidism
Infection
Renal failure
Sideroblastic anaemia
Thalassaemia
Nutritional deficiencies Iron
Folic acid
Vitamin B,
Vitamin C
N.B. nutritional deficiencies may be caused or exacerbated by a number of conditions including:
= Alcoholism
® Drugs (e.g. methotrexate)

® |mpaired absorption (e.g. Crohn’s disease, pernicious anaemia, tropical sprue, Whipple’s
disease)

B |nherited disorders (e.g. homocystinuria)

Increased Loss

Bleeding Acute haemorrhage
Chronic bleeding (e.g. haematuria or occult gastrointestinal blood loss)
Haemolysis or sequestration Acquired haemolytic disease

® Heart valve defects/mechanical heart valves

" |mmune-mediated haemolysis (e.g. drug-related haemolysis, incompatible blood transfusion)
= Malaria

" Microangiopathic haemolytic anaemia (MAHA)*

" Paroxysmal nocturnal haematuria

Inherited red cell disorders

" G6PD deficiency

" Pyruvate kinase deficiency

® Sickle-cell disease

" Spherocytosis

® Thalassaemia

Artefactual

Hypervolaemic haemodilution
Laboratory error

*Causes of MAHA include vasculitis, disseminated intravascular coagulation (DIC), HELLP syndrome (Haemolysis, Elevated Liver enzymes, Low
Platelets) and thrombotic thrombocytopaenic purpura/haemolytic uraemic syndrome (TTP/HUS) (see Table 13.2).
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from this effect because approximately 70% of red cells
contain HbA, whereas up to 95% of red cells contain
HbS in sickle-cell anaemia. HbS can be detected in a
laboratory blood sample. However, it is extremely un-
likely for adults to have unknown sickle-cell disease (as
opposed to sickle-cell trait), particularly if they are not
anaemic. Anaesthetic departments should have guid-
ance about when sickle testing is required at routine
preoperative anaesthetic assessment in susceptible pa-
tient populations.

As well as potentially being chronically anaemic, pa-
tients with sickle-cell disease are more likely to have
preoperative renal or splenic disease (in which case sple-
nectomy prophylaxis may be required, even in the absence
of a surgical splenectomy). They are also more likely to
have suffered from lung disease, or cardiovascular disease
which may include previous cerebral infarctions or in-
creased cardiac output at rest. Due to the recurrent pain-
ful episodes which these patients suffer, they are often not
opioid-naive, which may present problems with periop-
erative pain management.

During anaesthesia, and during the postopera-
tive period, HbS is prone to sickling in the presence
of hypoxaemia, dehydration, acidosis or mild hypo-
thermia. In patients with HbSS, sickling may occur
even at high oxygen saturations and become progres-
sively worse, such that all red cells will be sickled at
approximately 50% saturation. If sickling causes lung
ischaemia, further hypoxaemia may develop. Patients
with sickle-cell trait (HbAS) are less susceptible to
ischaemic complications, but this does depend on
the proportion of HbS present and there are case
reports of thrombotic complications in this patient
group. There is some evidence to suggest that patients
with sickle trait are at increased risk of venous throm-
boembolism and pregnancy-related complications. In
patients with sickle-cell disease, haematology input is
required, and advice should be sought preoperatively,
as an elective transfusion to lower the proportion of
HbS may be indicated.

Intraoperative anaesthetic techniques should avoid
hypoxaemia and acidosis, and this may involve gen-
eral or regional anaesthesia. If general anaesthesia is
required, intermittent positive pressure ventilation
may be preferable as a means of optimizing oxygen-
ation and avoiding respiratory acidosis (or potentially
providing a respiratory alkalosis in high-risk patients).

Intravenous fluids (including in the preoperative
period) and active warming of the patient are likely
to be required to avoid dehydration and hypothermia.
Vasopressors and limb tourniquets should be used with
due consideration to risks and benefits. Intraoperative
cell salvage is not currently recommended.

Continuation of monitoring and support with
oxygen and intravenous fluids are likely to be required
into the postoperative period, and the presence of a
postoperative fever should alert clinicians to the pos-
sibility of an ischaemic crisis.

There are no specific guidelines as to which an-
algesic regimens should be used, although the presence
of renal disease may be a relative contraindication to
NSAIDs. Anaesthetists may also be called upon to pro-
vide analgesia, including patient-controlled morphine,
to patients suffering from a non-surgical sickle-cell
crisis. These are often extremely painful.

Thalassaemia

Thalassaemia is an abnormality of globin synthesis
which occurs in patients of Mediterranean, Middle
Eastern or Asian descent. There are two common
forms, alpha and beta, and both forms are inherited
in a recessive pattern and can thus be present in minor
or major forms. The minor forms have few clinical im-
plications except in states of increased haemodynamic
stress such as pregnancy, when anaemia may occur. In
the major forms, haemolytic anaemia occurs, which is
often managed with regular blood transfusions in or-
der to prevent anaemia and bony deformation caused
by bone marrow hyperplasia. In untreated individ-
uals, marrow hyperplasia can result in craniofacial
abnormalities, which may directly affect anaesthetic
techniques such as laryngoscopy. Iron overload can
also occur, resulting in cardiac hypertrophy, pulmo-
nary hypertension and liver disease; detailed cardiac
history and preoperative assessment are required. In
rare cases, the splenomegaly and/or folate deficiency
associated with thalassaemia have resulted in throm-
bocytopaenia or neutropaenia being present, and this
should be excluded preoperatively.

Various drugs are relatively contraindicated in thal-
assaemia because they may trigger haemolysis; these
include prilocaine, nitroprusside, penicillin, aspirin
and vitamin K. Advice should be sought before admin-
istering such agents.
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Neutropaenia

Neutropaenia creates a significantly immunocom-
promised state, leaving patients at increased risk of
infections, including those infections usually consid-
ered unusual or atypical. White cell counts of less than
1x10°L™" are considered significant and often require
patients to be given medications for prophylaxis against
fungal, viral or Pneumocystis jirovecii infections.

The commonest causes of neutropaenia are hae-
matological malignancies and their treatments, as well
as chemotherapy for other malignancies. When neu-
tropaenic patients require surgery, the benefits must
be weighed against the increased risk of postopera-
tive infections. Strict asepsis is essential when dealing
with neutropaenic patients, and it should be noted
that they are at increased risk of ventilator-associated
pneumonia, urinary catheter infections and infections
associated with intravascular cannulation, particularly
central venous catheters. If possible, these interven-
tions should be avoided or limited to as short a time
as possible.

Various antimicrobial regimens are recommended
in patients with neutropaenic sepsis, which include
broad spectrum agents with anti-pseudomonal and
anti-fungal cover. Most hospitals have their own poli-
cies for management of suspected neutropaenic sepsis.
If there is evidence of postoperative infection, special-
ist microbiological advice should be sought.

Inherited and Other Coagulopathies

Various conditions and drugs are known to be as-
sociated with increased blood loss during surgery
(Tables 13.2 and 13.3). If a patient presents with
a known condition or with a history of abnormal
bleeding (e.g. menorrhagia or excessive bleeding after
previous minor injuries), blood should be sent for a
coagulation profile including a platelet count, pro-
thrombin time (PT), thrombin time (TT) and acti-
vated partial thromboplastin time (APTT). A platelet
count is often done as part of the full blood count,
which is considered routine before major surgery. In
contrast, coagulation screens should not be considered
routine. They are designed for specific investigation of
patients with bleeding disorders, not as screening tests.
They have a low probability of detecting an abnormal-
ity in the absence of any relevant history.

Patients known to have inherited abnormalities
of coagulation, such as haemophilias A and B, and
von Willebrand disease, need specialist haematology
input because they are likely to need supplement-
ation of specific factor concentrates prior to surgery,
guided by factor assays. This is particularly true of
patients known to have antibodies (inhibitors) to
the factor in question. Due to the incidence of spon-
taneous joint or muscle haemorrhage in patients
with severe disease, it is rare for them to present for
unrelated surgery with an occult diagnosis of hae-
mophilia. Less severe disease (e.g. patients who are
heterozygous for haemophilia and have abnormally
low factor concentrations) or acquired disease (e.g.
acquired von Willebrand disease) may occasionally
present unexpectedly during surgery, and a suspicion
of abnormal clotting during surgery should prompt
the anaesthetist to send blood samples for assessment
of the coagulation profile.

In the past, the use of factor concentrates from
pooled donor units meant that many patients with
haemophilia were infected with HIV or hepatitis vi-
ruses, and older patients may therefore be infected.

Depending on the type of haemophilia, tranexamic
acid (an antifibrinolytic), desmopressin (DDAVP) or
repeated factor infusions may need to be given intra-
operatively. The use of desmopressin may be as-
sociated with water retention and, potentially, acute
hyponatraemia.

Acquired coagulopathy can also occur as an acute
event, for example: following major trauma, during
major haemorrhage or in the presence of disseminated
intravascular coagulopathy (DIC). In major haemor-
rhage, clotting factors can become depleted if not re-
placed promptly. The management of coagulopathy in
major haemorrhage should be guided by clinical ur-
gency and laboratory tests (Fig. 13.2).

Intramuscular injections are not recommended in
coagulopathic patients because of the risk of intra-
muscular haemorrhage, and the use of NSAIDs may
exacerbate the bleeding tendency.

Coagulopathy of Trauma. Patients who have suffered
major trauma have a high incidence of coagulopa-
thy. This is multifactorial and complex but certainly
appears before administration of intravenous flu-
ids or blood products, so is not solely an iatrogenic
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TABLE 13.2

Conditions Which are Known to Increase Blood Loss

Coagulopathies

Conditions Which Cause Bleeding or Promote Blood Loss

Anticoagulant drugs
Auto-antibodies

Congenital diseases

Disseminated
intravascular
coagulation (DIC)

Haemodilution
Liver disease

Vitamin K deficiency

Envenomation

See Table 13.3
Antibodies to individual factors, associated with haemophilia treatment

Common disorders include:
= Factor Xl deficiency
® Haemophilia A and Haemophilia B (Christmas disease)

= von Willebrand disease

Common causes include:

= Allergy

B Embolism (e.g. pulmonary embolism, fat embolism)

®  Extracorporeal circulation

" Infection

= Malignancy

" Pregnancy complications (e.g. abruption, amniotic fluid embolism, fetal death,
pre-eclampsia)

® Transfusion reactions

® Trauma and burns
Massive transfusion
As a result of thrombocytopaenia or reduced coagulation factor synthesis

Biliary tract or bowel disorders
Inadequate diet

Various snake venoms have the ability to cause hypofibrinogenaemia, DIC or platelet
antagonism

Platelet
disorders

Decreased
production

Increased
consumption

Aplastic anaemia

Congenital (e.g. Fanconi’s) anaemia

Folate deficiency

Liver disease

Malignancy with marrow infiltration

Marrow fibrosis or myelodysplastic syndrome
Radiation poisoning

Toxins (drug or chemical reactions, including alcohol)
Tuberculosis with marrow infiltration
Vitamin B, , deficiency

Viral infections (e.g. HIV)

Autoimmune thrombocytopaenic purpura

DIC

Drugs causing immune-mediated reactions (e.g. heparin/HIT*)

HELLP syndrome (in pregnancy)**

Hypersplenism

Infections causing immune-mediated reactions (e.g. HIV, mononucleosis)
Paroxysmal nocturnal haemoglobinuria

Post-transfusion purpura

Sepsis

TTP/HUS!

Continued
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TABLE 13.2

Conditions Which are Known to Increase Blood Loss—Cont'd

Impaired function Congenital (e.g. Glanzmann’s thrombasthenia)
Drugs (see Table 13.3)
Hypergammaglobulinaemia

Myeloproliferative diseases

Uraemia
Vascular Acquired Henoch-Schénlein purpura
disorders Vitamin C deficiency (scurvy)
Congenital Hereditary haemorrhagic telangiectasia

Ehlers-Danlos syndrome

*Heparin-induced thrombocytopaenia (HIT)
**HELLP syndrome (Haemolysis, Elevated Liver enzymes, Low Platelets)
fThrombotic thrombocytopaenic purpura/haemolytic uraemic syndrome (TTP/HUS)

TABLE 13.3

Drugs which are Known to Increase or Reduce Blood Loss

Commonly Used Drugs Which Increase Blood Loss

Antiplatelet agents = ADP receptor inhibitors

cAMP inhibitors

Cyclo-oxygenase inhibitors

Glycoprotein llIb/Illa antagonists
Phosphodiesterase inhibitors
Thromboxane inhibitors

Thromboxane & PGDF inhibition

Clopidogrel, prasugrel, ticagrelor, ticlopidine
Dipyridamole

Aspirin, non-steroidal anti-inflammatory drugs
(NSAIDs)

Abciximab, eptifibatide, tirofiban
Cilostazol
Terutroban

Prostacyclin (e.g. epoprostenol)

Anticoagulants Factor X inhibitor Rivaroxaban, fondaparinux
Heparins (factors II, Xa) Heparin (unfractionated), low molecular weight
heparins (LMWH), heparinoids (e.g. danaparoid)
Thrombin (factor Il) inhibitors Dabigatran, argatroban, hirudins (e.g. lepirudin,
bivalirudin)
Vitamin K antagonists (factors Il, VII, X, X) Coumarins (e.g. warfarin), phenindione
Fibrinolytic drugs Plasminogen activation Alteplase, reteplase, streptokinase, tenecteplase,
urokinase
Miscellaneous Calcium (factor IV) antagonism Citrate*

Inhibition of factor conversion (V-Va;
VIlI-Villa)

Activated protein C**

Drug-eluting stents***

Drugs Which Reduce Blood Loss

Aminocaproic acid Plasminogen activation inhibitor

Aprotinin Inhibitor of plasmin, trypsin, chymotrypsin, kallikrein, thrombin and activated protein C

Continued
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Drugs which are Known to Increase or Reduce Blood Loss—Cont'd

Conjugated Stimulate factors VII, Xl and von Willebrand factor release
oestrogens
DDAVP Stimulates factor VIl and von Willebrand factor release

(desmopressin)
Etamsylate

Protamine Reverses the effects of heparin
Tranexamic acid

Vitamin K
antagonists

Miscellaneous
platelet gels, cyanoacrylates
Various blood components®

Increased platelet aggregation, possible inhibition of prostacyclin metabolites

Plasminogen activation inhibitor (and plasmin inhibitor at high doses)

Required for the production of factors II, VII, IX and X; therefore can reverse the effects of vitamin K

Topical haemostatic agents, e.g. oxidized cellulose, thrombin sealants, fibrin sealants, chitin dressings,

*Citrate may be used to anticoagulate some dialysis machines, and may be used to ‘lock’ central lines (i.e. keep them from becoming blocked

with blood clot)
**Activated Protein C has been used in the treatment of severe sepsis

***Used in various angioplasty procedures; mechanism of action depends on drug being released by the stent

fSee Table 13.8

Reproduced from Levi M, Toh CH, Thachil J, Watson HG. Guidelines for the diagnosis and management of disseminated intravascular coagulation.
British Committee for Standards in Haematology. British Journal of Haematology 2009; 145(1): 24-33. © Blackwell Publishing.

haemodilution effect. The factors associated with co-
agulopathy are listed in Table 13.4. These factors in-
teract in particular in the ‘lethal triad’ of hypothermia,
acidosis and coagulopathy. The effect of hypothermia
is not seen in routine coagulation testing because these
are performed at 37°C.

Most trauma centres now have well defined policies
for managing major blood loss (see below). Following
publication of the CRASH-2 study, tranexamic acid
(1g as soon as possible after injury, followed by 1g
given over 8h) is recommended for patients present-
ing with major trauma.

Disseminated Intravascular Coagulation (DIC). In
DIC, the microcirculation of different organs becomes
damaged by fibrin clots generated by coagulation
pathways which become hyperactive. The pathophysi-
ological production of so many fibrin clots results in
a consumptive coagulopathy rendering the patient
susceptible to haemorrhage as a result of surgery
or other invasive procedures. The causes of DIC are
shown in Table 13.2. If DIC is suspected, the cause
should be identified and corrected wherever possible.
The diagnosis of DIC can be difficult to make and re-
lies upon evaluating the results of several aspects of a

coagulation profile. A scoring system exists to evalu-
ate the likelihood of DIC (Table 13.5). Patients who
develop DIC in the perioperative period, or who re-
quire surgery to treat the cause of DIC (e.g. patients
with intra-abdominal sepsis), are at increased risk of
major haemorrhage. They are likely to need replace-
ment of consumed coagulation factors in the form
of platelets, fresh frozen plasma and cryoprecipitate.
Haematological advice should be sought whenever
DIC is suspected.

Occasionally, DIC may present as a predominantly
thrombotic condition, and in these cases, the use of
heparin may be indicated.

Drug-Induced Coagulopathies. A list of drugs known
to increase blood loss is shown in Table 13.3. If pos-
sible, provision should be made to discontinue these
preoperatively, taking into account the amount of
‘wash-out’ time which may be required. For example,
vitamin K inhibitors such as warfarin can take up to
5 or 6 days, and irreversible platelet inhibitors such as
aspirin and clopidogrel may take up to 7 days (the time
it takes to generate new platelets). In patients in whom
continued anticoagulation is considered essential, for
instance those at high risk of venous thromboembolic



226 13

HAEMATOLOGICAL DISORDERS AND BLOOD TRANSFUSION

Haemorrhagic shock identified

Follow local guidelines for informing:
Consultant in charge

Switchboard

Blood bank/haematologist

The following information will be
required:

1. Contact name and telephone number
of doctor in charge

2. Any known patient details:

L

Location
Name

1. Identify and control source of bleeding if

possible®

2. Send pre-transfusion screening sample
for group and antibody screen, and full
blood count and coagulation studies

Date of birth
Gender
Identification no.
Estimated weight
ABO & Rh group
3. What type and volume of blood

needed

I component is required
Red cells Use emergency O negative red cells from designated fridge or
—p- | needed =P | blood bank
immediately Send patient sample and request form urgently to blood bank
Red cell Send patient sample and request form urgently to blood bank
> nsed(;% iSn > ABO & RhD group specific red cells made available within 15 min
15 mi of receiving sample — full cross-match carried out on released
min samples, results available within 30 min
Red cells Send patient sample and request form urgently to blood bank
> needed in > Full cross-match performed and blood released within 45 min of
45 min receiving sample — if patient has a historic sample and a group
and screen on current sample, blood may be immediately available
Allow time for preparation, collection or delivery
Consider adjuvant therapy with antifibrinolytic (e.g. tranexamic
acid) or recombinant factor Vlla (N.B. this is an unlicensed
indication)
« Anticipate platelet count < 50 x 109 L~" after 1.5-2 x blood volume replacement,
Plateletsz '.:FP’ aim for > 100 x 109 L~ for multiple/CNS trauma; > 75 x 109 L~ for other situations
P |cryoprecipitate |~

« Anticipate coagulation factor deficiency after blood loss of 1-1.5 x blood volume,
aim for PT and APTT < 1.5 x normal and fibrinogen > 1.0 g L7, allow for 30 min
thawing time and give 12—15 ml kg~ (1 L or 4 units for an adult). May need
to use FFP before laboratory results are available — take sample for PT, APTT,
fibrinogen before FFP transfused

« Cryoprecipitate may be needed to replace fibrinogen and FVIII, aim for fibrinogen
>1.0 g L. Allow for 30 min thawing time and give 2 x 5 donation pools for mid-
sized adults

. Haemorrhage control may require surgical, endoscopic or radiological intervention
. Fluid resuscitate patient with crystalloids/colloids alongside blood products as required using wide-bore venous

access or equivalent. Aim to maintain normal blood pressure and urine output > 0.5ml kg™ h™'

. In patients with cardiac or large vessel injury, volume replacement may need to be restricted. This should be

discussed with the surgical team
4. Ensure the patient is kept warm, use blood warmers where possible

5. Consider cell salvage if possible

6. Use laboratory data to guide blood product requirements. Check FBC, PT, APTT, fibrinogen, biochemical profile,
blood gases. Repeat FBC, PT, APTT, fibrinogen every 4h, or after 1/3 blood volume replacement,
or after infusion of FFP

7. Treat any underlying causes of DIC where possible — shock, hypothermia, acidosis, sepsis

FIGURE 13.2

Sample major haemorrhage protocol.
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TABLE 13.4

Factors Associated with Coagulopathy in Trauma

Physiological dilution of clotting factors
Hypothermia

Acidosis

Red cell loss

Trauma-induced fibrinolysis
Injury-related inflammation
Hypoperfusion

Hypocalcaemia

Genetic predispositions

latrogenic - dilution by fluids, anticoagulant effects of
intravenous fluids

TABLE 13.5

Diagnostic Scoring System for Disseminated
Intravascular Coagulation (DIC)

If the patient has an underlying disorder known to be
associated with overt DIC, score as below

Platelet count

= >100x10°L™" 0 points
= 50-100x10°L"" 1

B <50x10°L" 2
Elevated fibrin marker (e.g. D-dimer or fibrin degradation
products)

= No increase 0

= Moderate increase 1

® Strong increase 2
Prolonged PT

B <3s more than normal 0

® 3-6s more than normal 1

® >65s more than normal 2
Fibrinogen level

= >Tgl 0

. <lgl 1

A calculated score >5 is compatible with overt DIC. The score
should be repeated daily

A calculated score <5 may be suggestive of non-overt DIC. The
score should be repeated every 1-2 days.

Adapted from the ISTH Diagnostic scoring system for DIC

disease, ‘bridging’ therapy during the wash-out period
with shorter-acting anticoagulants such as an unfrac-
tionated heparin infusion or low molecular weight
heparins (LMWHs) may be considered. These shorter
acting agents can be stopped closer to the time of

surgery in order to minimize the amount of time the
patient is without anticoagulants. In the case of LMWHs,
this should be 24h before surgery, with the last dose
being reduced to half normal. In the case of an unfrac-
tionated heparin infusion, this can be stopped 2—6h
prior to surgery and the level of anticoagulation moni-
tored by measuring the APTT of the patient’s blood.

For patients who have discontinued warfarin ther-
apy, it is advised that the patient’s INR is tested on
the day of surgery. An INR of <1.5 is normally consid-
ered safe for most surgical procedures, although lower
ratios may be preferred by surgeons working in highly
sensitive areas, for example neurosurgery.

If surgery is required urgently, it may be necessary
to reverse the effects of anticoagulant therapy acutely.
This should be done under the guidance of a haema-
tologist, but in the case of heparin may involve the use
of protamine. Rapid reversal of vitamin K-dependent
coagulopathy can be achieved safely with prothrombin
complex concentrates (PCC). Vitamin K takes hours to
work and should be given at the same time in order to
reduce the risk of postoperative coagulopathy. In less
urgent situations, vitamin K can be given alone, or the
warfarin simply stopped for a few days. In acute circum-
stances where drugs are thought to be affecting platelet
function, platelet transfusions may be considered.

Thrombocytopaenia. Thrombocytopenia is usually
defined as a platelet count less than 100x10°L~", but
the point at which thrombocytopaenia becomes clini-
cally important depends upon the clinical scenario.
Conditions which can result in thrombocytopaenia are
shown in Table 13.2. In patients whose platelet count
is low, or platelet function is thought to be impaired,
a perioperative platelet transfusion may be required.

In the majority of patients with thrombocytopae-
nia, spontaneous bleeding is unlikely to occur if the
platelet count is greater than 10x10°L™". There is no
clear consensus as to what level of platelet count is ac-
ceptable for any given procedure, but the following
guidance has been suggested:

® >20x10°L™" — for a minor intervention (e.g. in-
sertion of a urinary catheter or nasogastric tube)

®m >30%x10°L™ — for the insertion of a central
venous catheter under ultrasound guidance
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m >60-80%10°L™" — for epidural insertion or neur-
axial blockade

®m >80x%10°L™" — for uncomplicated surgery

® >100%10°L~" —major haemorrhage, major trauma
or CNS trauma

It should be noted that platelet transfusions are
relatively contra-indicated in haemolytic uraemic
syndrome/thrombotic thrombocytopaenic purpura
(HUS/TTP) where their use may precipitate further
thrombosis. In such cases, the risk of transfusion
should be weighed against the risk of bleeding.

One cause of thrombocytopaenia of particular note
in the perioperative setting is heparin-induced throm-
bocytopaenia (HIT). HIT is an antibody-mediated reac-
tion which is thought to occur after exposure to heparin
occurring concurrently with a physiological insult such
as surgery. It is more strongly associated with unfrac-
tionated heparin than LMWHs, usually occurs 4-6 days
after exposure and results in a falling platelet count,
the nadir of which is 30-50% lower than the patient’s
‘normal’ value. HIT rarely results in acute haemorrhage,
but is thought to be associated with a pro-thrombotic
tendency requiring the patient to be treated with an al-
ternative anticoagulant such as danaparoid (warfarin is
not suitable in this situation). Several scoring systems
exist to evaluate the likelihood of HIT, and a laboratory
ELISA can be used for confirmation.

INTERVENTIONAL PROCEDURES
AND REGIONAL ANAESTHESIA IN
COAGULOPATHIC PATIENTS

Interventional procedures such as the insertion of cen-
tral venous catheters, epidural block or regional nerve
blocks constitute a significant risk in coagulopathic
patients in terms of haemorrhage or haematoma for-
mation. Of particular note are the risks of airway ob-
struction from failed jugular venous catheter insertion,
and paralysis caused by epidural haematoma formation.

It is likely that the routine use of ultrasound imag-
ing has reduced the risks associated with many proce-
dures, but in profoundly coagulopathic patients it may
still be advisable to resort to alternative, ‘safer’ tech-
niques; for example, central venous catheterization of
the femoral vein may be preferable to the subclavian
or internal jugular routes.

The level of coagulopathy at which various proce-
dures can be considered ‘safe’is far from clear. Regarding
thrombocytopaenia, suggested platelet counts have
been mentioned in the previous section, whilst INR and
APTT ratios of <1.4 have been considered relatively safe
for most procedures undertaken by anaesthetists.

Safe levels of clotting factors in patients with inher-
ited disorders such as haemophilia are not known, and
in these cases a risk/benefit analysis will be necessary.

Drugs causing coagulopathic problems which are
difficult to measure present specific problems. A va-
riety of consensus statements, based on evidence from
case series, exist on the safety of neuraxial blockade in
differing circumstances. Typical responses include:

m LMWH (thromboprophylaxis dose): needle inser-
tion should be delayed until 12h after last dose; epi-
dural catheters should be removed at least 12 h after
the last dose and at least 4h before the next dose

m Subcutaneous unfractionated heparin thrombo-
prophylaxis: needle insertion should be delayed
until 4h after the last dose; epidural catheters should
be removed at least 1 h before the next dose

m NSAID therapy, including low-dose aspirin, can
be continued and does not seem to represent an
increased risk

® Ticlopidine: should be discontinued 14 days
prior to neuraxial blockade

m Clopidogrel: should be discontinued 7 days prior
to neuraxial blockade

m GIIb/Illa inhibitors: should be discontinued
9—48h prior to neuraxial blockade.

It should be noted that evidence in this area is
sparse, and that these guidelines are incomplete, diffi-
cult to extrapolate into different settings (e.g. regional
anaesthetic techniques with lower associated risk) and
may not represent best practice. When in doubt, senior
anaesthetic and/or specialist haematological advice
should be sought.

THROMBOSIS AND ACUTE
ISCHAEMIC EVENTS

All hospital patients should undergo an assessment
of their risk of developing venous thromboembo-
lism (VTE) in order to ensure that appropriate pro-
phylactic measures are taken. Reassessment should
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be undertaken after 24h, and at any time that the
patient’s clinical condition changes. Any assessment
should weigh the risk of developing VTE against the
risk of bleeding which might occur when pharmaco-
logical prophylaxis is prescribed (Tables 13.6 and 13.7).
Methods of pharmacological prophylaxis include sub-
cutaneous low molecular weight heparins, subcutane-
ous unfractionated heparin and newer anticoagulants
such as fondaparinux, dabigatran and rivaroxaban.
Antiplatelet agents such as aspirin are not considered
to provide adequate protection against VTE when used
in isolation.

Mechanical methods of VTE prophylaxis are of-
ten also used, either as an adjunct to pharmacologi-
cal methods, or as an alternative to them where the
bleeding risk is considered high. Mechanical methods
include anti-embolism stockings, and foot-impulse or
pneumatic compression devices (both stockings and
compression devices may be thigh or knee length).
There is very little evidence to support the use of
any one mechanical device rather than the alterna-
tives. Mechanical methods may not be appropriate in
patients with damaged skin, peripheral neuropathy,

TABLE 13.6

Conditions which are Known to Increase
Thrombosis Risk

Acquired Antiphospholipid syndrome

Cardiac failure

Diabetes

Heparin-induced thrombocytopaenia
Hyperlipidaemia

Malignancy

Myeloproliferative disorders

Nephrotic syndrome

Oral contraceptive pill (oestrogen therapies)
Paroxysmal nocturnal haemoglobinuria
Polycythaemia

TTP/HUS*

Congenital Antithrombin deficiency
Dysfibrinogenaemia

Factor V Leiden variant (activated protein C
resistance)

Hyperhomocysteinaemia

Protein C deficiency

Protein S deficiency

Prothrombin genetic variant

*Thrombotic thrombocytopaenic purpura/haemolytic uraemic
syndrome (TTP/HUS)

oedema, peripheral arterial disease, or other conditions
in which fitting the devices might be problematic or
cause damage.

In patients who are at very high risk of both bleeding
and thromboembolic events, the pre-emptive insertion
of a vena cava filter may be required.

PATIENTS WITH HAEMATOLOGICAL
MALIGNANCY

Unless the patient has an intercurrent coagulopathy
or neutropaenia, the anaesthetic implications of hae-
matological malignancies are relatively limited. If a
patient has been treated previously with chemothera-
peutic agents, special attention should be made to pre-
operative cardiorespiratory assessment because some
agents increase the risk of pulmonary fibrosis, pneu-
monitis, cardiomyopathy and hypertension. Patients
who are likely to undergo haematopoietic stem cell
transplants (bone marrow transplants), or who are
treated with purine analogue, and who are needing
blood product transfusions, are likely to need ‘special
measures’ such as irradiated blood products or blood
which is confirmed to be negative for cytomegalovirus
(CMV negative). These patients should be discussed
with a haematologist prior to transfusion.

BLOOD PRODUCTS AND BLOOD
TRANSFUSION

The transfusion of whole blood is relatively uncom-
mon and donated blood is usually separated into
its constituent components, which are then avail-
able for transfusion. A wide range of blood products
are available, the most common of which are listed
in Table 13.8, along with their indications. Units of
packed red cells are most commonly transfused during
the resuscitation of acute haemorrhage, or as a treat-
ment of symptomatic anaemia.

Red cell concentrates are commonly leukocyte
depleted and resuspended to a haematocrit of 0.6. In
the UK, the red cells are usually suspended in an ad-
ditive solution: SAGM (Saline maintains isotonicity;
Adenine as an ATP precursor to maintain red cell vi-
ability; Glucose for red cell metabolism; Mannitol to
reduce red cell lysis). These additives are designed to
extend the safe storage period and the packed red cells
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TABLE 13.7

Risk Assessment for Venous Thromboembolism (VTE)

Patients Who are at Risk of VTE

Medical patients Surgical patients
= Mobility significantly reduced for >3 days, OR B Total anaesthetic+surgical time >90 min OR
B Expected to have ongoing reduced mobility relative to normal B Surgery involving pelvis or lower limbs and total

state plus any VTE risk factor, OR anaesthetic+surgical time >60 min OR

= |f pregnant (or up to 6 weeks post partum) and expected to " Acute surgical admission with inflammatory or intra-
have significantly reduced mobility for >3 days or have one or abdominal condition OR

more risk factor present " Expected to have significant reduction in mobility OR
" Any VTE risk factor present OR

= |f pregnant (or up to 6 weeks post partum) and
undergoing surgery

VTE risk factors

®  Active cancer or cancer treatment

® Age >60 years (>35 years if pregnant, or up to 6 weeks post partum)

® Critical care admission

= Dehydration

= Known thrombophilias

® Obesity (body mass index > 30 kgm™2 - if pregnant the BMI from pre- or early pregnancy should be used)

" One or more significant medical comorbidities (e.g. heart disease; metabolic, endocrine, or respiratory pathologies; acute
infectious diseases; inflammatory conditions)

" Personal history of, or first degree relative with, a history of VTE
" Use of hormone replacement therapy

® Use of oestrogen-containing contraceptive therapy

® Varicose veins or phlebitis

= Current, or recent, pregnancy-related risk factors (including: ovarian hyperstimulation, hyperemesis gravidarum, multiple
pregnancy, pre-eclampsia, excess blood loss or blood transfusion)

Patients Who are at Risk of Bleeding

All patients who have the following:

B Active bleeding

B Acquired bleeding disorders (e.g. acute liver failure)

= Concurrent use of anticoagulants known to increase the risk of bleeding (e.g. warfarin with an INR >2)
B Lumbar puncture/epidural/spinal anaesthesia within the previous 4 h or expected within the next 12h
" Acute stroke

= Thrombocytopaenia (platelets <70 x 10°L™")

= Uncontrolled systolic hypertension (>230 mmHg)

B Untreated inherited bleeding disorders (e.g. haemophilia or von Willebrand’s disease)

Adapted from the NICE guidelines, Venous thromboembolism: reducing the risk, 2010

are kept refrigerated at 4 °C. Currently, red cells can be Red Cell Storage Lesion

stored for up to 5-6 weeks. There is ongoing debate as
to whether the ‘storage lesion’ which occurs during this
time is clinically relevant, with some studies suggest-
ing that outcomes are worse for patients who have had
‘old’ blood transfused.

A variety of biochemical and immunological changes
occur during red cell storage which may have clinical
impact.

2,3-DPG concentrations fall rapidly (undetectable
within 2 weeks). The clinical consequence is less clear,
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Indications and Uses of Blood Products

Blood Product

Indication

Presentation and/or Dose

Albumin (human albumin
solution; HAS)

Fluid resuscitation/correction of
hypovolaemia*

Therapeutic plasma exchange

Ascites and large volume paracentesis
Spontaneous bacterial peritonitis
Hepatorenal syndrome

Correction of hypoalbuminaemia**

Iso-oncotic (4.5%)
Hyperoncotic (20%)
Volume depends upon product.

Cryoprecipitate

Correction of hypofibrinogenaemia

Coagulopathy caused by major
haemorrhage

Disseminated intravascular coagulopathy

Hereditary hypofibrinogenaemia

Typically issued as 10 x 20-40 ml bags or
1 x=300mL bag

300ml contains 1.5-3 g fibrinogen

In haemorrhage, maintain fibrinogen
>1gl™

Fresh frozen plasma (FFP)

Correction of coagulation factor deficiencies

Coagulopathy caused by major
haemorrhage

Liver disease

Inherited coagulation deficiencies if specific
factor concentrates not available

Warfarin overdose if prothrombin complex
concentrate not available

Therapeutic plasma exchange

Issued in bags of approximately 300 mL
Dose is 12-15mlkg™" (typically 1000 mL
for an adult)

In haemorrhage, transfuse to maintain
prothrombin time and activate partial
thromboplastin time at <1.5 x normal
ranges

Platelets

Correction of thrombocytopaenia, or where there is
evidence of platelet dysfunction

Thrombocytopaenia caused by major
haemorrhage

Haematological malignancies and their
treatment

Idiopathic or thrombotic thrombocytopaenic
purpura

Disseminated intravascular coagulopathy

Issued in bags of 250-300 mL

Each bag increases platelet count by
approximately 20 x 10°L™"

In haemorrhage associated with multiple
trauma or CNS trauma, maintain platelet
count >100x 10°L™"

In other situations, triggers may vary

(see text)

Red cells (packed red cells;
PRC)

Resuscitation of major haemorrhage
Correction of symptomatic anaemia

Treatment of sickle-cell crises

Packed red cells are issued in bags of
approximately 300 mL which will raise the
haemoglobin concentration in adults by
approximately 1g dL™

Transfusion triggers vary according to
context (see text)

Suspended in SAGM (saline, adenine,
glucose, mannitol).

*Albumin may be used safely for volume resuscitation, but there is little evidence to suggest that it is associated with improved outcomes when
compared with other resuscitation fluids. It may be associated with worse outcomes when used in certain conditions such as traumatic brain

injury.

**The use of human albumin solution to correct hypoalbuminaemia is contentious. Hypoalbuminaemia is associated with increased mortality in
critically ill patients, but actively correcting it is not clearly associated with improved outcome. Hyperoncotic albumin has also been used in the
management of adult respiratory distress syndrome (ARDS).
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probably because 2,3-DPG concentrations are restored
to normal very rapidly following transfusion.

ATP depletion occurs during storage, particularly
beyond 5 weeks, and is associated with morphological
changes. As with 2,3-DPG, ATP normalizes promptly
following transfusion and the morphological changes
reverse.

Haemoglobin has been shown to be an important
part of the control of regional blood flow due to its
interaction with nitric oxide. This ability is lost early
(days) following blood storage, but the clinical impact
of this is not yet clear.

Morphological changes during storage are com-
plex, but in general, red cells become less deformable;
these changes may be only partly reversible.

It has long been recognized that red cell transfusion
can have systemic immunological effects including ef-
fects on organ transplants, infection and malignancy.
The causes of these effects are not clear but may in-
volve residual leukocytes and immunological media-
tors released by red cells.

In patients who are asymptomatic and not actively
bleeding, current evidence suggests that there is no ben-
efit in transfusion provided that the haemoglobin con-
centration is 7g dL™', or greater. This ‘trigger’ of 7g dL™
is derived from the ‘Transfusion requirements in critical
care’ trial (TRICC trial, Herbert P, et al, New England
Journal of Medicine, 2009). Despite the publication of
this study, there remains doubt as to what the ‘safe’ level
of anaemia is for patients with some specific conditions,
including ischaemic heart disease, head injury and acute
burns. For patients who are symptomatic, or who are
actively bleeding, a higher target haemoglobin concen-
tration of 9-10g dL™! is often adopted.

Packed red cells must be checked before they are
transfused to ensure that the donated blood is compati-
ble with the recipient’s blood, the most important aspect
of which is ABO and Rhesus D (RhD) compatibility.

m Patients of blood group O can receive only group
O donated blood

m Patients of blood group A can receive group O or
group A donated blood

® Patients of blood group B can receive group O or
group B donated blood

m Patients of blood group AB can receive groups O,
A, B or AB donated blood

m Patients with RhD positive blood can receive
RhD positive or RhD negative blood

m Patients with RhD negative blood will prefer-
entially be given RhD negative blood, but occa-
sionally may be transfused RhD positive blood
unless they are an RhD negative female patient
with child-bearing potential, in which case they
should only ever receive RhD negative blood.

Other, less common, red blood cell antibody/antigen
reactions may also occur, and if time allows, a full cross-
match should be undertaken. In more urgent situations
a more limited approach may be necessary (Fig. 13.2).

The transfusion of FFP also depends upon ABO
grouping, but is more complex. Group O FFP may
only be given to group O patients, whilst FFP of groups
A, B and AB may given to any recipient, but only if it
does not contain a ‘high-titre’ of anti-A or anti-B activ-
ity. If possible, the transfused unit of FFP should be of
the same group as the recipient.

The transfusion of blood products is not without
risk, and, if possible, should not be done without the
informed consent of the recipient. A list of the most
common complications of transfusion is shown in
Table 13.9. Of particular note are the risks associated
with the transfusion of incompatible blood products,
which are considered to be ‘Never Events’ within the
UK (the equivalent to ‘No Pay’ events within the US
system). A ‘zero-tolerance’ approach to pre-transfusion
sampling, and blood product checking and adminis-
tration is recommended, which includes:

m taking blood samples from one patient at a time

® hand-writing all blood sample tubes and forms
at the bedside after sampling, having positively
identified the patient by full name, date of birth
and hospital identification number

m patient identification should involve check-
ing any identification band which the patient is
wearing as well as a verbal confirmation from the
patient of full name and date of birth, if possible

m all blood products should be prescribed on a record
which also contains the above patient identification

m all blood products should be checked prior to ad-
ministration, and the patient’s identity confirmed
for a second time; all the patient details present
on the prescribed unit of blood must match ex-
actly the verbal response from the patient, the



BLOOD PRODUCTS AND BLOOD TRANSFUSION 233

TABLE 13.9

Errors and Complications of Blood Transfusion (as Classified and Defined by the SHOT Report 2009)

Acute transfusion reaction

Febrile, allergic or hypotensive reactions occurring within 24 h of a transfusion (excluding
incorrect component transfusion, haemolytic reactions, TRALI, TACO, or bacterial
contamination)

Anti-D related events

Failure to administer Anti-D when required, or incorrect dose
Inappropriate administration of anti-D
Expired or inappropriately stored medication

Autologous transfusion events

Incorrect use or assembly of cell-saving equipment
Hypotension, bradycardia, pyrexia or rigors associated with the transfusion of autologous
blood

Haemolytic transfusion reaction
(HTR)

Can be acute (AHTR) or delayed (DHTR)
More common in patients with sickle-cell disease
Can involve antibodies not commonly associated with haemolytic transfusion reactions

Handling and storage errors

Failure to adhere to ‘cold chain’

Use of expired red cells

Excessive unit transfusion time

Technical error (e.g. leaking bag, wrong administration set)

Inappropriate and/or
unnecessary transfusion

Erroneous, spurious or incorrectly documented laboratory results
Unnecessary transfusions as a result of poor understanding and knowledge
Delayed or inadequate transfusion

Incorrect blood component
transfused (including ABO
incompatible blood)

Phlebotomy or laboratory errors (e.g. mis-labelling of samples)
Inadequate bedside transfusion checks
Failure to meet patient’s special requirements when necessary*

Post-transfusion purpura

Thrombocytopaenia 5-12 days after red cell transfusion caused by platelet antibody
production

Transfusion-associated
circulatory overload (TACO)

Circulatory overload as a result of transfusion resulting in tachycardia, hypertension, acute
respiratory distress, or pulmonary oedema

Transfusion-associated dyspnoea
(TAD)

Respiratory distress occurring within 24 h of transfusion, but not as a result of TACO, TRALI,
allergy, or any co-existing medical condition

Transfusion-associated graft-
versus-host disease (TA-GvHD)

The engraftment and clonal expansion of viable donor lymphocytes contained in blood
components in a susceptible host characterized by fever, rash, liver dysfunction, diarrhoea,
pancytopenia and bone marrow hypoplasia occurring less than 30 days following transfusion;
generally fatal.

Transfusion-related acute lung
injury (TRALI)

Acute dyspnoea with hypoxia and bilateral pulmonary infiltrates on chest X-ray; occurring
within 6 h of transfusion and not associated with TACO. Thought to be more commonly
associated with FFP and platelet transfusions from female donors.

Transfusion-transmitted infection

Potential contaminants include:
® Bacterial contamination

= Malaria

= H|V

®  Hepatitis viruses

= HTLV

®  New variant Creutzfeldt-Jakob disease

*Special requirements include irradiated blood, or blood where cytomegalovirus is absent (CMV negative blood) - for indications see text



234 13

HAEMATOLOGICAL DISORDERS AND BLOOD TRANSFUSION

patient’s identification band and the prescription
record, and this should be confirmed by a second
person performing an independent check

m if there are any discrepancies, the transfusion
should not go ahead

® the details of the transfused product, including
any serial numbers, should be recorded on the
transfusion record

In Europe there is a legal obligation to keep a per-
manent record of all blood products that have been
transfused.

MAJOR HAEMORRHAGE

When major haemorrhage occurs, it is often necessary
to transfuse large volumes of both packed red cells and
products which promote clotting, such as fresh frozen
plasma (FFP), cryoprecipitate and platelets. Major
haemorrhage protocols have been developed in or-
der to aid this process, an example of which is shown
in Figure 13.2. If possible, the transfusion of red cells
and clotting products should be guided by labora-
tory results, or by near-patient testing (for example
near-patient haemoglobinometers or thromboelasto-
graphy — TEG). However, waiting for confirmation of
coagulopathy before administering appropriate ther-
apy is likely to lead to greater blood loss, use of more
blood products and worse outcome. Major trauma is
well recognized as causing early coagulopathy even
before any fluids or blood products are given.

There is no universal agreement about the relative
proportions of RBC:FFP:platelets:cryoprecipitate that
should be given. However, there is reasonable evidence
to suggest that early aggressive prevention/control of
coagulopathy is beneficial in terms of overall blood
product use and probably outcome.

Good communication among all members of the
team and the haematology department are crucial to
the management of major haemorrhage, whatever the
setting. Prevention/correction of coagulopathy should
always go hand in hand with control of the bleeding
source.

Predictable Blood Loss

If large volumes of blood loss (>1000mL or >20%
of estimated total blood volume) are anticipated, for
example during major elective surgery, it should be

planned for in advance. In patients who are known to
be anaemic, the cause of the anaemia should be inves-
tigated and, if possible, corrected before surgery. Some
patients may require iron (either oral or intravenous)
or vitamin supplementation in the weeks leading up to
the operation. Some patients with pre-existing symp-
tomatic anaemia, or requiring urgent surgery, may
require preoperative blood transfusion. For patients
who are not anaemic, autologous donation of blood
is used occasionally. By donating blood in the preop-
erative period, patients can both regenerate their own
red cell counts and have a supply of their own blood
stored for later transfusion. The major drawback of
this technique is that an established system needs to be
in place within the hospital where surgery is planned,
and multiple hospital visits are required in the weeks
preceding surgery.

The management of patients with a known coagu-
lopathy should be discussed with a haematologist be-
fore surgery because clotting factor replacement may
be required. If patients are prescribed medication that
is known to affect blood clotting, consideration should
be given to stopping this prior to anaesthesia, if pos-
sible, as discussed above.

Blood conservation strategies should be employed
whenever possible. These can involve the proactive or
reactive use of pharmacological treatments, for exam-
ple the administration of tranexamic acid, or topical
fibrin sealants (Table 13.3). Alternatively, mechanical
methods of blood conservation may be employed, for
example the use of tourniquets for lower limb surgery.

Intraoperative cell salvage (ICS) is a method of
blood conservation in which blood which is lost dur-
ing surgery is collected by surgical suction, mixed with
fluid containing an anticoagulant (usually citrate) and
then centrifuged in order to create an autologous red
cell concentrate which can be transfused back into
the patient. The whole procedure is performed in the
operating theatre, with an almost continuous circuit
between surgical suction and transfusion. Cell salvage
is particularly useful for patients in whom transfusion
is complicated by a refusal to accept allogeneic blood,
or by the lack of availability of a rare blood type. Cell
salvage has been used successfully in a wide variety of
surgical operations, including caesarean section and
operations for malignancy. When used during obstet-
ric haemorrhage, there is no evidence to suggest that
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the risk of amniotic fluid embolism is increased, de-
spite the theoretical risk. The use of cell salvage during
operations for malignancy remains controversial due
to the potential risk of metastatic spread, which may
be present even if salvaged blood is transfused through
a leukocyte filter. At present, there is no evidence to
support these concerns; and in the case of surgery
for urological malignancy, there are case series which
suggest no increased risk to survival if cell salvage is
used in conjunction with a leukocyte filter. Cell salvage
should not be used in procedures in which there is the
potential for blood to become contaminated by faecal
contents, pus, iodine, orthopaedic cement or topical
clotting agents.

Jehovah’s Witnesses

Blood transfusion is not acceptable to most patients
who are Jehovah’s Witnesses, even if refusal may in-
crease their risk of death. In most cases, this prin-
ciple also extends to blood products such as FFP and
platelets, although this should be checked with each
individual because each may interpret differently the
definition of what constitutes a blood transfusion. If an
adult Jehovah’s Witness has clearly indicated that they
will not accept a blood transfusion, and it is evident
that they have the mental capacity to make such a deci-
sion, it is not ethical to proceed with a transfusion. This
remains true even if, at some later point, the patient
loses capacity, for example by becoming unconscious.
Many hospitals provide specific consent forms for
Jehovah’s Witnesses which cover the risks associated
with transfusion refusal, and many hospitals also have a
Jehovah’s Witness liaison who may be able to advise on
what alternative therapies are acceptable. For example,
intraoperative cell-salvaged blood is often acceptable, as
is the use of cardiopulmonary bypass technology where
there has been no priming with autologous blood.

The general principles of blood conservation
outlined above are the same in Jehovah’s Witnesses
as in other patients. However, when haemorrhage be-
comes extreme, it is likely that the patient will need
extended postoperative critical care management,
which may include elective mechanical ventilation,
and measures to stimulate haemoglobin recovery
such as iron supplementation and the administration
of erythropoietin.
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K nowledge of some physics is required in order
to understand the function of many items of appara-
tus for anaesthesia delivery and physiological moni-
toring. This chapter emphasizes the more elementary
aspects of physical principles and it is hoped that the
reader may be stimulated to study some of the books
written specifically for anaesthetists and which ex-
amine this topic in greater detail (see ‘Further read-
ing’). Sophisticated measurement techniques may be
required for more complex types of anaesthesia, in
the intensive care unit and during anaesthesia for se-
verely ill patients, and an understanding of the prin-
ciples involved in performing such measurements
is required in the later stages of the anaesthetist’s
training.

This chapter concentrates on the more common
applications, including pressure and flow in gases and
liquids, electricity and electrical safety. However, it is
necessary first to consider some basic definitions.

BASIC DEFINITIONS

It is now customary in medical practice to employ the
International System (Systeéme Internationale; SI) of
units. Common exceptions to the use of the SI sys-
tem include measurement of arterial pressure and, to
a lesser extent, gas pressure. The mercury column is
used commonly to calibrate electronic arterial pres-
sure measuring devices and so ‘mmHg’ is retained.
Pressures in gas cylinders are also referred to fre-
quently in terms of the ‘normal” atmospheric pressure
of 760 mmHg; this is equal to 1.013bar (or approxi-
mately 1bar). Low pressures are expressed usually in
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the SI unit of kilopascals (kPa) whilst higher pressures
are referred to in bar (100kPa=1Dbar). The basic and
derived units of the SI system are shown in Table 14.1.

The fundamental quantities in physics are mass,
length and time.

Mass (m) is defined as the amount of matter in a
body. The unit of mass is the kilogram (kg), for which
the standard is a block of platinum held in a Physics
Reference Laboratory.

Length (I) is defined as the distance between two
points. The SI unit is the metre (m), which is defined
as the distance occupied by a specified number of
wavelengths of light.

Time (t) is measured in seconds. The reference stan-
dard for time is based on the frequency of resonation
of the caesium atom.

From these basic definitions, several units of mea-
surement may be derived:

Volume has units of m’.

Density is defined as mass per unit volume:

mass -2

kg m

density (p)=
volume

Velocity is defined as the distance travelled per unit
time:

. distance  _,
velocity (V)= ———ms

time

Acceleration is defined as the rate of change of
velocity:

. velocit o
acceleration (a) = YO ms™
time
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TABLE 14.1

Physical Quantities

Quantity Definition Symbol S| unit

Length Unit of distance / metre (m)

Mass Amount of matter m kilogram (kg)

Density Mass per unit volume (m/V) p kgm™

Time t second (s)

Velocity Distance per unit time (//t) v ms™'

Acceleration Rate of change of velocity (v/t) a ms™?

Force Gives acceleration to a mass (ma) F newton (N) (kgms~2)

Weight Force exerted by gravity on a mass (mg) w kgx9.81ms™?

Pressure Force per unit area (F/A) P Nm=

Temperature Tendency to gain or lose heat T kelvin (K) or degree Celsius (°C)

Work Performed when a force moves an object u joule (J) (Nm)
(forcexdistance)

Energy Capacity for doing work (forcexdistance) joule (J) (Nm)

Power Rate of performing work (joules per second) P watt (W) (Js™)

Force is that which is required to give a mass
acceleration:

force(F) = mass X acceleration
=ma
The SI unit of force is the newton (N). One newton
is the force required to give a mass of 1kg an accelera-
tion of Ims™:

IN=1kgms™

Weight is the force of the earth’s attraction for a
body. When a body falls freely under the influence of
gravity, it accelerates at a rate of 9.81 ms™ (g):

weight (W)= mass X g
=mxg
=mx9.81kgms™

Momentum is defined as mass multiplied by
velocity:

momentum=m X v
Work is undertaken when a force moves an object:

work =force X distance

=F xINm (or joules, J)

Energy is the capacity for undertaking work. Thus it
has the same units as those of work. Energy can exist in
several forms, such as mechanical (kinetic energy [KE]
or potential energy [PE]), thermal or electrical and all
have the same units.

Power (P) is the rate of doing work. The SI unit of

power is the watt, which is equal to 1]s™":

power =work per unit time
= joules per second
=watt (W)

Pressure is defined as force per unit area:

force

pressure ( p) = p—

=Nm™
= pascal (Pa)
As 1Paisarather small unit, it is more common in med-
ical practice to use the kilopascal (kPa): 1 kPa=7.5mmHg.

FLUIDS

Substances may exist in solid, liquid or gaseous form.
These forms or phases differ from each other accord-
ing to the random movement of their constituent
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atoms or molecules. In solids, molecules oscillate
about a fixed point, whereas in liquids the molecules
possess higher velocities and therefore higher kinetic
energy; they move more freely and thus do not bear
a constant relationship in space to other molecules.
The molecules of gases possess even higher kinetic
energy and move freely to an even greater extent.

Both gases and liquids are termed fluids. Liquids are
incompressible and at constant temperature occupy a
fixed volume, conforming to the shape of a container;
gases have no fixed volume but expand to occupy the
total space of a container. Nevertheless the techniques
for analysing the behaviour of liquids and gases (or
fluids in general) in terms of their hydraulic and ther-
modynamic properties are very similar.

In the process of vaporization, random loss of liquid
molecules with higher kinetic (thermal) energies from
the liquid occurs while vapour molecules randomly lose
thermal (kinetic) energy and return to the liquid state.
Heating a liquid increases the kinetic energy of its mol-
ecules, permitting a higher proportion to escape from the
surface into the vapour phase. The acquisition by these
molecules of higher kinetic energy requires an energy
source and this usually comes from the thermal energy of
the liquid itself, which leads to a reduction in its thermal
energy as vaporization occurs and hence the liquid cools.

Collision of randomly moving molecules in the
gaseous phase with the walls of a container is respon-
sible for the pressure exerted by a gas. The difference
between a gas and a vapour will be discussed later.

Behaviour of Gases
The Gas Laws

There are three gas laws which determine the behav-
iour of gases and which are important to anaesthetists.
These are derived from the kinetic theory of gases;
they depend on the assumption that the substances
concerned are perfect gases (rather than vapours), and
they assume a fixed mass of gas.

Boyle’s law states that, at constant temperature, the
volume (V) of a given mass of gas varies inversely with
its absolute pressure (P):

PV=k,

Charles’ law states that, at constant pressure, the
volume of a given mass of gas varies directly with its
absolute temperature (7):

V=k,T

The third gas law (sometimes known as Gay-
Lussac’s law) states that, at constant volume, the abso-
lute pressure of a given mass of gas varies directly with
its absolute temperature:

P=kT
Combining these three gas laws:
PV=kT

or

where suffixes 1 and 2 represent two conditions dif-
ferent in P, V and T of the gas. Note that where a
change of conditions occurs slowly enough for
T,=T, conditions are said to be isothermal, and the
combined gas law could be thought of as another
form of Boyle’s law.

The behaviour of a mixture of gases in a container
is described by Dalton’s law of partial pressures. This
states that, in a mixture of gases, the pressure exerted
by each gas is the same as that which it would exert
if it alone occupied the container. Dalton’s law can
be used to compare volumetric fractions (concentra-
tions) to calculate partial pressures, which are an im-
portant concept in anaesthesia. Thus, in a cylinder of
compressed air at a pressure of 100bar, the pressure
exerted by nitrogen is equal to 79 bar, as the fractional
concentration of nitrogen is 0.79.

Avogadro’s Hypothesis

Avogadro’s hypothesis, also deduced from the kinetic
theory of gases, states that equal volumes of gases at
the same temperature and pressure contain equal
numbers of molecules.

Avogadro’s number is the number of molecules in
1 gram-molecular weight of a substance and is equal
t0 6.022 X 10%.

Under conditions of standard temperature and
pressure (0°C and 1.013 bar), 1 gram-molecular weight
(i.e. 28 g of nitrogen or 44 g of carbon dioxide) of any
gas occupies a volume of 22.4 litres (L).

These data are useful in calculating, for example,
the quantity of gas produced from liquid nitrous
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oxide. The molecular weight of nitrous oxide is 44.
Thus, 44 g of N O occupy a volume of 22.4L at stan-
dard temperature and pressure (STP). If a full cylinder
of N,O contains 3.0kg of liquid, then vaporization of
all the liquid would yield:

22.4x3.0x1000L

44
=1527 Lat STP

The gas laws can be applied to calculate its volume
at, say, room temperature, bearing in mind that the
Kelvin scale of temperature should be used for such
calculations.

Critical Temperature

If the temperature of a vapour is low enough, then
sufficient application of pressure to it will result in its
liquefication. If the vapour has a higher temperature,
implying greater molecular kinetic energy, no amount
of compression liquefies it. The critical temperature of
such a substance is the temperature above which that
substance cannot be liquefied by compression alone.
A substance in such a state is considered a gas, whereas a
substance below its critical temperature can be consid-
ered a vapour.

The critical temperature of oxygen is —118 °C, that
of nitrogen is —147°C, and that of air is —141 °C. Thus,
at room temperature, cylinders of these substances
contain gases. In contrast, the critical temperature of
carbon dioxide is 31°C and that of nitrous oxide is
36.4°C. The critical pressures are 73.8 and 72.5bar re-
spectively; at higher pressures, cylinders of these sub-
stances at UK room temperature contain a mixture of
gas and liquid.

Clinical Application of the Gas Laws

A “full’ cylinder of oxygen on an anaesthetic machine
contains compressed gaseous oxygen at a pressure
of 137bar (20001b in~?) gauge pressure. If the cylin-
der of oxygen empties and the temperature remains
constant, the volume of gas contained is related
linearly to its pressure (by Boyle’s law). In practice,
linearity is not followed because temperature falls
as a result of adiabatic expansion of the compressed
gas; the term adiabatic implies a change in the state
of a gas without exchange of heat energy with its
surroundings.

By contrast, a nitrous oxide cylinder contains liquid
nitrous oxide in equilibrium with its vapour. The pres-
sure in the cylinder remains relatively constant at the
saturated vapour pressure for that temperature as the
cylinder empties to the point at which liquid has to-
tally vaporized. Subsequently, there is a linear decline
in pressure proportional to the volume of gas remain-
ing within the cylinder.

Filling Ratio. The degree of filling of a nitrous oxide
cylinder is expressed as the mass of nitrous oxide in
the cylinder divided by the mass of water that the cyl-
inder could hold. Normally, a cylinder of nitrous oxide
is filled to a ratio of 0.67. This should not be confused
with the volume of liquid nitrous oxide in a cylinder. A
‘full’ cylinder of nitrous oxide at room temperature is
filled to the point at which approximately 90% of the
interior of the cylinder is occupied by liquid, the re-
maining 10% being occupied by nitrous oxide vapour.
Incomplete filling of a cylinder is necessary because
thermally induced expansion of the liquid in a totally
full cylinder may cause cylinder rupture. Because va-
pour pressure increases with temperature, it is neces-
sary to have a lower filling ratio in tropical climates
than in temperate climates.

Entonox. Entonox is the trade name for a com-
pressed gas mixture containing 50% oxygen and
50% nitrous oxide. The mixture is compressed into
cylinders containing gas at a pressure of 137bar
(20001b in™*) gauge pressure (see below). The nitrous
oxide does not liquefy because the two gases in this
mixture ‘dissolve’ in each other at high pressure.
In other words, the presence of oxygen reduces the
critical temperature of nitrous oxide. The critical
temperature of the mixture is —7°C, which is called
the ‘pseudocritical temperature’. Cooling of a cylin-
der of Entonox to a temperature below —7 °C results
in separation of liquid nitrous oxide. Use of such a
cylinder results in oxygen-rich gas being released
initially, followed by a hypoxic nitrous oxide-rich
gas. Consequently, it is recommended that when
an Entonox cylinder may have been exposed to low
temperatures, it should be stored horizontally for a
period of not less than 24 h at a temperature of 5°C
or above. In addition, the cylinder should be inverted
several times before use.
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Pressure Notation in Anaesthesia

Although the use of SI units of measurement is gen-
erally accepted in medicine, a variety of ways of ex-
pressing pressure is still used, reflecting custom and
practice. Arterial pressure is still referred to universally
in terms of mmHg because a column of mercury is still
used occasionally to measure arterial pressure and also
to calibrate electronic devices.

Measurement of central venous pressure is some-
times referred to in cm H,O because it can be measured
using a manometer filled with saline, but it is more
commonly described in mmHg when measured using
an electronic transducer system. Note that, although
we colloquially speak of ‘em H,0” or ‘mmHg} the ac-
tual expression for pressure measured by a column of
fluid is P = p.g.H, where p is fluid density, g is accelera-
tion due to gravity and H is the height of the column.
Because mercury is 13.6 times more dense than water,
a mercury manometer can measure a given pressure
with a much shorter length of column of fluid. For

Torricellian
—" vacuum

760 mm

Atmospheric
pressure Pg

J

J

Mercury

—

A
FIGURE 14.1

B

example atmospheric pressure (P,) exerts a pressure
sufficient to support a column of mercury of height
760 mm (Fig. 14.1).

1 atmospheric pressure=760 mmHg
=1.01325bar
=760 torr
= 1 atmosphere absolute (ata)
=14.71b in>
=101.325kPa
= 10.33 metres of H,O

In considering pressure, it is necessary to indicate
whether or not atmospheric pressure is taken into ac-
count. Thus, a diver working 10 m below the surface of
the sea may be described as compressed to a depth of 1
atmosphere or working at a pressure of 2 atmospheres
absolute (2 ata).

In order to avoid confusion when discussing com-
pressed cylinders of gases, the term gauge pressure
is used. Gauge pressure describes the pressure of the

M

1

33.9 ft
or
10.33 m

Water

The simple barometer described by Torricelli (not to scale). (A) Filled with mercury. (B) Filled with water.
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contents above ambient pressure. Thus, a full cylinder
of oxygen has a gauge pressure of 137 bar, but the con-
tents are at a pressure of 138 bar absolute.

GAS REGULATORS

Pressure Relief Valves

The Heidbrink valve is a common component of
many anaesthesia breathing systems. In the Magill
breathing system, the anaesthetist may vary the force in
the spring(s), thereby controlling the pressure within the
breathing system (Fig. 14.2). At equilibrium, the force
exerted by the spring is equal to the force exerted by
gas within the system:

force (F)=gas pressure (P)xdisc area (A)

Modern anaesthesia systems contain a variety of
pressure relief valves, in each of which the force is fixed
so as to provide a gas escape mechanism when pressure
reaches a preset level. Thus, an anaesthetic machine
may contain a pressure relief valve operating at 35 kPa,
situated on the back bar of the machine between the
vaporizers and the breathing system to protect the
flowmeters and vaporizers from excessive pressures.
Modern ventilators contain a pressure relief valve set at
7kPa to protect the patient from barotrauma. A much
lower pressure is set in relief valves which form part of

Spring exerting force F

) I

\

Disc area A

Pressure P

FIGURE 14.2 = A pressure relief valve.

anaesthetic scavenging systems and these may operate
at pressures of 0.2—-0.3kPa to protect the patient from
negative pressure applied to the lungs.

Pressure-Reducing Valves (Pressure
Regulators)

Pressure regulators have two important functions in
anaesthetic machines:

® They reduce high pressures of compressed gases
to manageable levels (acting as pressure-reducing
valves).

® They minimize fluctuations in the pressure
within an anaesthetic machine, which would ne-
cessitate frequent manipulations of flowmeter
controls.

Modern anaesthetic machines are designed to operate
with an inlet gas supply at a pressure of 3—4 bar (usually
4bar in the UK). Hospital pipeline supplies also operate
ata pressure of 4 bar and therefore pressure regulators are
not required between a hospital pipeline supply and an
anaesthetic machine. In contrast, the contents of cylin-
ders of all medical gases (i.e. oxygen, nitrous oxide, air
and Entonox) are at much higher pressures. Thus, cyl-
inders of these gases require a pressure-reducing valve
between the cylinder and the flowmeter.

The principle on which the simplest type of pres-
sure-reducing valve operates is shown in Figure 14.3.
High-pressure gas enters through the valve and forces
the flexible diaphragm upwards, tending to close the
valve and prevent further ingress of gas from the high-
pressure source.

If there is no tension in the spring, the relationship
between the reduced pressure (p) and the high pres-
sure (P) is very approximately equal to the ratio of the
areas of the valve seating (a) and the diaphragm (A):

p-A=P.a

or

N |
o=

By tensing the spring, a force F is produced which
offsets the closing effect of the valve. Thus, p may be
increased by increasing the force in the spring.

Without the spring, the simple pressure regulator
has the disadvantage that reduced pressure decreases
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inlet P outlet p
Valve seating
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FIGURE 14.3 © A simple pressure-reducing valve.

Corrugated hose 42

2nd stage pressure reduction
(atmospheric)

proportionally with the decrease in cylinder pressure.
The addition of a force from the spring considerably
reduces but does not eliminate this problem, and in or-
der to overcome it, newer pressure regulators contain
an extra closing spring. During high flows, the input to
the valve may not be able to keep pace with the output.
This can cause the regulated pressure to fall. A two-
stage regulator can be employed in order to overcome
this. Simple one-stage regulators are often designed for
use with a specific gas. A universal regulator, in which
the body is used for all gases but has different seatings
and springs fitted for each specific gas, is now available.

Pressure Demand Regulators

These are regulators in which gas flow occurs when
an inspiratory effort is applied to the outlet port. The
Entonox valve is a two-stage regulator and its mode of
action is demonstrated in Figure 14.4. The first stage
is identical to the reducing valve described above. The
second-stage valve contains a diaphragm. Movement of
this diaphragm tilts a rod, which controls the flow of gas
from the first-stage valve. The second stage is adjusted so
that gas flows only when pressure is below atmospheric.

Safety valve

Spring

Diaphragm

1st stage reduction

Filter

i

Non-interchangeable

cylinder valve and yoke

v

Sensing diaphragm

2nd stage (tilting type) valve

FIGURE 14.4

1st stage valve

Gas cylinder

The Entonox two-stage pressure demand regulator.
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Flow of Fluids

Viscosity (1) is the constant of proportionality relat-
ing the stress (t) between layers of flowing fluid (or
between the fluid and the vessel wall), and the velocity
gradient across the vessel, dv/dr.

Hence:

T=n dv
dr
or
shear stress

- velocity gradient

In this context, velocity gradient is equal to the differ-
ence between velocities of different fluid layers divided
by the distance between layers (Fig. 14.5B). The units of
the coefficient of viscosity are Pascal seconds (Pas).

Fluids for which n is constant are referred to as
Newtonian fluids. However, some biological fluids are
non-Newtonian, an example of which is blood; viscos-
ity changes with the rate of flow of blood (as a result
of change in distribution of cells) and, in stored blood,
with time (blood thickens on storage).

Viscosity of liquids diminishes with increase in
temperature, whereas viscosity of a gas increases with
increase in temperature. An increase in temperature
is due to an increase of kinetic energy of fluid mol-
ecules. This can be thought of as causing a freeing up

)\
)
/

>

_
A
V1
{a
—_—
Vs
) V-V,
B Velocity gradient =
FIGURE 14.5 ™ (A) Diagrammatic illustration of laminar

flow. (B) Velocity gradient.

of intermolecular bonds in liquids, and an increase in
intermolecular collisions in gas.

Laminar Flow

Laminar flow through a tube is illustrated in
Figure 14.5A. In this situation, there is a smooth, or-
derly flow of fluid such that molecules travel with the
greatest velocity in the axial stream, whilst the velocity
of those in contact with the wall of the tube may be
virtually zero. The linear velocity of axial flow is twice
the average linear velocity of flow.

In a tube in which laminar flow occurs, the relation-
ship between flow and pressure is given by the Hagen—
Poiseuille formula:

AP
8n!

Q=

where Q is the flow, AP is the pressure gradient along
the tube, r is the radius of the tube, 1 is the viscosity of
fluid and [ is the length of the tube.

The Hagen—Poiseuille formula applies only to
Newtonian fluids and to laminar flow. In non-
Newtonian fluids such as blood, increase in velocity
of flow may alter viscosity because of variation in the
dispersion of cells within plasma.

Turbulent Flow: Flow of Fluids Through Orifices

In turbulent flow, fluid no longer moves in orderly
planes but swirls and eddies around in a haphazard
manner as illustrated in Figure 14.6. Essentially, tur-
bulent flow is less efficient in the transport of fluids
because energy is wasted in the eddies, in friction and
in noise (bruits). Although viscosity is the important
physical variable in relation to the behaviour of fluids
in laminar flow, turbulent flow is more markedly af-
fected by changes in fluid density.

It may be seen from Figure 14.7 that the relation-
ship between pressure and flow is linear within certain
limits. However, as velocity increases, a point is reached
(the critical point or critical velocity) at which the
characteristics of flow change from laminar to turbu-
lent. The critical point is dependent upon several fac-
tors, which were investigated by the physicist Osborne
Reynolds. These factors are related by the formula used
for calculation of Reynolds’ number:

Reynolds’ number = vpr/m
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FIGURE 14.6 Diagrammatic illustration of turbulent flow.
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FIGURE 14.7 = The relationship between pressure and flow

in a fluid is linear up to the critical point, above which flow
becomes turbulent.

where v is the fluid linear velocity, r is the radius of the
tube, p is the fluid density and 7 is its viscosity.

Studies with cylindrical tubes have shown that if
Reynolds’ number exceeds 2000, flow is likely to be
turbulent, whereas a Reynolds’ number of less than
2000 is usually associated with laminar flow. However,
localized areas of turbulent flow can occur at lower
Reynolds’ numbers (i.e. at lower velocities) when there
are changes in fluid direction, such as at bends, or
changes in cross sectional area of the tube.

While the behaviour of fluids in laminar flow can
be described by the Hagen—Poiseuille equation, the
characteristics of turbulent flow are dependent on:

m the square root of the pressure difference driving
the flow
m the square of the diameter of the vessel
m the square root of density (p) of the fluid, i.e.:
(AP)" R?

Q=o. o

A tube can be thought of as having a length many
times its diameter. In an orifice by contrast, the diam-
eter of the fluid pathway exceeds the length. The flow
rate of a fluid through an orifice is much more likely to
be turbulent and is described by the factors discussed
above.

Applications of Turbulence in Anaesthetic Practice.

® In upper respiratory tract obstruction of any
severity, flow is inevitably turbulent downstream
of the obstruction; thus for the same respiratory
effort (driving pressure), a lower tidal volume
is achieved than when flow is laminar. The ex-
tent of turbulent flow may be reduced by reduc-
ing gas density; clinically, it is common practice
to administer oxygen-enriched helium rather
than oxygen alone (the density of oxygen is
1360kgm™ and that of helium is 160kgm™).
This reduces the likelihood of turbulent flow
and reduces the respiratory effort required by the
patient.

® In anaesthetic breathing systems, a sudden
change in diameter of tubing or irregular-
ity of the wall may be responsible for a change
from laminar to turbulent flow. Thus, tra-
cheal and other breathing tubes should possess
smooth internal surfaces, gradual bends and no
constrictions.

m Resistance to breathing is much greater when
a tracheal tube of small diameter is used
(Fig. 14.8). Tubes should be of as large a dia-
meter and as short as possible.

In a variable orifice flowmeter, gas flow at low flow
rates is predominantly laminar. Flow depends on vis-
cosity. At higher flow rates, because the flowmeter
behaves as an orifice, turbulent flow dominates and
density is more important than viscosity.

THE VENTURI, THE INJECTOR AND
BERNOULLI

A venturi is a tube with a section of smaller diameter
than either the upstream or the downstream parts
of the tube. The principles governing the behaviour
of fluid flow through a venturi were formulated by
Bernoulli in 1778, some 60 years earlier than Venturi
himself. In any continuum, the energy of the fluid
may be decribed by the Bernoulli equation, which
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FIGURE 14.8 " Resistance to gas flow through tracheal
tubes of different internal diameter (ID).

suggests that the sum of energies possessed by the
fluid is constant, i.e.:

2
p%(KE) +P(PE) = constant,

assuming that the predominant fluid flow is hori-
zontal such that gravitational potential energy can be
ignored.

In a venturi, in order that the fluid flow be con-
tinuous, its velocity must increase through its nar-
rowed throat (v,>v)). This is associated with an
increase in kinetic energy and Bernoulli’s equation
shows that where this occurs, there is an associated
reduction in potential energy and therefore in pres-
sure. Beyond the constriction, velocity decreases
back to the initial value and the pressure rises
again. The principle is illustrated in Figure 14.9. At
point A, the energy in the fluid consists of poten-
tial (pressure) and kinetic (velocity), but at point B
the amount of kinetic energy has increased because
of the increased velocity. As the total energy state
must remain constant, pressure is reduced at point
B. A venturi has a number of uses, including that
of a flow measurement device. For optimum per-
formance of a venturi, it is desirable for fluid flow
to remain laminar and this is achieved by gradual

— V, —> VY, — V,
h
N—
FIGURE 14.9 © The Bernoulli principle. See text for full
details.

opening of the tube beyond the constriction. In this
way, if a U tube manometer is placed with one limb
sampling the pressure at point A and the other at
point B, then if the flow remains laminar, Hagen—
Poiseuille’s equation suggests a linear relationship
between the pressure difference and the flow; this
makes calibration of such a flowmeter relatively
easy. This contrasts with an orifice, at the outflow
of which the flow is usually turbulent. Although an
orifice can be used as a flowmeter, the relationship
between pressure difference and flow is non-linear.
Another use of a venturi is as a device for entraining
fluid from without. If a flow of oxygen is fed into a
venturi through a nozzle, the low pressure induced
at the throat may be used to entrain air, thus giving a
metered supply of oxygen-enriched air, or acting as
an injector by multiplying the amount of air flowing
through the venturi towards the patient’s lungs. If,
instead, a hole is made in the side of the venturi at
the throat, then the low pressure at that point may
form the basis of a suction device (Fig. 14.10).

The injector principle may be seen in anaesthetic
practice in the following situations:

m Oxygen therapy. Several types of venturi oxygen
masks are available which provide oxygen-
enriched air. With an appropriate flow of oxygen
(usually exceeding 4Lmin™), there is a large
degree of entrainment of air. This results in a to-
tal gas flow that exceeds the patient’s peak inspi-
ratory flow rate, thus ensuring that the inspired
oxygen concentration remains constant, and
it prevents an increase in apparatus dead space
which always accompanies the use of low-flow
oxygen devices.
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FIGURE 14.10 © Fluid entrainment by a venturi injector.
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® Nebulizers. These are used to entrain water from a
reservoir. If the water inlet is suitably positioned,
the entrained water may be broken up into a fine
mist by the high gas velocity.

® Portable suction apparatus.

B Oxygen tents.

® As a driving gas in a ventilator (Fig. 14.11).

The Coanda Effect

The Coanda effect describes a phenomenon whereby
when gas flows through a tube and enters a Y-junction,
gas tends to cling either to one side of the tube or to
the other. This is because a Y-junction usually implies
a reduction in downstream tube diameter, and thus an

j/

——

FIGURE 14.12 The Coanda effect.

increase in velocity with a reduction in pressure adja-
cent to the wall. The gas is often not divided equally
between the two outlets. The principle has been used
in anaesthetic ventilators (termed fluidic ventilators),
as the application of a small pressure distal to the re-
striction may enable gas flow to be switched (using an
external cross flow of gas) from one side to another
(Fig. 14.12).

HEAT

Heat is the energy which may be transferred from a
body at a hotter temperature to one at a colder tem-
perature. Its units are therefore Joules. As alluded to
earlier, energy takes a number of forms and, if account
is taken of energy losses, they are interchangeable. For
example, if heat energy is applied to an engine, me-
chanical energy is the output. In a refrigeration cycle,
mechanical energy is put in and heat is extracted
from the cold compartment to the environment.
Temperature is a measure of the tendency of an object
to gain or lose heat.

Temperature and its Measurement

The Kelvin scale was adopted as an international tem-
perature scale. The triple point of water is chosen as
one reference point for the temperature scale; this is
the point at which all three phases of water (ice, wa-
ter, steam) are in equilibrium with each other, and al-
though the pressure at which this occurs is very low
(0.006bar), the temperature at which this occurs is
only fractionally greater than that of the ice point at
atmospheric pressure (1.013bar). The internationally
agreed temperature ‘number’ of the triple point of wa-
ter is 273.16, because it is this number of units above
the recognized absolute zero of temperature, which
was deduced from extrapolations of the relationships
between pressure, volume and temperature of gases.
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Hence the unit of thermodynamic temperature (the
Kelvin; K) is the fraction 1/273.16 of the thermody-
namic temperature of the triple point of water. The
difference in temperature between the ice point for
water and the steam point remains 100 units, which
makes the range almost identical to the earlier, em-
pirically derived, Celsius scale. It is not precisely the
same, because this scale has its datum at 273.15K, i.e.
0.01 K below the triple point. Although the unit on the
thermodynamic Celsius scale is identical to that on the
Kelvin scale, it is usual to denote 273.15K as 0°C.

Consequently, the intervals on the Celsius scale are
identical to those on the Kelvin scale and the relation-
ship between the two scales is as follows:

temperature (K)=temperature (°C)+273.15

Temperature is measured in clinical practice by one
of the following techniques:

® Liquid expansion thermometer. Mercury and
alcohol are the more commonly used liquids.

® Thermistor. This is a semiconductor, which ex-
hibits a reduction in electrical resistance with
increase in temperature.

® Thermocouple. This relies on the Seebeck effect.
When two metal conductors are joined together
to form a circuit, a potential difference is pro-
duced which is proportional to the difference in
the temperatures of the two junctions. In order
to measure temperature, one junction has to be
kept at a constant temperature.

® Chemical thermometers. These thermometers are
described in more detail in Chapter 16.

Specific Heat Capacity

The specific heat capacity of a substance is the energy
required to raise the temperature of 1kg of the sub-
stance by 1K, i.e.:

heat energy required = mass X specific heat
capacity X temperature rise

Its units are J kg™' K. For gases, there are slight differ-
ences in specific heat capacities depending on whether
the thermodynamic process being undergone is at con-
stant pressure or at constant volume. The specific heat
capacity of different substances is of interest because
anaesthetists are frequently concerned with mainte-
nance of body temperature in unconscious patients.

Heat is lost from patients by the processes of:

m conduction

B convection

m radiation, which is the most common mode of
heat loss

® evaporation.

The specific heat capacity of gases is up to 1000
times smaller than that of liquids. Consequently, hu-
midification of inspired gases is a more important
method of conserving heat than warming dry gases;
in addition, the use of humidified gases minimizes the
very large energy loss produced by evaporation of fluid
from the respiratory tract.

The skin acts as an almost perfect radiator; radiant
losses in susceptible patients may be reduced by the
use of reflective aluminium foil (‘space blanket’).

VAPORIZATION AND VAPORIZERS

In a liquid, molecules are in a state of continuous mo-
tion due to their kinetic energy, and are held in the
liquid state because of intermolecular attraction by
van der Waal’s forces. Some molecules may develop
velocities sufficient to escape from these forces, and if
they are close to the surface of a liquid, these molecules
may escape to enter the vapour phase. Increasing the
temperature of a liquid increases its kinetic energy and
a greater number of molecules escape. As the faster
moving molecules escape into the vapour phase, the
net velocity of the remaining molecules reduces; thus
the energy state and therefore temperature of the lig-
uid phase are reduced. The amount of heat required
to convert a unit mass of liquid into a vapour without
a change in temperature of the liquid is termed the
‘latent heat of vaporization’.

In a closed vessel containing liquid and gas, a state
of equilibrium is reached when the number of mol-
ecules escaping from the liquid is equal to the number
of molecules re-entering the liquid phase. The vapour
concentration is then said to be saturated at the speci-
fied temperature. Saturated vapour pressure of liquids
is independent of the ambient pressure, but increases
with increasing temperature.

The boiling point of a liquid is the tempera-
ture at which its saturated vapour pressure becomes
equal to the ambient pressure. Thus, on the graph in
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FIGURE 14.13 = Relationship between vapour pressure and temperature for different anaesthetic agents.

Figure 14.13, the boiling point of each liquid at
1 atmosphere is the temperature at which its saturated
vapour pressure is 101.3 kPa.

Vaporizers
Vaporizers may be classified into two types:

m drawover vaporizers
® plenum vaporizers.

In the former type, gas is pulled through the vaporizer
when the patient inspires, creating a subatmospheric pres-
sure. In the latter type, gas is forced through the vaporizer
by the pressure of the fresh gas supply. Consequently, the
resistance to gas flow through a drawover vaporizer must
be extremely small; the resistance of a plenum vaporizer
may be high enough to prevent its use as a drawover va-
porizer, although this is not necessarily so.

The principles of both devices are similar. If we
consider the simplest form of vaporizer (Fig. 14.14),
the concentration (C) of anaesthetic in the gas mix-
ture emerging from the outlet port is dependent upon:

® The saturated vapour pressure of the anaesthetic
liquid in the vaporizer. A highly volatile agent
such as diethyl ether or desflurane is present in
a much higher concentration than a less volatile

agent (i.e. with a lower saturated vapour pres-
sure) such as halothane or isoflurane.

The temperature of the liquid anaesthetic agent,
as this determines its saturated vapour pressure.
The splitting ratio, i.e. the flow rate of gas through
the vaporizing chamber (F)) in comparison with
that through the bypass (F — F,). Regulation
of the splitting ratio is the usual mechanism
whereby the anaesthetist controls the output
concentration from a vaporizer.

The surface area of the anaesthetic agent in the
vaporizer. If the surface area is relatively small
during use, the flow of gas through the vapor-
izing chamber may be too rapid to achieve com-
plete saturation with anaesthetic molecules of
the gas above the liquid.

Duration of use. As the liquid in the vaporizing
chamber evaporates, its temperature, and thus its
saturated vapour pressure, decreases. This leads
to a reduction in concentration of anaesthetic in
the mixture leaving the exit port.

The flow characteristics through the vaporizing
chamber. In the simple vaporizer illustrated, gas
passing through the vaporizing chamber may
fail to mix completely with vapour as a result of
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FIGURE 14.14 = Asimple type of vaporizer.

streaming because of poor design. This lack of
mixing is flow-dependent.

® Modern anaesthetic vaporizers overcome many
of the problems described above. Maintenance of
full saturation may be achieved by making avail-
able a large surface area for vaporization. In the
TEC series of vaporizers, this is achieved by the
use of wicks which draw up liquid anaesthetic
by capillary pressure and provide a very large
surface area. Efficient vaporization and preven-
tion of streaming of gas through the vaporizing
chamber are achieved by ensuring that gas travels
through a concentric helix, which is bounded by
the fabric wicks. Another method of ensuring full
saturation is to bubble gas through liquid anaes-
thetic via a sintered disc; the final concentration is
determined by mixing a known flow of fresh gas
with a measured flow of fully saturated vapour.

Temperature Compensation

Temperature-compensated vaporizers possess a mech-
anism which produces an increase in flow through the
vaporizing chamber (i.e. an increased splitting ratio) as
the temperature of liquid anaesthetic decreases. In the
TEC vaporizers, a bimetallic strip controls (by bend-
ing) a valve which alters flow through the exit port of
the vaporizing chamber. In the EMO and Ohio vapor-
izers, a bellows mechanism is used to regulate the valve
(by shortening with decreased temperature), whilst in

the Drager Vapor 19 vaporizers, a metal rod acts in a
similar fashion.

Back Pressure (Pumping Effect)

Some gas-driven mechanical ventilators (e.g. the Manley
ventilator) produce a considerable increase in pressure
in the outlet port and back bar of the anaesthetic ma-
chine. This pressure is highest during the inspiratory
phase of ventilation. If the simple vaporizer shown in
Figure 14.14 is attached to the back bar, the increased
pressure during inspiration compresses the gas in the
vaporizer; some gas in the region of the inlet port of the
vaporizer is forced into the vaporizing chamber, where
more vapour is added to it. Subsequently, there is a
temporary surge in anaesthetic concentration when the
pressure decreases at the end of the inspiratory cycle.
This effect is irrelevant with efficient vaporizers
(i.e. those which saturate gas fully in the vaporization
chamber) because gas in the outlet port is already satu-
rated with vapour. However, when pressure reduces at
the end of inspiration, some saturated gas passes retro-
gradely out of the inspiratory port and mixes with the
bypass gas. Thus, a temporary increase in total vapour
concentration may still occur in the gas supplied to the
patient. Methods of overcoming this problem include:

® incorporation of a one-way valve in the outlet port

® construction of a bypass chamber and vaporizing
chamber which are of equal volumes so that the
gas in each is compressed or expanded equally
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® construction of a long inlet tube to the vapor-
izing chamber so that retrograde flow from the
vaporizing chamber does not reach the bypass
channel (as in the Mark 3 TEC vaporizers).

HUMIDITY AND HUMIDIFICATION
Absolute and Relative Humidity

Absolute humidity (gm~ or mgL™") is the mass of wa-
ter vapour present in a given volume of gas. Relative
humidity is the ratio of mass of water vapour in a
given volume of gas to the mass required to saturate
that volume of gas at the same temperature.

Since a mass of water vapour in a sample of air has
an associated temperature-dependent vapour pres-
sure, relative humidity (RH) may also be expressed as:

actual vapour pressure
RH = Pourp
saturated vapour pressure

In normal practice, relative humidity may be mea-
sured using:

® The hair hygrometer. This operates on the prin-
ciple that a hair elongates if humidity increases;
the hair length controls a pointer. This simple
device may be mounted on a wall. It is reason-
ably accurate only in the range 15-85% relative
humidity.

® The wet and dry bulb hygrometer. The dry bulb
measures the actual temperature, whereas the
wet bulb measures a lower temperature as a re-
sult of the cooling effect of evaporation of water.
The rate of vaporization is related to the humid-
ity of the ambient gas and the difference between
the two temperatures is a measure of ambient
humidity; the relative humidity is obtained from
a set of tables.

m Regnault’s hygrometer. This consists of a thin sil-
ver tube containing ether and a thermometer to
show the temperature of the ether. Air is pumped
through the ether to produce evaporation,
thereby cooling the silver tube. When gas in con-
tact with the tube is saturated with water vapour,
it condenses as a mist on the bright silver. The
temperature at which this takes place is known
as the dew point, from which relative humidity is
obtained from tables.

Humidification of the Respiratory Tract

Air drawn into the respiratory tract becomes fully sat-
urated with water in the trachea at a temperature of
37°C. Under these conditions, the SVP of water is 6.3
kPa (47 mmHg); this represents a fractional concentra-
tion of 6.2%. The concentration of water is 44 mgL™".
At 21°C, saturated water vapour contains 2.4% water
vapour or 18 mgL™". Thus, there is a considerable ca-
pacity for patients to lose both water and heat when
the lungs are ventilated with dry gases.

There are three means of humidifying inspired gas:

m heated humidifier (water vaporizer)

® nebulizer

m condenser humidifier (also known as heat and
moisture exchanging [HME] humidifier).

The hot water bath humidifier is a simple device for
heating water to 45-60°C. These devices have several
potential problems, including infection if the water
temperature decreases below 45°C, scalding the patient
if the temperature exceeds 60°C (these high tempera-
tures may be used to prevent growth of bacteria) and
condensation of water in the inspiratory anaesthetic
tubing. These devices are approximately 80% efficient.

Some nebulizers are based upon a Venturi system;
a gas supply entrains water, which is broken up into
a large number of droplets. The ultrasonic nebulizer
operates by dropping water onto a surface, which is
vibrated at a frequency of 2 MHz. This breaks up the
water particles into extremely small droplets. The
main problem with these nebulizers is the possibility
that supersaturation of inspired gas may occur and the
patient may be overloaded with water.

The condenser humidifier (or artificial nose) may
consist of a simple wire mesh, which is inserted be-
tween the tracheal tube and the anaesthetic breath-
ing system. More recently, humidifiers constructed of
rolled corrugated paper have been introduced. These
devices are approximately 70% efficient.

SOLUBILITY OF GASES

Henry’s law states that, at a given temperature, the
amount of a gas which dissolves in a liquid is directly
proportional to the partial pressure of the gas in equi-
librium with the liquid. If a liquid is heated and its
temperature rises, the partial pressure of its saturated
vapour increases. This will result in gas molecules
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coming out of solution, and a lesser amount of gas re-
maining dissolved in the liquid. This is exemplified by
the carbon dioxide bubbles in a bottle of tonic water
becoming more apparent as time elapses from its re-
moval from the refrigerator.

It is customary to confine the term ‘tension’ to the
partial pressure of a gas exerted by gas molecules in solu-
tion, but the terms are synonymous. The tension of the
gas in solution is in equilibrium with the partial pressure
of the gas above it. A relatively insoluble gas will reach
equilibrium more quickly than a soluble one.

Solubility Coefficients

The Bunsen solubility coefficient is the volume of gas
which dissolves in a unit volume of liquid at a given
temperature when the gas in equilibrium with the liq-
uid is at a pressure of 1 atmosphere.

The Ostwald solubility coefficient is the volume of
gas which dissolves in a unit volume of liquid at a given
temperature. Thus, the Ostwald solubility coefficient is
independent of pressure.

The partition coefficient is the ratio of the amount
of substance in one phase compared with a second
phase, each phase being of equal volume and in equi-
librium, e.g. the amount of carbon dioxide in the gas
phase compared with the amount of carbon dioxide
dissolved in blood. As with the Ostwald coefficient,
it is necessary to define the temperature but not the
pressure. The partition coefficient may be applied to
two liquids, but the Ostwald coefficient applies to par-
tition between gas and liquid. The blood/gas partition
coefficient of an anaesthetic agent is an indicator of
the speed with which the alveolar gas concentration
equilibrates with the inspired concentration, a low co-
efficient (e.g. desflurane 0.42) leading to rapid equili-
bration. The oil/gas partition coefficient is a measure
of its potency, a high coefficient (e.g. isoflurane 98.5)
indicating an agent highly soluble in cerebral tissue,
leading to high anaesthetic potency and low MAC.
The Overton-Meyer hypothesis shows an inverse re-
lationship between MAC and the logarithm of lipid
potency.

Diffusion

If two different gases or liquids are separated in a con-
tainer by an impermeable partition which is then re-
moved, gradual mixing of the two different substances
occurs as a result of the kinetic activity of each species
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FIGURE 14.15 = lllustration of diffusion in fluids. (A)
Fluids X and Y separated by partition. (B) Mixing of fluids
after removal of partition.

of molecule. This is illustrated in Figure 14.15. The
principle governing this process is described by Fick’s
law of diffusion, which states that the rate of diffusion
of a substance across unit area is proportional to the
concentration gradient. Graham’s law (which applies
to gases only) states that the rate of diffusion of a gas is
inversely proportional to the square root of its molecu-
lar weight or density.

In the example shown in Figure 14.15B, the inter-
face between fluids X and Y immediately after removal
of the partition would be the interface between the two
species of fluid. In biology, however, there is normally
a membrane separating gases or separating gas and
liquids.

The rate of diffusion of gases may be affected by
the nature of the membrane. In the lungs, the alveo-
lar membrane is moist and may be regarded as a wa-
ter film. Thus, diffusion of gases through the alveolar
membrane is dependent not only on the properties of
diffusion described above but also on the solubility of
gas in the water film. As carbon dioxide is more highly
soluble in water than oxygen, it diffuses more rapidly
across the alveolar membrane, despite the larger par-
tial pressure gradient for oxygen.

Osmosis

In the examples given above, the membranes are per-
meable to all substances. However, in biology, mem-
branes are frequently semipermeable, i.e. they allow
the passage of some substances but are impermeable
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FIGURE 14.16

Diagram to illustrate osmotic pressure. (A) Water and glucose placed into two compartments separated by a

semipermeable membrane. (B) At equilibrium, water has passed into the glucose compartment to balance the pressure. (C) The
magnitude of osmotic pressure of the glucose is denoted by a hydraulic pressure P applied to the glucose to prevent any move-

ment of water into the glucose compartment.

to others. This is illustrated in Figure 14.16. In
Figure 14.16A, initially equal volumes of water and
glucose solution are separated by a semipermeable
membrane. Water molecules pass freely through the
membrane to dilute the glucose solution (Fig. 14.16B).
This process continues until the volume of the di-
luted glucose solution supports a significantly greater
head of fluid pressure than the water volume on the
other side of the membrane. This hydrostatic pres-
sure opposes the flow of water molecules through the
membrane into the glucose solution, driven by the dif-
ference in solution constituents. This driving pressure
is termed the osmotic pressure. Note that, depending
on the membrane properties, the glucose molecules
are probably too large to allow significant flow in the
opposite direction. By application of a hydrostatic
pressure on the glucose side (Fig. 14.16C), the process
of further transfer of water molecules can be prevented
or even reversed; this pressure (P) is equal to the os-
motic pressure exerted by the glucose solution.

Substances in dilute solution behave in accordance
with the gas laws. Thus, 1 gram-molecular weight of a
dissolved substance occupying 22.4L of solvent exerts
an osmotic pressure of 1bar at 273 K. Dalton’s law also
applies; the total osmotic pressure of a mixture of sol-
utes is equal to the sum of osmotic pressures exerted
independently by each substance.

The osmotic pressure of a solution depends on the
number of dissolved particles per litre. Thus, a molar

solution of a substance which ionizes into two particles
(e.g. NaCl) exerts twice the osmotic pressure exerted
by a molar solution of a non-ionizing substance (e.g.
glucose). The osmotic pressure may be produced by all
of a mixture of substances in a fluid. Thus, it is the sum
of the individual molarities of each particle.

While osmolarity has units of osmoles per litre of
solution the term osmolality refers to the number of
osmoles per kilogram of water or other solvent. Thus,
osmolarity may vary slightly from osmolality as a
result of changes in density due to the effect of tem-
perature on volume, although in biological terms the
difference is extremely small.

In the circulation, water and the majority of ions
are freely permeable across the endothelial membrane,
but plasma proteins do not traverse into the intersti-
tial fluid. The term oncotic pressure is used to describe
the osmotic pressure exerted by the plasma proteins
alone. Plasma oncotic pressure is relatively small (ap-
proximately 1 mosmolL™" equivalent to 25 mmHg) in
relation to total osmotic pressure exerted by plasma
(approximately 300 mosmol L™ equivalent to 6.5 bar).

ELECTRICITY

Basic Quantities and Units

An ampere (A) is the unit of electric current in the SI
system. It represents the flow of 6.24x 10" electrons.
The ampere is defined as the current which, if flowing
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in two parallel wires of infinite length, placed 1 m apart
in a vacuum, produces a force of 2 X 107N m™ on each
of the wires.

Electric charge is the measure of the amount of elec-
tricity and its SI unit is the coulomb (C). The coulomb
is the quantity of electric charge that passes some point
when a current of 1 ampere (A) flows for a period of 1s:

coulombs (C) =amperes (A) X seconds (s)

Electrical potential exists when one point in an
electric circuit has more positive charge than another.
Electrical potential is analogous to height in a gravi-
tational field where a mass possesses potential energy
due to its height; another analogy might be the pres-
sure at the bottom of a water reservoir to drive a tur-
bine. The electrical potential of the earth is regarded as
the reference point for zero potential and is referred to
as ‘earth’ When a potential difference is applied across
a conductor, it produces an electric current and cur-
rent flows from an area of higher potential to one of
lower potential.

The unit for potential difference is the volt. One
volt is defined as the potential difference which pro-
duces a current of 1 ampere in a substance when the
rate of energy dissipation is 1 watt, as demonstrated in
the equation:
power (watts)

potential difference (volts) =
current (amperes)

A volt can also be defined as a potential difference
producing a change in energy of 1] when 1 coulomb
is moved across it. This definition is often used in con-
nection with defibrillators.

Ohm’s law states that the current flowing through
a resistance is proportional to the potential difference
across it. The unit for electrical resistance is the ohm
(Q). The ohm is that resistance which will allow 1 am-
pere of current to flow under the influence of a poten-
tial difference of 1 volt.

potential (V)

resistance (Q) " current (1 )

The anaesthetist is in daily contact with a large
amount of equipment which is powered by mains sup-
ply electricity; this includes monitoring equipment,
many ventilators, suction apparatus, defibrillators and
diathermy equipment.

Whilst a total understanding of this equipment and
its mode of action may depend upon a detailed know-
ledge of electronics, the equipment can usually be used
safely as a type of ‘black box; i.e. the inside of the box
may be a mystery, but the anaesthetist must be familiar
with the operating controls and the ways in which the
apparatus may malfunction or, if a recording instru-
ment, give rise to artefacts.

It is not possible in this brief chapter to provide a
full synopsis of the basic principles of electricity and
electronics, but it is essential to stress some elements
which have a bearing on the safety of both the patient
and the anaesthetist in the operating theatre.

In the UK, the mains electricity is supplied at a
voltage of 240V with a frequency of 50 Hz, and in the
USA at a voltage of 110V and a frequency of 60 Hz.
These voltages are potentially dangerous, although
the danger is related predominantly to the current
which flows through the patient as governed by
Ohm’s law.

When dealing with alternating current, it is neces-
sary to use the term impedance in place of resistance, as
impedance takes into account the frequency relation-
ship between current and voltage, which is important
in the presence of capacitors and inductors. The im-
pedance offered to flowing current by a capacitor is
inversely proportional to the current frequency. Hence
a capacitor blocks direct current. If an increasing mag-
nitude of electrical current at 50 Hz passes through the
body, there is initially a tingling sensation at a current
of 1 mA. An increase in the current produces increasing
pain and muscle spasm until, at 80—100 mA, arrhyth-
mias and ventricular fibrillation may occur. The elec-
trical disturbance that current can cause to biological
tissue is related to the current frequency, the greatest
sensitivity occurring at mains frequencies of 50-60 Hz,
with increasing resilience to such damage at lower and
higher frequencies. The choice of 50-60 Hz for mains
current is due to the lower energy losses which occur
in transmission lines.

Electrical Safety

The damage to tissue by electrical current is related
also to the current density; a current passing through
a small area is more dangerous than the same current
passing through a much larger area. Other factors re-
lating to the likelihood of ventricular fibrillation are
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the duration of passage of the current and its fre-
quency. Radiofrequencies in the megahertz range
(such as those used in diathermy) have no potential
for fibrillating the heart, but do cause burns.

It is clear from Ohm’s law that the size of the cur-
rent is dependent upon the size of the impedance to
current flow. A common way of reducing the risk of a
large current injuring the anaesthetist in the operating
theatre is to wear antistatic shoes and to stand on the
antistatic floor. This provides a high impedance (see
below).

Mains electricity supplies may induce currents in
other circuits or on cases of instruments. The resulting
induced currents are termed leakage currents and may
pass through either the patient or anaesthetist to earth.
There are three classes of electrical insulation which
are designed to minimize the risk of a patient or an-
aesthetist forming part of an electrical circuit between
the live conductor of a piece of equipment and earth:

m Class I equipment (fully earthed). The main sup-
ply lead has three cores (live, neutral and earth).
The earth is connected to all exposed conduc-
tive parts, and in the event of a fault developing
which short-circuits current to the casing of the
equipment, current flows from the case to earth.
If small enough, the casing is rendered safe, if
large enough the fuse on the live input to the
device is blown and the equipment is rendered
unusable, but safe.

m Class 1I equipment (double-insulated). This has
no protective earth. The power cable has only live
and neutral conductors and these are ‘double-
insulated”. The casing is normally made of non-
conductive material.

m Class I1I equipment (low voltage). This relies on a
power supply at a very low voltage produced from
a secondary transformer situated some distance
away from the device. Potentials do not exceed
24V (AC) or 50V (DC). Electric heating blankets,
for example, are rendered safer in this way.

Isolation Circuits

All modern patient-monitoring equipment uses an
isolation transformer so that the patient is connected
only to the secondary circuit of the transformer, which
is not earthed. Thus, even if the patient makes contact
between the live circuit of the secondary transformer

and earth, no current is transmitted to earth. If the
part of a circuit applied to the patient is not earthed,
it is said to be ‘floating), designated by ‘F’ in its safety
classification (vide infra).

Microshock

Induced currents and leakage currents can also occur
in electromedical equipment which has a component
within the patient, such as a cardiac pacemaker or a
saline-filled catheter connected to a transducer. With
the skin breached as the first defence against shock,
it only takes very small currents to cause manifesta-
tions of electrical shock, and this is termed microshock.
100 pA of current is enough to cause ventricular fibril-
lation under these circumstances.

Safety Testing

The International Electrotechnical Commission has
produced recommendations (adopted by the British
Standards Institute) defining the levels of permitted
leakage currents and patient currents from different
types of electromedical equipment. Whenever new
equipment is bought for a hospital, it should be sub-
jected to tests, which verify that the leakage currents
and other electrical safety characteristics are within
the allowed specifications. Equipment is labelled ac-
cording to whether it is suitable for external (B, BF) or
internal (CF) application to the patient, with testing to
appropriate levels of leakage current. Regular servic-
ing of equipment should be carried out by qualified
engineers to ensure that these safe characteristics are
maintained.

The Defibrillator

Capacitance is the ability to store electric charge. The
defibrillator is an instrument in which electric charge
is stored in a capacitor and then released in a con-
trolled fashion. Direct current (DC) rather than alter-
nating current (AC) energy is used. DC energy is more
effective, causes less myocardial damage and is less
arrhythmogenic than AC energy. However, biphasic
defibrillators are now available, as they use a lower en-
ergy level, potentially resulting in less cardiac damage.
Defibrillators are set according to the amount of en-
ergy stored and this depends on both the stored charge
and the potential:

available energy (J) =stored charge (C) X potential (V)
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To defibrillate a heart, two electrodes are placed
on the patient’s chest; one is placed just to one side of
the sternum and the other over the apex of the heart.
When it is discharged, the energy stored in the capaci-
tor is released as a current pulse through the patient’s
chest and heart. This current pulse gives a synchro-
nous contraction of the myocardium after which a re-
fractory period and normal or near-normal beats may
follow. The voltage may be up to 5000V with a stored
energy of up to 400]. In practice, an inductor is in-
cluded in the output circuit to ensure that the electric
pulse has an optimum shape and duration. The induc-
tor absorbs some of the energy which is discharged by
the capacitor.

Diathermy

The effect of passing electric current through the body
varies from slight physical sensation through muscle
contraction to ventricular fibrillation. The severity
of these effects depends on the amount and the fre-
quency of the current. These effects become less as the
frequency of the current increases, being small above
1 kHz and negligible above 1 MHz. However, the heat-
ing and burning effects of electric current can occur at
all frequencies.

A diathermy machine is used to pass electric cur-
rent of high frequency (about 1-2MHz) through the
body in order to cause cutting and/or coagulation by
burning local tissue where the current density is high.
In the electrical circuit involving diathermy equip-
ment, there are two connections with the patient. In
unipolar diathermy, these are the patient plate and the
active electrode used by the surgeon (Fig. 14.17A).
The current travels from the active electrode, through
the patient and exits through the patient plate. The
current density is high at the active end where burning
or cutting occurs, but it is low at the plate end, where
no injury occurs. If for any reason (e.g. a faulty plate)
the current flows from the patient through a small area
of contact between the patient and earth, then a burn
may occur at the point of contact.

In bipolar diathermy, there is no patient plate, but
the current travels down one side of the diathermy
forceps and out through the other side (Fig. 14.17B).
This type of diathermy uses low power and, because
the current does not travel through the patient, it is ad-
visable to use this in patients with a cardiac pacemaker.

ISOTOPES AND RADIATION

An atom consists of electrons which are negatively
charged and these orbit around a nucleus which
contains protons (positive charge) and neutrons (no
charge) (Fig. 14.18). Isotopes are variations of simi-
lar atoms but with different numbers of neutrons.
Isotopes with unstable nuclei are known as radio-
isotopes and are radioactive.

The process of change from one unstable isotope
to another is known as radioactive decay. The rate
of decay is measured by the half-life. The half-life of
an isotope is the time required for half of the radio-
active atoms present to disintegrate. When one atom
changes from one unstable state to another, it emits
energy in the form of gamma rays, or alpha or beta
particles. Gamma rays, and alpha and beta particles
all cause damage to or death of cells. Because of this,
radioisotopes are used for the treatment of cancer
(e.g. cobalt—60 and caesium-137) and for conditions
such as thyrotoxicosis (iodine-131). They may also
be used for diagnostic purposes. Technetium—99m,
krypton—-81 m and xenon-133 are used in imaging
techniques such as scanning. Chromium->51 is used in
non-imaging techniques such as labelling of red blood
cells in order to measure red cell volume.

Radiation may be detected using a scintillation
counter. The SI unit for radioactivity is the becquerel.

X-Rays

X-rays are electromagnetic radiation produced when
a beam of electrons is accelerated from a cathode to
strike an anode (often made of tungsten). They are
used for imaging purposes.

Radiation Safety

Exposure to radioisotopes and X-rays should be kept
to a minimum because of the risks of tissue damage
and chromosomal changes. Guidelines regarding the
use of ionizing radiation were issued in the UK by
the Department of Health in May 2000 in a docu-
ment called Ionising Radiation (Medical Exposure)
Regulations 2000 (IRMER 2000). The aims of this
document are to protect patients against unnecessary
exposure to radiation and to set standards for practi-
tioners using ionizing radiation. The request of non-
essential X-rays by clinicians is strongly discouraged. In
the UK, a doctor requires a certificate of authorization
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FIGURE 14.17 = Principle of the surgical diathermy system. (A) Unipolar diathermy. (B) Bipolar diathermy.
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before he or she can administer radiation compounds
to patients or use X-ray equipment. Lead absorbs X-rays
and so it is incorporated into aprons worn by staff who
Electron Neutron

are exposed to radiation. Staff who are exposed regularly
to radiation should wear film badges. The film badge
contains a piece of photographic film which permits es-
timation of the energy and dose of radiation received.

MAGNETIC RESONANCE IMAGING

Nuclear magnetic resonance (NMR) is a phenom-
enon that was first described by Bloch and Purcell
FIGURE 14.18 © Basic structure of an atom. in 1945 and has been used widely in chemistry and
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biochemistry. The more recent application of NMR to
imaging came to be known as magnetic resonance im-
aging (MRI). The word nuclear was removed in order
to emphasize that this technique was not associated
with any radiation risk.

Physical Principles of MRI

Because of the presence of protons, all atomic nuclei
possess a charge. In addition, the nuclei of some at-
oms spin. The combination of the spinning and the
charge results in a local magnetic field. When some
nuclei are placed in a powerful static magnetic field,
they tend to align themselves longitudinally with the
field. Approximately half of the nuclei are aligned par-
allel to the field and the other half antiparallel to it.
However, there is an excess of nuclei which are parallel
to the field and it is this population of nuclei which
are of interest in the principles of MRI. When such a
population of nuclei is subjected intermittently to a
second magnetic field which is oscillating at the reso-
nant frequency of the nucleus and at right angles to
the static field, they tend to precess (i.e. they rotate
about an axis different from the one about which they
are spinning). The precession of the nuclei produces
a rotating magnetic field and this is measured from
the magnitude of the electrical signal induced in a set
of coils within the MRI unit. The atoms then revert
to their normal alignment. As they do so, images are
made at different phases of relaxation known as T1,
T2 and other sequences. These sequences are recorded.
From the timings of these sequences, referred to as dif-
ferent weightings, the recorded images are compared
with each other. The detected signals are then used to
form an image of the body.

The hydrogen ion is used commonly for imaging
because it is abundant in the body and has a strong re-
sponse to an external magnetic field. Phosphorus may
also be used.

The ST unit for magnetic flux density is the tesla (T)
and magnets that are used in most MRI units have a
magnetic flux density of 0.1-4 T. The powerful mag-
netic field may be created by either a permanent mag-
net (which cannot be switched on and off and tends to
be heavy) or an electromagnet.

The presence of a strong magnetic field and re-
stricted access to the patient imply that anaesthesia
for patients undergoing an MRI scan presents unique

problems which should be taken into account when
planning MRI services. MRI-compatible anaesthetic
equipment is essential. The hazards associated with
using incorrect equipment include the projectile ef-
fect, burns and malfunction. Significant levels of
acoustic noise are produced during MRI imaging be-
cause of vibrations within the scanner. Ear protectors
should be provided to staff who may remain within
the examination room during the scan and to the pa-
tients. The noise level may also make audible alarms
inappropriate.

ULTRASOUND

Ultrasonic vibration is defined as between 20kHz and
the MHz range, outside hearing range. An ultrasound
probe or transmitter consists of a piezo-electric crys-
tal, which generates mechanical vibration, a vibrating
pressure wave, in response to an electrical input (see
Fig. 14.19A). Conversely it can also produce an electri-
cal output in response to a mechanical pressure wave
input. Hence the piezo-electric crystal can be used to
transmit a pressure wave and to detect a reflected wave
(see Fig. 14.19B).

The wavelength () and the transmission frequency
(f) are related to the propagation velocity ¢ by the for-
mula c=fA.

The period T of such a wave is the time taken for
one full cycle, and is given by T = I1/f.

Ultrasound velocity in a tissue and the attenua-
tion of the wave varies depending on the tissue it is
travelling through. In soft tissues the wave velocity
is between 1460 and 1630 ms™"' whereas in bone it is
2700-4100ms™". Bone attenuates the waveform about
10 times as quickly as soft tissue. The greatest penetra-
tion is achieved with the lowest frequency but with poor
resolution, while the converse holds for high frequency
waves. A compromise is to use the highest frequency
that will give good resolution, and which will also en-
sure adequate penetration of the tissues being investi-
gated. For example, a frequency of 3 MHz is normally
used to visualize the kidneys, while 20 MHz is used to
visualize intracorporeal devices inserted by the anaes-
thetist, such as needles and catheters. It is the reflection
of the ultrasound wave at the interface between two
tissues or at tissue-fluid (air) interfaces which provides
a diagnostic image. The same piezo-electric crystal



258 14 BASIC PHYSICS FOR THE ANAESTHETIST

Deformation Transducer
Pressure /7
wave | /
be
. .
", Electrical
o Crystal @ signal
Lo
- I
Transmit mode
Reflecting
A tissue/medium
Deformation /—Transducer
Pressure
wave I / Amplifier
w2
.
e Crystal
. Output
.
Lo
— I
Receive mode
B
FIGURE 14.19 Ultrasound generated from a piezo-electric

crystal. An electrical signal input causes the crystal to deform
(A), creating a pressure wave. Air conducts ultrasound poorly,
so coupling between probe and surface requires gel. In (B) the
reverse process occurs, and a reflected pressure wave induces
an electrical signal, which can be used to create an image.
(Adapted from Fig: 10.1 'Ultrasound and Doppler' from Magee P, Tooley
M (2011) Physics, Clinical Measurement and Equipment of Anaesthetic
Practice for the FRCA by permission of Oxford University Press.)

is usually used as the receiver, with the transmission
mode switched off. The induced pressure changes cou-
pled to the transducer induce electrical signals, which
produce an image (see Fig. 14.19B). A real-time two
dimensional image, using multiple probes, can be pro-
duced; this is known as a B scan.

Ultrasound can also be used in Doppler mode. When
an ultrasonic wave reflects off a stationary object, the
reflected wave has the same frequency as the transmit-
ted wave. When the object (such as a collection of red
blood cells) is moving towards the transmitter, however,

it encounters more oscillations per unit time than its
stationary equivalent, so the frequency of the reflected
wave is apparently increased. Conversely, when the ob-
ject is moving away from the ultrasound wave, the fre-
quency of the deflected wave is reduced. This property
can be used as a non-invasive technique for measure-
ment of blood velocity (not flow) within the body.

For a transmitted frequency f, , of wavelength A, and
the velocity of sound in the medium c:

f,=c/

If the beam hits an object which is moving directly
towards the transmitter at velocity v, the frequency of
the waves arriving at the reflector (f)) will now be:

f=(ctv)/\.

The reflector will now act as a source which is mov-
ing towards the transmitter, and the actual frequency
sensed by the transmitter (in receiver mode) will be
f=(c+2v)/h. The apparent increase in frequency is
given by:

(f—1,)=(ct2v)/h — c/h,
=2v/\,
=2vf /c.

The frequency difference can be transduced into an
audible signal, or used to calculate the velocity of the
blood cells. Normally the Doppler beam is applied non-
invasively, not directly facing an oncoming flow of blood,
but from outside the blood vessel, at an angle 6 to it. The
resulting frequency shift must be multiplied by cos6.

Clearly the greatest accuracy in measuring blood
velocity (e.g. to derive cardiac output) is achieved by
having the probe aligned as far as is possible with the
vessel (e.g. the aorta). Having measured mean velocity
of the blood in a vessel in order to calculate blood flow,
the mean diameter of the vessel must also be mea-
sured, and its cross sectional area calculated, using the
formula: flow = velocity X area.

LASERS

A laser produces an intense beam of light which re-
sults from stimulation of atoms (the laser medium) by
electrical or thermal energy. Laser light has three de-
fining characteristics: coherence (all waves are in phase
both in time and in space), collimation (all waves
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travel in parallel directions) and monochromaticity
(all waves have the same wavelength). The term laser
is an acronym for Light Amplification by Stimulated
Emission of Radiation.

Physical Principles of Lasers

When atoms of the lasing medium are excited from a nor-
mal ground state into a high-energy state by a ‘pumping’
source, this is known as the excited state. When the atoms
return from the excited state to the normal state, the energy
is often dissipated as light or radiation of a specific wave-
length characteristic of the atom (spontaneous emission).
In normal circumstances, when this change from higher
to lower energy state occurs, the light emitted is likely to be
absorbed by an atom in the lower energy state rather than
meet an atom in a higher energy state and cause more
light emission. In a laser, the number of excited atoms is
raised significantly so that the light emitted strikes another
high-energy atom and, as a result, two light particles with
the same phase and frequency are emitted (stimulated
emission). These stages are summarized below:

m Excitation: stable atom+energy— high-energy
atom

m Spontaneous emission: high-energy atom— stable
atom+a photon of light

m Stimulated emission: photon of light+high-
energy atom— stable atom+2 photons of light.

The light emitted is reflected back and forth many
times between mirrored surfaces, giving rise to further

stimulation. This amplification continues as long as
there are more atoms in the excited state than in the
normal state.

A laser system has four components (Fig. 14.20).

® The laser medium may be gas, liquid or solid.
Common surgical lasers are CO,, argon gas and
neodymium-yttrium-aluminium-garnet  (Nd-
YAG) crystal. This determines the wavelength
of the radiation emitted. The Nd-YAG and CO,
lasers emit invisible infrared radiation and argon
gives blue-green radiation.

® The pumping source supplies energy to the laser
medium and this may be either an intense flash
of light or electric discharge.

® An optical cavity is the container in which the
laser medium is encased. It also contains mir-
rors used to reflect light in order to increase the
energy of the stimulated emission. One of the
mirrors is a partially transmitting mirror, which
allows the laser beam to escape.

® The light guide directs the laser light to the surgi-
cal site. This may be in the form of a hollow tube
or a flexible fibreoptic guide.

The longer the wavelength of the laser light, the
more strongly it is absorbed, and the power of the light
is converted to heat in shallower tissues, e.g. CO,. The
shorter the wavelength, the more scattered is the light,
and the light energy is converted to heat in deeper tis-
sues, e.g. Nd-YAG.
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Lasers are categorized into four classes according
to the degree of hazard they afford: class 1 is the least
dangerous and class 4 the most dangerous. Surgical la-
sers which are specifically designed to damage tissue
are class 4.

OPTICAL FIBRES

Optical fibres are used in the design of endoscopes and
bronchoscopes in order to be able to see around cor-
ners. Optical fibres use the principle that when light
passes from one medium to another, it is refracted (i.e.
bent). If the direction of the light is altered, the light
may be totally reflected instead and this allows trans-
mission of the light along the optical fibres (Fig. 14.21).
As a result, if light passes into one end of a fibre of
glass or other transparent material, it may pass along
the fibre by being continually reflected from the glass/
air boundary. Endoscopes and bronchoscopes contain
bundles of flexible transparent fibres.

FIRES AND EXPLOSIONS

Although the use of inflammable anaesthetic agents
has declined greatly over the last two to three decades,
ether is still used in some countries. In addition, other
inflammable agents may be utilized in the operating
theatre, e.g. alcohol for skin sterilization. Thus the
anaesthetist should have some understanding of the
problems and risks of fire occurring in the operating
theatre.

Fires are produced when fuels undergo combus-
tion. A conflagration differs from a fire in having a
more rapid and more violent rate of combustion. A
fire becomes an explosion if the combustion is suf-
ficiently rapid to cause pressure waves that, in turn,

Light Optical fibre

FIGURE 14.21 Principle of the optical fibre.

cause sound waves. If these pressure waves possess suf-
ficient energy to ignite adjacent fuels, the combustion
is extremely violent and termed a detonation.

Fires require three ingredients:

= fuel

® oxygen or other substance capable of supporting
combustion

m source of ignition, i.e. a source of heat sufficient
to raise the fuel temperature to its ignition tem-
perature. This quantity of heat is termed the acti-
vation energy.

Fuels

The modern volatile anaesthetic agents are non-
flammable and non-explosive at room temperature in
either air or oxygen.

Oils and greases are petroleum-based and form
excellent fuels. In the presence of high pressures of
oxygen, nitrous oxide or compressed air, these fuels
may ignite spontaneously, an event termed dieseling
(an analogy with the diesel engine). Thus oil or grease
must not be used in compressed air, nitrous oxide or
oxygen supplies.

Surgical spirit burns readily in air and the risk is
increased in the presence of oxygen or nitrous oxide.
Other non-anaesthetic inflammable substances in-
clude methane in the gut (which may be ignited by
diathermy when the gut is opened), paper dressings
and plastics found in the operating theatre suite.

Ether burns in air slowly with a blue flame, but mix-
tures of nitrous oxide, oxygen and ether are always ex-
plosive. It has been suggested that if administration of
ether is discontinued 5 min before exposure to a source
of ignition, the patient’s expired gas is unlikely to burn
provided that an open circuit has been used after dis-
continuation of ether.

The stoichiometric concentration of a fuel and oxi-
dizing agent is the concentration at which all combus-
tible vapour and agent are completely utilized. Thus
the most violent reactions take place in stoichiometric
mixtures, and as the concentration of the fuel moves
away from the stoichiometric range, the reaction grad-
ually declines until a point is reached (the flammabil-
ity limit) at which ignition does not occur.

The inflammability range for ether is 2-82% in
oxygen, 2-36% in air and 1.5-24% in nitrous oxide.
The stoichiometric concentration of ether in oxygen
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is 14% and there is a risk of explosion with ether con-
centrations of approximately 12-40% in oxygen. In air,
the stoichiometric concentration of ether is 3.4% and
explosions do not occur.

Support of Combustion

It should always be remembered that as the concentra-
tion of oxygen increases, so does the likelihood of igni-
tion of a fuel and the conversion of the reaction from
fire to explosion.

Nitrous oxide supports combustion. During lapar-
oscopy, there is a risk of perforation of the bowel and
escape of methane or hydrogen into the peritoneal
cavity. Consequently, the use of nitrous oxide to pro-
duce a pneumoperitoneum for this procedure is not
recommended; carbon dioxide is to be preferred, as it
does not support combustion (and, in addition, has a
much greater solubility in blood than nitrous oxide,
thereby diminishing the risk of gas embolism).

Sources of Ignition

The two main sources of ignition in the operating the-
atre are static electricity and diathermy.

Static Electricity

Electrostatic charge occurs when two substances
are rubbed together and one of the substances has
an excess of electrons while the other has a deficit.
Electrostatic charges are produced on non-conductive
material, such as rubber mattresses, plastic pillow cases
and sheets, woollen blankets, nylon, terylene, hosiery
garments, rubber tops of stools and nonconducting
parts of anaesthetic machines and breathing systems.
Static electricity may be a source of ignition.

Diathermy

Diathermy equipment has now become an essential
element of most surgical practice. However, it should
not be used in the presence of inflammable agents.

Other Sources of Ignition

m Faulty electrical equipment.
m Heat from endoscopes, thermocautery, lasers, etc.
m Electric sparks from switches, X-ray machines, etc.

Prevention of Static Charges

Where possible, antistatic conducting material should
be used in place of non-conductors. The resistance of
antistatic material should be between 50 k2 cm™ and
10 MQ cm™.

All material should be allowed to leak static charges
through the floor of the operating theatre. However,
if the conductivity of the floor is too high, there is a
risk of electrocution if an individual forms a contact
between mains voltage and ground. Consequently,
the floor of the operating theatre is designed to have
a resistance of 25-50 kQ when measured between
two electrodes placed 1 m apart. This allows the grad-
ual discharge of static electricity to earth. Personnel
should wear conducting shoes, each with a resistance
of between 0.1 and 1 Q.

Moisture encourages the leakage of static charges
along surfaces to the floor. The risk of sparks from ac-
cumulated static electricity charges is reduced if the
relative humidity of the atmosphere is kept above 50%.
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ANAESTHETIC APPARATUS

A naesthetists must have a sound understanding
and firm knowledge of the functioning of all anaesthetic
equipment in common use. Although primary malfunc-
tion of equipment has not featured highly in surveys of
anaesthetic-related morbidity and mortality, failure to
understand the use of equipment and failure to check
equipment prior to use feature in these reports as a cause
of morbidity and mortality. This is true especially of ven-
tilators, where lack of knowledge regarding the function
of equipment may result in a patient being subjected
to the dangers of hypoxaemia and/or hypercapnia.

It is essential that anaesthetists check that all equip-
ment is functioning correctly before they proceed to
anaesthetize a patient (see Ch 21). In some respects,
the routine of testing anaesthetic equipment resembles
the airline pilot’s checklist, which is an essential pre-
liminary to aircraft flight.

The purpose of this chapter is to describe briefly ap-
paratus which is used in delivery of gases, from the sources
of supply to the patient’s lungs. Clearly, it is not possible to
describe in detail equivalent models produced by all man-
ufacturers. Consequently, this chapter concentrates on
principles and some equipment which is used commonly.

It is convenient to describe anaesthetic apparatus
sequentially from the supply of gases to point of deliv-
ery to the patient. This sequence is shown in Table 15.1.

GAS SUPPLIES
Bulk Supply of Anaesthetic Gases

In the majority of modern hospitals, piped medical
gases and vacuum (PMGV) systems have been in-
stalled. These obviate the necessity for holding large
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numbers of cylinders in the operating theatre suite.
Normally, only a few cylinders are kept in reserve, at-
tached usually to the anaesthetic machine.

The advantages of the PMGV system are reductions
in cost, in the necessity to transport cylinders and in acci-
dents caused by cylinders becoming exhausted. However,
there have been several well-publicized incidents in which
anaesthetic morbidity or mortality has resulted from in-
correct connections in piped medical gas supplies.

The PMGV services comprise five sections:

m bulk store

m distribution pipelines in the hospital

® terminal outlets, situated usually on the walls or
ceilings of the operating theatre suite and other sites

m flexible hoses connecting the terminal outlets to
the anaesthetic machine

m connections between flexible hoses and anaes-
thetic machines.

Responsibility for the first three items lies with the
engineering and pharmacy departments. Within the
operating theatre, it is partly the anaesthetist’s respon-
sibility to check the correct functioning of the last two
items.

Bulk Store
Oxygen

In small hospitals, oxygen may be supplied to the
PMGV from a bank of several oxygen cylinders at-
tached to a manifold.

Oxygen cylinder manifolds consist of two groups
of large cylinders (size J). The two groups alternate
in supplying oxygen to the pipelines. In both groups,
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TABLE 15.1

Classification of Anaesthetic Equipment
Described in this Chapter

Supply of gases:
From outside the operating theatre
From cylinders within the operating theatre, together with
the connections involved

The anaesthetic machine:
Unions
Cylinders
Reducing valves
Flowmeters
Vaporizers
Safety features of the anaesthetic machine
Anaesthetic breathing systems
Ventilators
Apparatus used in scavenging waste anaesthetic gases

Apparatus used in interfacing the patient to the anaesthetic
breathing system:

Laryngoscopes

Tracheal tubes

Catheter mounts and connectors

Accessory apparatus for the airway:
Anaesthetic masks and airways
Forceps
Laryngeal sprays
Bougies
Mouth gags
Stilettes
Suction apparatus

all cylinder valves are open so that they empty si-
multaneously. All cylinders have non-return valves.
The supply automatically changes from one group to
the other when the first group of cylinders is nearly
empty. The changeover also activates an electrical sig-
nalling system, which alerts staff to change the empty
cylinders.

However, in larger hospitals, pipeline oxygen origi-
nates from a liquid oxygen store. Liquid oxygen is
stored at a temperature of approximately —165°C at
10.5bar in what is in effect a giant Thermos flask — a
vacuum insulated evaporator (VIE). Some heat passes
from the environment through the insulating layer
between the two shells of the flask, increasing the
tendency to evaporation and pressure increase
within the chamber. Pressure is maintained constant

by transfer of gaseous oxygen into the pipeline sys-
tem (via a warming device). However, if the pres-
sure increases above 17 bar (1700 kPa), a safety valve
opens and oxygen runs to waste. When the supply
of oxygen resulting from the slow evaporation from
the surface in the VIE is inadequate, the pressure de-
creases and a valve opens to allow liquid oxygen to
pass into an evaporator, from which gas passes into
the pipeline system.

Liquid oxygen plants are housed some distance
away from hospital buildings because of the risk of
fire. Even when a hospital possesses a liquid oxygen
plant, it is still necessary to hold reserve banks of oxy-
gen cylinders in case of supply failure.

Oxygen Concentrators. Recently, oxygen concentra-
tors have been used to supply hospitals and it is likely
that the use of these devices will increase in future.
The oxygen concentrator depends upon the ability
of an artificial zeolite to entrap molecules of nitro-
gen. These devices cannot produce pure oxygen, but
the concentration usually exceeds 90%; the remain-
der comprises nitrogen, argon and other inert gases.
Small oxygen concentrators are provided for domicili-
ary use.

Nitrous Oxide

Nitrous oxide and Entonox may be supplied from
banks of cylinders connected to manifolds similar to
those used for oxygen.

Medical Compressed Air

Compressed air is supplied from a bank of cylinders
into the PMGYV system. Air of medical quality is re-
quired, as industrial compressed air may contain fine
particles of oil.

Piped Medical Vacuum

Piped medical vacuum is provided by large vacuum
pumps which discharge via a filter and silencer to a
suitable point, usually at roof level, where gases are
vented to atmosphere. Although concern has been ex-
pressed regarding the possibility of volatile anaesthetic
agents dissolving in the lubricating oil of vacuum
pumps and causing malfunction, this fear has not been
realized.
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Terminal Outlets

There has been standardization of terminal out-
lets in the UK since 1978, but there is no universal
standard.

Six types of terminal outlet are found commonly in
the operating theatre. The terminals are colour-coded
and also have non-interchangeable connections spe-
cific to each gas:

® Vacuum (coloured yellow) — a vacuum of at least
53 kPa (400 mmHg) should be maintained at the
outlet, which should be able to take a free flow of
air of at least 40 Lmin™".

m Compressed air (coloured white/black) at 4 bar —
this is used for anaesthetic breathing systems and
ventilators.

m Air (coloured white/black) at 7 bar — this is to be
used only for powering compressed air tools and
is confined usually to the orthopaedic operating
theatre.

m Nitrous oxide (coloured blue) at 4 bar.

® Oxygen (coloured white) at 4 bar.

m Scavenging — there is a variety of scavenging out-
lets from the operating theatre. The passive sys-
tems are designed to accept a standard 30-mm
connection.

Whenever a new pipeline system has been installed
or servicing of an existing pipeline system has been
undertaken, a designated member of the pharmacy
staff should test the gas obtained from the sockets,
using an oxygen analyser. Malfunction of an oxygen/
air mixing device may result in entry of compressed
air into the oxygen pipeline, rendering an anaesthetic
mixture hypoxic. Because of this and other potential
mishaps, oxygen analysers should be used routinely
during anaesthesia.

Gas Supplies

Gas supplies to the anaesthetic machine should be
checked at the beginning of each session to ensure
that the gas which issues from the pipeline or cylinder
is the same as that which passes through the appro-
priate flowmeter. This ensures that pipelines are not
connected incorrectly. Both the machine in the oper-
ating theatre and that in the anaesthetic room should
be checked. Checking of anaesthetic machine and

medical gas supplies is discussed fully in Chapter 20
(“The operating theatre environment’).

CYLINDERS

Modern cylinders are constructed from molybdenum
steel. They are checked at intervals by the manufac-
turer to ensure that they can withstand hydraulic pres-
sures considerably in excess of those to which they are
subjected in normal use. One cylinder in every 100
is cut into strips to test the metal for tensile strength,
flattening impact and bend tests. Medical gas cylinders
are tested hydraulically every 5 years and the tests re-
corded by a mark stamped on the neck of the cylinder
and this includes test pressure, dates of test performed,
chemical formula of the cylinder’s content and the tare
weight. Cylinders may also be inspected endoscopi-
cally or ultrasonically for cracks or defects on their in-
ner surfaces. Light weight cylinders can be made from
aluminium alloy with a fibreglass covering in an epoxy
resin matrix.

The cylinders are provided in a variety of sizes
(A to ]), and colour-coded according to the gas sup-
plied. Cylinders attached to the anaesthetic machine
are usually size E. The cylinders comprise a body and
a shoulder containing threads into which are fitted a
pin index valve block, a bull-nosed valve or a hand-
wheel valve.

The pin index system was devised to prevent inter-
changeability of cylinders of different gases. Pin index
systems are provided for the smaller cylinders of oxy-
gen and nitrous oxide (and also carbon dioxide) which
may be attached to anaesthetic machines. The pegs on
the inlet connection slot into corresponding holes on
the cylinder valve.

Full cylinders are supplied usually with a plastic
dust cover in order to prevent contamination by dirt.
This cover should not be removed until immediately
before the cylinder is fitted to the anaesthetic machine.
When fitting the cylinder to a machine, the yoke is
positioned and tightened with the handle of the yoke
spindle. After fitting, the cylinder should be opened to
make sure that it is full and that there are no leaks at
the gland nut or the pin index valve junction, caused,
for example, by absence of or damage to the washer.
The washer used is normally a Bodok seal which has
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a metal periphery designed to keep the seal in good
condition for a long period.

Cylinder valves should be opened slowly to prevent
sudden surges of pressure and should be closed with
no more force than is necessary, otherwise the valve
seating may be damaged.

The sealing material between the valve and the neck
of the cylinder may be constructed from a fusable ma-
terial which melts in the event of fire and allows the
contents of the cylinder to escape around the threads
of the joint.

The colour codes used for medical gas cylinders
in the United Kingdom are shown in Table 15.2.

Different colours are used for some gases in other
countries. There is a proposal to harmonize cylinder
colours throughout Europe. The body will be painted
white and only the shoulders will be colour-coded. The
shoulder colours for medical gases will correspond to
the current UK colours but will be horizontal rings
rather than quarters. Cylinder sizes and capacities are
shown in Table 15.3.

Oxygen, air and helium are stored as gases in cylin-
ders and the cylinder contents can be estimated from
the cylinder pressure. The pressure gradually decreases
as the cylinder empties. According to the universal gas
law, the mass of the gas is directly proportional to the

TABLE 15.2

Medical Gas Cylinders Used Currently (2013) in the UK

COLOUR PRESSURE AT 15 °C

Body Shoulder Ib in? kPa Bar
Oxygen Black White 1987 13700 137
Nitrous oxide Blue Blue 638 4400 44
CO, Grey Grey 725 5000 50
Helium Brown Brown 1987 13700 137
Air Grey White/black quarters 1987 13700 137
O,/helium Black White/brown quarters 1987 13700 137
N,0/O, (Entonox) Blue White/blue quarters 1987 13700 137

TABLE 15.3

Medical Gas Cylinder Sizes and Capacities by Cylinder Size (A-J)) and Height (inches)
CAPACITIES (L)

A/10 in B/10 in C/14 in D/18 in E/31 in F/34 in G/49 in J/57 in
Oxygen 170 340 680 1360 3400 6800
Nitrous oxide 450 900 1800 3600 9000
Cco, 450 900 1800
Helium 300 1200
Air 3200 6400
O,/helium 600 1200
0,/CO, 1360 3400
Entonox 3200 6400
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pressure, and the volume of gas that would be avail-
able at atmospheric pressure can be calculated using
Boyle’s law.

Nitrous oxide and carbon dioxide cylinders con-
tain liquid and vapour and the cylinders are filled to
a known filling ratio (see Ch 14). The cylinder pres-
sure cannot be used to estimate its contents because
the pressure remains relatively constant until after all
the liquid has evaporated and the cylinder is almost
empty, though cylinder pressure may change slightly
due to temperature changes during use. The contents
of nitrous oxide and carbon dioxide cylinders can be
estimated from the weight of the cylinder.

THE ANAESTHETIC MACHINE

The anaesthetic machine comprises:

® a means of supplying gases either from attached
cylinders or from piped medical supplies via ap-
propriate unions on the machine

®m methods of measuring flow rate of gases

m apparatus for vaporizing volatile anaesthetic
agents

® breathing systems and a ventilator for delivery
of gases and vapours from the machine to the
patient

m apparatus for scavenging anaesthetic gases in or-
der to minimize environmental pollution.

Supply of Gases

In the UK, gases are supplied at a pipeline pressure of
4 bar (400kPa,601b in"?) and this pressure is transferred
directly to the bank of flowmeters and back bar of the
anaesthetic machine. Flexible colour-coded hoses con-
nect the pipeline outlets to the anaesthetic machine.
The anaesthetic machine end of the hoses should be
permanently fixed using a nut and liner union where
the thread is gas-specific and non-interchangeable.
The non-interchangeable screw thread (NIST) is the
British Standard.

The gas issuing from medical gas cylinders is at a
much higher pressure, necessitating the interposition
of a pressure regulator between the cylinder and the
bank of flowmeters. In some older anaesthetic ma-
chines (and in some other countries), the pressure in
the pipelines of the anaesthetic machine may be 3 bar
(300 kPa, 451b in™?).

Pressure Gauges

Pressure gauges measure the pressure in the cylin-
ders or pipeline. Anaesthetic machines have pressure
gauges for oxygen, air and nitrous oxide. These are
mounted usually on the front panel of the anaesthetic
machine.

Pressure Regulators

Pressure regulators are used on anaesthetic machines
for three purposes:

m to reduce the high pressure of gas in a cylinder to
a safe working level

® to prevent damage to equipment on the anaes-
thetic machine, e.g. flow control valves

m as the contents of the cylinder are used, the
pressure within the cylinder decreases and
the regulating mechanism maintains a con-
stant outlet pressure, obviating the necessity to
make continuous adjustments to the flowmeter
controls.

The principles underlying the operation of pressure
regulators are described in detail in Chapter 14.

Flow Restrictors

Pressure regulators are omitted usually when anaes-
thetic machines are supplied directly from a pipeline at
a pressure of 4 bar. Changes in pipeline pressure would
cause changes in flow rate, necessitating adjustment of
the flow control valves. This is prevented by the use
of a flow restrictor upstream of the flowmeter (flow
restrictors are simply constrictions in the low-pressure
circuit).

A different type of flow restrictor may be fitted
also to the downstream end of the vaporizers to pre-
vent back-pressure effects (see Ch 14). The absence of
such a flow restrictor may be detected if a gas-driven
ventilator such as the Manley is used, as this leads to
fluctuations in the positions of the flowmeter bobbins
during the respiratory cycle.

Pressure Relief Valves on Regulators

Pressure relief valves are often fitted on the down-
stream side of regulators to allow escape of gas if
the regulators were to fail (thereby causing a high
output pressure). Relief valves are set usually at
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approximately 7 bar for regulators designed to give an
output pressure of 4 bar.

Flowmeters

The principles of flowmeters are described in detail in
Chapters 14 and 16.

Problems with Flowmeters

m Non-vertical tube. This causes a change in shape
of the annulus and therefore variation in flow.
If the bobbin touches the side of the tube, re-
sulting friction causes an even more inaccurate
reading.

m Static electricity. This may cause inaccuracy (by as
much as 35%) and sticking of the bobbin, espe-
cially at low flows. This may be reduced by coat-
ing the inside of the tube with a transparent film
of gold or tin.

® Dirt on the bobbin may cause sticking or al-
teration in size of the annulus and therefore
inaccuracies.

® Back-pressure. Changes in accuracy may be
produced by back-pressure. For example, the
Manley ventilator may exert a back-pressure and
depress the bobbin; there may be as much as 10%
more gas flow than that indicated on the flow-
meter. Similar problems may be produced by the
insertion of any equipment which restricts flow
downstream, e.g. Selectatec head, vaporizer.

m Leakage. This results usually from defects in the
top sealing washer of a flowmeter.

It is unfortunate that, in the UK, the standard posi-
tion of the oxygen flowmeters is on the left followed
by either nitrous oxide or air (if all three gases are sup-
plied). On several recorded occasions, patients have
suffered damage from hypoxia because of leakage from
a broken flowmeter tube in this type of arrangement,
as oxygen, being at the upstream end, passes out to the
atmosphere through any leak. This problem is reduced
if the oxygen flowmeter is placed downstream (i.e. on
the right-hand side of the bank of flowmeters) as is
standard practice in the USA. In the UK, this problem
is now avoided by designing the outlet from the oxy-
gen flowmeter to enter the back bar downstream from
the outlets of other flowmeters (Fig. 15.1). Most mod-
ern anaesthetic machines do not have a flowmeter for
carbon dioxide. Some new anaesthetic machines such
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FIGURE 15.1 Oxygen is the last gas to be added to the gas

mixture being delivered to the back bar.

as Primus Driger (Fig 15.2A) do not have traditional
flowmeters; gas delivery is under electronic control and
there is an integrated heater within a leak-tight breath-
ing system. The gas flow is indicated electronically by a
numerical display. In the event of an electrical failure,
there is a pneumatic back-up which continues the de-
livery of fresh gas. These machines are particularly well
suited to low and minimal flow anaesthesia and they
use standard vaporizers.

The emergency oxygen flush is a non-locking button
which, when pressed, delivers pure oxygen from the an-
aesthetic outlet. On modern anaesthetic machines, the
emergency oxygen flush lever is situated downstream
from the flowmeters and vaporizers. A flow of about
35-45Lmin™ at pipeline pressure is delivered. This may
lead to dilution of the anaesthetic mixture with excess
oxygen if the emergency oxygen tap is opened partially
by mistake and may result in awareness. There is also a
risk of barotrauma if the high pressure is accidentally
delivered directly to the patient’s lungs.

Quantiflex

The Quantiflex mixer flowmeter (Fig. 15.3) eliminates
the possibility of reducing the oxygen supply inadver-
tently. One dial is set to the desired percentage of oxy-
gen and the total flow rate is adjusted independently.
The oxygen passes through a flowmeter to provide evi-
dence of correct functioning of the linked valves. Both
gases arrive via linked pressure-reducing regulators.
The Quantiflex is useful in particular for varying the
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(

FIGURE 15.2

(A) The Primus Drager anaesthetic machine,
which does not have conventional flowmeters. (B) A Blease
Frontline anaesthetic machine.
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FIGURE 15.3 © A Quantiflex flowmeter. The required
oxygen percentage is selected using the dial, and the total
flow of the oxygen/nitrous oxide mixture is adjusted using the
grey knob.

volume of fresh gas flow (FGF) from moment to mo-
ment whilst keeping the proportions constant. In addi-
tion, the oxygen flowmeter is situated downstream of
the nitrous oxide flowmeter.

Linked Flowmeters

The majority of modern anaesthetic machines such as
that shown in Figure 15.2B possess a mechanical link-
age between the nitrous oxide and oxygen flowmeters.
This causes the nitrous oxide flow to decrease if the
oxygen flowmeter is adjusted to give less than 25-30%
O, (Fig. 15.4).

Vaporizers

The principles of vaporizers are described in detail in
Chapter 14.
Modern vaporizers may be classified as:

® Drawover vaporizers. These have a very low resis-
tance to gas flow and may be used for emergency
use in the field (e.g. Oxford miniature vaporizer;
OMV) (Fig 15.5).
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FIGURE 15.4

Flowmeters with mechanical linkage be-
tween nitrous oxide and oxygen.

Oxford miniature vaporizer (OMV).

FIGURE 15.6 = Sevoflurane vaporizer.

® Plenum vaporizers. These are intended for
unidirectional gas flow, have a relatively high
resistance to flow and are unsuitable for use
either as drawover vaporizers or in a circle sys-
tem. Examples include the “TEC’ type in which
there is a variable bypass flow. Commonly used
plenum vaporizers are shown in Figures 15.6
and 15.7A.

Temperature regulation in the TEC vaporizers is
achieved using a bimetallic strip.

There has been more than one model of the ‘TEC’
type of vaporizer. The TEC Mark 2 vaporizer is now
obsolete. The TEC Mark 3 had characteristics which
were an improvement on the Mark 2. These included
improved vaporization as a result of increased area
of the wicks, reduced pumping effect by having a
long tube through which the vaporized gas leaves
the vaporizing chamber, improved accuracy at low
gas flows and a bimetallic strip which is situated in
the bypass channel and not the vaporizing chamber.
In the Mark 4, the improvements were as follows: no
spillage into the bypass channel if the vaporizer was
accidentally inverted, and the inability to turn two va-
porizers on at the same time when on the back bar of
the anaesthetic machine. The TEC Mark 5 vaporizer
(Fig. 15.7A—C) has improved surface area for vapor-
ization in the chamber, improved key-filling action
and an easier mechanism for switching on the rotary
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FIGURE 15.7 = (A) Isoflurane vaporizer. (B) Schematic diagram of the TEC mark 5 vaporizer. (C) Diagram of the TEC mark 5
vaporizer.
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FIGURE 15.8

Tec 6 desflurane vaporizer.

valve and lock with one hand. Desflurane presents a
particular challenge because it has a saturated vapour
pressure of 664 mmHg (89 kPa) at 20°C and a boiling
point of 23.5°C. In order to combat this problem, a
new vaporizer, the TEC 6, was developed (Fig. 15.8).
It is heated electrically to 39°C with a pressure of
1550 mmHg (approx. 2bar). The vaporizer has elec-
tronic monitors of vaporizer function and alarms.
The FGF does not enter the vaporization chamber.
Instead, desflurane vapour enters into the path of the
FGE. A percentage control dial regulates the flow of
desflurane vapour into the FGE. The dial calibration
is from 1% to 18%. The vaporizer has a back-up 9
volt battery in case of mains failure. The function-
ing of the vaporizer is shown diagrammatically in
Figure 15.9.

Anaesthetic-specific connections are available to
link the supply bottle (container of liquid anaesthetic
agent) to the appropriate vaporizer (Fig. 15.10). These
connections reduce the extent of spillage (and thus at-
mospheric pollution) and also the likelihood of filling
the vaporizer with an inappropriate liquid. In addition

to being designed specifically for each liquid, the con-
nections themselves may be colour-coded (e.g. purple
for isoflurane, yellow for sevoflurane, orange for enflu-
rane, red for halothane).

Halothane contains a non-volatile stabilizing
agent (0.01% thymol) to prevent breakdown of the
halothane by heat and ultraviolet light. Thymol is less
volatile than halothane and its concentration in the
vaporizer increases as halothane is vaporized. If the
vaporizer is used and refilled regularly, the concentra-
tion of thymol may become sufficiently high to im-
pair vaporization of halothane. In addition, very high
concentrations may result in a significant degree of
thymol vaporization, which may be harmful to the pa-
tient. Consequently, it is recommended that halothane
vaporizers are drained once every 2 weeks. Sevoflurane
and isoflurane vaporizers require to be emptied at
much less frequent intervals.

SAFETY FEATURES OF MODERN
ANAESTHETIC MACHINES

m Specificity of probes on flexible hoses between ter-
minal outlets and connections with the anaesthetic
machine. The flexible hoses are colour-coded and
have non-interchangeable screw-threaded con-
nectors to the anaesthetic machine.

® Pin index system to prevent incorrect attach-
ment of gas cylinders to anaesthetic machine.
Cylinders are colour-coded and they are labelled
with the name of the gas that they contain.

m Pressure relief valves on the downstream side of
pressure regulators.

m Flow restrictors on the upstream side of
flowmeters.

m Arrangement of the bank of flowmeters such that
the oxygen flowmeter is on the right (i.e. down-
stream side) or oxygen is the last gas to be added
to the gas mixture being delivered to the back bar
(Fig. 15.1).

® Non-return valves. Sometimes a single regula-
tor and contents meter is used both for cylin-
ders in use and for the reserve cylinder. When
one cylinder runs out, the presence of a non-
return valve prevents the empty cylinder from
being refilled by the reserve cylinder and also
enables the empty cylinder to be removed and
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FIGURE 15.9

Concentration selection dial

Fresh gas inflow

Carrier gas/desflurane outlet

Fixed restrictor

(Selectatec mount)

’_W—wLTW\/Pressure transducers
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Pressure regulation valve

Shut off valve

(

Electrical heating
element
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—it— Vaporizing chamber

=t—Desflurane liquid

Liquid level sensor

The TEC 6 desflurane vaporizer. Liquid in the vaporizing chamber is heated and mixed with fresh gas; the

pressure-regulating valve balances both fresh gas pressure and anaesthetic vapour pressure.

replaced without interrupting the supply of gas
to the patient.

Pressure gauges indicate the pressures in the
pipelines and the cylinders.

An oxygen bypass valve (emergency oxygen)
delivers oxygen directly to a point down-
stream of the vaporizers. When operated, the
oxygen bypass should give a flow rate of at least
35Lmin™".

Mounting of vaporizers on the back bar. There
is concern about contamination of vaporizers if
two vaporizers are turned on at the same time.
Temperature-compensated vaporizers contain
wicks and these can absorb a considerable amount
of anaesthetic agent. If two vaporizers are mounted
in series, the downstream vaporizer could become
contaminated to a dangerous degree with the

agent from the upstream vaporizer. However, the
newer TEC Mark 4 and 5 vaporizers have the in-
terlocking Selectatec system (Fig. 15.11) which has
locking rods to prevent more than one vaporizer
being used at the same time. When a vaporizer is
mounted on the back bar, the locking lever needs
to be engaged (Mark 4 and 5). If this is not done,
the control dial cannot be moved.

Modern anaesthetic machines have a mechani-
cal linkage between the nitrous oxide and oxygen
flowmeters which prevents the delivery of less
than 25-30% oxygen.

A non-return valve situated downstream of the
vaporizers prevents back-pressure (e.g. when
using a Manley ventilator) which might oth-
erwise cause output of high concentrations of
vapour.
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FIGURE 15.10
vaporizer.

An agent-specific connector for filling a

a1

FIGURE 15.11
anaesthetic machine. This permits the vaporizer to be changed
rapidly without interrupting the flow of carrier gas to the
patient.

N

A Selectatec block on the back bar of an

m A pressure relief valve may be situated down-
stream of the vaporizer, opening at 34kPa to
prevent damage to the flowmeters or vaporizers
if the gas outlet from the anaesthetic machine is
obstructed.

m A pressure relief valve set to open at a low pres-
sure of 5 kPa may be fitted to prevent the patient’s
lungs from being damaged by high pressure.
The presence of such a valve prevents the use of

gas-driven minute volume divider ventilators,

such as the Manley.

Oxygen failure warning devices. Anaesthetic ma-

chines have a built in oxygen failure device. There

are a variety of oxygen failure warning devices.

The ideal warning device should have the follow-

ing characteristics:

= activation depends on the pressure of oxygen
itself and does not depend on the pressure of
any other gas

= does not use a battery or mains power

= gives a signal which is audible, of sufficient
duration and of distinctive character

= should give a warning of impending fail-
ure and a further warning that failure has
occurred

= should interrupt the flow of all other gases
when it comes into operation.

= The breathing system should open to the at-
mosphere, the inspired oxygen concentration
should be at least equal to that of air, and accu-
mulation of carbon dioxide should not occur.
In addition, it should be impossible to resume
anaesthesia until the oxygen supply has been
restored.

® The reservoir bag in an anaesthetic breathing
system is highly distensible and seldom reaches
pressures exceeding 5 kPa.

MRI-compatible anaesthetic machines are available
such as the Prima SP Anaesthetic machine (Penlon)
which is made from non-ferrous metals and can be
used up to the 1000 Gauss line.

BREATHING SYSTEMS

The delivery system which conducts anaesthetic gases
from the machine to the patient is termed colloquially
a ‘circuit’ but is described more accurately as a breath-
ing system. Terms such as ‘open circuits, ‘semi-open
circuits’ or ‘semi-closed circuits’ should be avoided.
The ‘closed circuit’ or circle system is the only true cir-
cuit, as anaesthetic gases are recycled.

Adjustable Pressure-Limiting Valve

Most breathing systems incorporate an adjustable
pressure-limiting valve (APL valve, spill valve, ‘pop-
off” valve, expiratory valve), which is designed to vent



274 15 = ANAESTHETIC APPARATUS

gas when there is a positive pressure within the system.
During spontaneous ventilation, the valve opens when
the patient generates a positive pressure within the sys-
tem during expiration; during positive pressure ven-
tilation, the valve is adjusted to produce a controlled
leak during the inspiratory phase.

Several valves of this type are available. They com-
prise a lightweight disc (Fig. 15.12) which rests on a
‘knife edge’ seating to minimize the area of contact
and reduce the risk of adhesion resulting from sur-
face tension of condensed water. The disc has a stem
which acts as a guide to position it correctly. A light
spring is incorporated in the valve so that the pressure
required to open it may be adjusted. During sponta-
neous breathing, the tension of the spring is low so
that the resistance to expiration is minimized. During
controlled ventilation, the valve top is screwed down to
increase the tension in the spring so that gas leaves the
system at a higher pressure than during spontaneous
ventilation. Modern valves, even when screwed down
fully, open at a pressure of 60 cm H,O. Most valves are
encased in a hood for scavenging.

Closed
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FIGURE 15.12
details.

Diagram of a spill valve. See text for

Classification of Breathing Systems

In 1954, Mapleson classified anaesthetic breathing
systems into five types (Fig. 15.13); the Mapleson
E system was modified subsequently by Rees, but
is classified as the Mapleson F system. The systems
differ considerably in their ‘efficiency’, which is mea-
sured in terms of the fresh gas flow (FGF) rate re-
quired to prevent rebreathing of alveolar gas during
ventilation.

-
X
E (no bag) ﬁ
X
IV
S
F
FIGURE 15.13 ™ Mapleson classification of anaesthetic

breathing systems. The arrow indicates entry of fresh gas to
the system.
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Mapleson A Systems

The most commonly used version is the Magill at-
tachment. The corrugated hose should be of ad-
equate length (usually approximately 110cm). It is
the most efficient system during spontaneous venti-
lation, but one of the least efficient when ventilation
is controlled.

During spontaneous ventilation (Fig. 15.14), there
are three phases in the ventilatory cycle: inspiratory, ex-
piratory and the expiratory pause. Gas is inhaled from

FGF j )
A i_i
|
FGF j ﬁ)
B ]\i
FGF j I
C ij
FGF j
D i_i
Alveolar gas Dead space
containing CO, gas
FIGURE 15.14 Mode of action of Magill attachment dur-

ing spontaneous ventilation. See text for details. FGF, fresh
gas flow.

the system during inspiration (Fig. 15.14B). During
the initial part of expiration, the reservoir bag is not
full and thus the pressure in the system does not in-
crease; exhaled gas (the initial portion of which is dead
space gas) passes along the corrugated tubing towards
the bag (Fig. 15.14C), which is filled also by fresh gas
from the anaesthetic machine. During the latter part
of expiration, the bag becomes full; the pressure in
the system increases and the spill valve opens, vent-
ing all subsequent exhaled gas to atmosphere. During
the expiratory pause, continued flow of fresh gas from
the machine pushes exhaled gas distally along the
corrugated tube to be vented through the spill valve
(Fig. 15.14D). Provided that the FGF rate is sufficiently
high to vent all alveolar gas before the next inspiration,
no rebreathing takes place from the corrugated tube.
If the system is functioning correctly and no leaks are
present, an FGF rate equal to the patient’s alveolar
minute ventilation is sufficient to prevent rebreath-
ing. In practice, a higher FGF is selected in order to
compensate for leaks; the rate selected is usually equal
to the patient’s total minute volume (approximately
6 Lmin™ for a 70-kg adult).

The system increases dead space to the extent of the
volume of the anaesthetic face mask and angle piece
to the spill valve. The volume of this dead space may
amount to 100mL or more for an adult face mask.
Paediatric face masks reduce the extent of dead space,
but it remains too high to allow use of the system in
infants or small children (<4 years old).

The characteristics of the Mapleson A system are
different during controlled ventilation (Fig. 15.15).
At the end of inspiration (produced by the anaesthe-
tist squeezing the reservoir bag), the bag is usually less
than half full (see below). During expiration, dead
space and alveolar gas pass along the corrugated tube
and are likely to reach the reservoir bag, which there-
fore contains some carbon dioxide (Fig. 15.15A).
During inspiration, the valve does not open initially
because its opening pressure has been increased
by the anaesthetist in order to generate a sufficient
pressure within the system to inflate the lungs. Thus,
alveolar gas re-enters the patient’s lungs and is fol-
lowed by a mixture of fresh, dead space and alveo-
lar gases (Fig. 15.15B). When the valve does open,
it is this mixture which is vented (Fig. 15.15C).
Consequently, the FGF rate must be very high
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FIGURE 15.15 © Mode of action of Magill attachment dur-
ing controlled ventilation. See text for details. FGF, fresh gas
flow.

(at least three times alveolar minute volume) to pre-
vent rebreathing. The volume of gas squeezed from
the reservoir bag must be sufficient both to inflate the
lungs and to vent gas from the system.

The major disadvantage of the Magill attachment
during surgery is that the spill valve is attached close
to the mask. This makes the system heavy, particularly
when a scavenging system is used, and it is incon-
venient if the valve is in this position during surgery
of the head or neck. The Lack system (Fig. 15.16B) is
a modification of the Mapleson A system with a co-
axial arrangement of tubing. This permits positioning
of the spill valve at the proximal end of the system.
The inner tube must be of sufficiently wide bore to
allow the patient to exhale with minimal resistance.
The Lack system is not quite as efficient as the Magill
attachment.

EXP «—

FGF —

O
—_— e
e

|

The Bain system

A
EXP «—
N [ TO—
The Lack system
B
FIGURE 15.16 ™ Coaxial anaesthetic breathing systems.

(A) Bain system (Mapleson D). (B) Lack system (Mapleson A).
FGF, fresh gas flow; EXP, expired gas.

Mapleson B and C Systems

These systems cause mixing of alveolar and fresh gas
during spontaneous or controlled ventilation. Very
high FGF rates are required to prevent rebreathing.
There is no clinical role for the Mapleson B system.
The Mapleson C system is used in some hospitals to
ventilate the lungs with oxygen during transport, but
a self-inflating bag with a non-rebreathing valve is
preferable.

Mapleson D System

The Mapleson D arrangement is inefficient during
spontaneous breathing (Fig. 15.17). During expir-
ation, exhaled gas and fresh gas mix in the cor-
rugated tube and travel towards the reservoir bag
(Fig. 15.17B). When the reservoir bag is full, the pres-
sure in the system increases, the spill valve opens and
a mixture of fresh and exhaled gas is vented; this in-
cludes the dead space gas, which reaches the reser-
voir bag first (Fig. 15.17C). Although fresh gas pushes
alveolar gas towards the valve during the expiratory
pause, a mixture of alveolar and fresh gases is inhaled
from the corrugated tube unless the FGF rate is at
least twice as great as the patient’s minute volume
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FIGURE 15.17 = Mode of action of Mapleson D breathing
system during spontaneous ventilation. See text for details.
FGF, fresh gas flow.

(i.e. at least 12 L min~" in the adult); in some patients,
an FGF rate of 250 mLkg"' min™' is required to pre-
vent rebreathing.

However, the Mapleson D system is more efficient
than the Mapleson A during controlled ventilation
(Fig. 15.18), especially if an expiratory pause is incor-
porated into the ventilatory cycle. During expiration,

EXP FGF

_J

A
EXP FGF
Il
B
I:I Expired gas
FIGURE 15.18 = Mode of action of Mapleson D breathing

system during controlled ventilation. See text for details. FGF,
fresh gas flow.

the corrugated tubing and reservoir bag fill with a
mixture of fresh and alveolar gas (Fig. 15.18A). Fresh
gas fills the distal part of the corrugated tube during
the expiratory pause (Fig. 15.18B). When the reser-
voir bag is squeezed, this fresh gas enters the lungs,
and when the spill valve opens a mixture of fresh and
alveolar gas is vented. The degree of rebreathing may
thus be controlled by adjustment of the FGF rate,
but this should always exceed the patient’s minute
volume.

The Bain coaxial system (Fig. 15.16A) is the most
commonly used version of the Mapleson D system.
FGF is supplied through a narrow inner tube. This
tube may become disconnected, resulting in hypox-
aemia and hypercapnia. Before use, the system should
be tested by occluding the distal end of the inner tube
transiently with a finger or the plunger of a 2-mL sy-
ringe; there should be a reduction in the flowmeter
bobbin reading during occlusion and an audible
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FIGURE 15.19 = The Penlon Nuffield 200 ventilator.

release of pressure when occlusion is discontinued.
Movement of the reservoir bag during anaesthesia
does not necessarily indicate that fresh gas is being de-
livered to the patient.

The Bain system may be used to ventilate the pa-
tient’s lungs with some types of automatic ventilator
(e.g. Penlon Nuffield 200; Fig. 15.19). A 1-m length of
corrugated tubing is interposed between the patient
valve of the ventilator and the reservoir bag mount
(Fig. 15.20); the spill valve must be closed completely.
An appropriate tidal volume and ventilatory rate are
selected on the ventilator and anaesthetic gases are
supplied to the Bain system. During inspiration, the
gas from the ventilator pushes a mixture of anaesthetic
and alveolar gas from the corrugated outer tube into
the patient’s lungs; during expiration, the ventilator
gas and some of the alveolar gas are vented through the
exhaust valve of the ventilator. The degree of rebreath-
ing is regulated by the anaesthetic gas flow rate; a flow
of 70-80mLkg' min~' should result in normocapnia
and a flow of 100 mL kg™ min™' in moderate hypocap-
nia. A secure connection between the Bain system and

X

FGF — ' — —

Corrugated
tube
From control
module of Exhaust
ventilator
Patient valve
FIGURE 15.20 ™ The Bain system for controlled ventilation

by a mechanical ventilator (e.g. Penlon Nuffield 200). A 1-m
length of corrugated tubing with a capacity of at least 500 mL
is required to prevent gas from the ventilator reaching the pa-
tient’s lungs. PaCO, is controlled by varying the fresh gas flow
(FGF) rate.

the anaesthetic machine must be assured. If this con-
nection is loose, a leak of fresh gas occurs; this causes
rebreathing of ventilator gas and results in awareness,
hypoxaemia and hypercapnia.

Mapleson E and F Systems

The Mapleson E system, or Ayre’s T-piece, has virtu-
ally no resistance to expiration and was used exten-
sively in paediatric anaesthesia before the advantages
of continuous positive airways pressure (CPAP)
were recognized. It functions in a manner similar to
the Mapleson D system in that the corrugated tube
fills with a mixture of exhaled and fresh gas dur-
ing expiration and with fresh gas during the expi-
ratory pause. Rebreathing is prevented if the FGF
rate is 2.5-3 times the patient’s minute volume. If
the volume of the corrugated tube is less than the
patient’s tidal volume, some air may be inhaled at
the end of inspiration; consequently, an FGF rate of
at least 4L min™' is recommended with a paediatric
Mapleson E system.

During spontaneous ventilation, there is no indica-
tion of the presence, or the adequacy of ventilation. It
is possible to attach a visual indicator, such as a piece
of tissue paper or a feather, at the end of the corrugated
tube, but this is not very satisfactory.
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Intermittent positive pressure ventilation (IPPV)
may be applied by occluding the end of the corrugated
tube with a finger. However, there is no way of assess-
ing the pressure in the system and there is a possibil-
ity of exposing the patient’s lungs to excessive volumes
and pressures.

The Mapleson F system, or Rees’ modification of
the Ayre’s T-piece, includes an open-ended bag at-
tached to the end of the corrugated tube. This confers
several advantages:

® ]t provides visual evidence of breathing during
spontaneous ventilation.

® By occluding the open end of the bag temporar-
ily, it is possible to confirm that fresh gas is enter-
ing the system.

m Jt provides a degree of CPAP during spontaneous
ventilation and positive end-expiratory pressure
(PEEP) during IPPV.

® ]t provides a convenient method of assisting or
controlling ventilation. The open end of the res-
ervoir bag is occluded between the fourth and
fifth fingers and the bag is squeezed between the
thumb and index finger; the fourth and fifth fin-
gers are relaxed during expiration to allow gas to
escape from the bag. It is possible with experi-
ence to assess (approximately) the inflation pres-
sure and to detect changes in lung and chest wall
compliance.

However, one main disadvantage of the Mapleson F
system is that efficient scavenging is unsatisfactory and
is non-standard.

Mapleson ADE System

This system provides the advantages of the Mapleson
A, D and E systems. It can be used efficiently for spon-
taneous and controlled ventilation in both children
and adults.

It consists of two parallel lengths of 15-mm bore
tubing; one delivers fresh gas and the other carries ex-
haled gas. One end of the tubing connects to the pa-
tient via a Y-connection and the other end contains the
Humphrey block (Fig. 15.21). The Humphrey block
(Fig. 15.22) consists of an APL valve, a lever to select
spontaneous or controlled ventilation, a reservoir bag,
a port to connect a ventilator and a safety pressure re-
lief valve which opens at a pressure above 6 kPa.

FIGURE 15.21

The ADE system.

FIGURE 15.22

The Humphrey block. This consists of an
APL valve, a lever to select spontaneous or controlled ventila-
tion, a reservoir bag, a port to connect to the ventilator and a
safety pressure relief valve.

When the lever is in the A mode (up), the reservoir
bag is connected to the breathing system as it would
be in the Mapleson A system. The breathing hose con-
necting the bag to the patient is the inspiratory limb.
The expired gases travel along the other tubing back
to the APL valve, which is connected to the scavenging
system.

With the lever in the D/E mode (down), the reser-
voir bag and the APL valve are isolated from the
breathing system. What was the exspiratory limb in
the A mode now delivers gas to the patient. The hose
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returning gas to the Humphrey block now functions
as a reservoir to the T-piece. This hose would open to
atmosphere via a port adjacent to the bag mount, but
in practice this port is connected to a ventilator such as
the Penlon Nulffield.

In adults, an appropriate FGF is 50-60 mL kg™ min™
in spontaneously breathing patients and 70 mLkg™ min™
in ventilated patients.

Drawover Systems

Occasionally, it is necessary to administer anaesthesia
at the scene of a major accident. If inhalation anaes-
thesia is required, it is necessary to use simple, por-
table equipment. The Triservice apparatus has been
designed by the British armed forces for use in battle
conditions (Fig. 15.23). It comprises a self-inflating
bag, a non-rebreathing valve (e.g. Ambu E, Rubens)
which vents all expired gases to atmosphere, one or
two Oxford miniature vaporizers (which have a low
internal resistance), an oxygen supply and a length of
corrugated tubing which serves as an oxygen reservoir.
Either spontaneous or controlled ventilation may be
employed using this apparatus.

Rebreathing Systems

Anaesthetic breathing systems in which some gas is
rebreathed by the patient were designed originally to
economize in the use of cyclopropane. In addition,
they reduce the risk of atmospheric pollution and in-
crease the humidity of inspired gases, thereby reduc-
ing heat loss from the patient. Rebreathing systems
may be used as ‘closed’ systems, in which fresh gas is

FIGURE 15.23 = The Triservice apparatus. (Courtesy of Dr S. Kidd.)

introduced only to replace oxygen and anaesthetic
agents absorbed by the patient. More commonly, the
system is used with a small leak through a spill valve,
and the fresh gas supply exceeds basal oxygen require-
ments. Because rebreathing occurs, these systems must
incorporate a means of absorbing carbon dioxide from
exhaled alveolar gas.

Soda Lime

Soda lime is the substance used most commonly for
absorption of carbon dioxide in rebreathing systems.
The composition of soda lime is shown in Table 15.4.
The major constituent is calcium hydroxide, but so-
dium and potassium hydroxides may also be present.
Absorption of carbon dioxide occurs by the following
chemical reactions:

CO, +2NaOH — Na,CO, +H,O + heat
Na,CO, +Ca(OH), — 2NaOH +CaCO,

Water is required for efficient absorption. There
is some water in soda lime and more is added from
the patient’s expired gas and from the chemical re-
action. The reaction generates heat and the tem-
perature in the centre of a soda lime canister may
exceed 60 °C. Sevoflurane has been shown to inter-
act with soda lime to produce substances that are
toxic in animals. However, this does not appear to
impose any significant risk in humans (see Ch 2).
There is new evidence suggesting that the presence
of strong alkalis such as sodium and potassium
hydroxides could be the trigger of the interaction
between volatile agents and soda lime. New car-
bon dioxide absorbers are now being manufactured
without these hydroxides in order to reduce this
interaction.

TABLE 15.4

Composition of Soda Lime

Ca(OH), 94%
NaOH 5%

KOH <1% or nil
Silica 0.2%

Moisture content 14-19%
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The size of soda lime granules is important. If gran-
ules are too large, the surface area for absorption is
insufficient; if they are too small, the narrow space be-
tween granules results in a high resistance to breath-
ing. Granule size is measured by a mesh number. Soda
lime consists of granules in the range of 4-8 mesh.
(A 4-mesh strainer has four openings per square inch
and an 8-mesh strainer has eight openings.) Silica is
added to soda lime to reduce the tendency of the gran-
ules to disintegrate into powder. In addition, soda lime
contains an indicator which changes colour as the active
constituents become exhausted. The rate at which soda
lime becomes exhausted depends on the capacity of the
canister, the FGF rate and the rate of carbon dioxide pro-
duction. In a completely closed system, a standard 450-g
canister becomes inefficient after approximately 2 h.

Baralyme

Baralyme is another carbon dioxide absorber. It is a
mixture of approximately 20% barium hydr