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Preface

This book is unusual in that it discusses how critically ill patients respond
to the drugs they are given. It is not a book about the treatment of critical
illness; many of these already exist. Rather than being just another textbook
of therapeutics, its aim is to produce both knowledge and understanding of
the underlying principles of pharmacology in the critically ill patient.

The reader might ask why such a book is necessary. There are two main
reasons. First, the critically ill patients’ condition is becoming more com-
plex. The start of modern-day intensive care is generally taken as the polio
epidemic in Denmark in the early 1950s. These patients had primarily
respiratory failure, a single organ problem. Since then the number of simul-
taneous organ failures that are supported in the critically ill patient has
increased. As well as respiratory failure, it is now common to support the
kidneys, the cardiovascular system, the gastrointestinal tract, the liver, and
the brain. As organs fail, so the pharmacokinetic processes of absorption,
distribution, and elimination are affected. This changes the way drugs are
handled by the body, often in ways that are difficult to predict. Multiple
organ failure may also induce changes in the sensitivity of the target organ
to a drug. For example, the encephalopathy of liver failure increases the sen-
sitivity of the brain to sedative and analgesic drugs.

Second, just as the patients’ condition has increased in complexity, so has
their treatment. The number of drugs available to the clinician has
increased dramatically since the early days of intensive care. Whereas, in the
past, patients might have received a handful of drugs to treat and support
their single organ failure, nowadays it is not uncommon for a patient with
multiple organ failure to receive more than 20 drugs. This polypharmacy
requires an understanding, not only of the pharmacokinetics of individual
drugs in the critically ill, but also of how drugs interact when given to the
same patient. Relatively few drugs are licensed for use in the critically ill
patient; the costs and problems of the necessary research are prohibitive. It
is essential then, that those prescribing drugs to critically ill patients have a
full understanding of the problems that may arise from their administra-
tion.

No single book can describe all the possible pharmacokinetic changes or
the potential interactions that may occur for every drug. There are simply
too many. What we hope is that this book will give readers an insight into the
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PREFACE

complexity of the situation and some understanding of how to predict pos-
sible problems. To this end, we have invited a number of experts from
around the world to describe the impact of major organ failures on how the
critically ill patient deals with drugs. We emphasised to them that we wanted
them to describe the principles of changes in pharmacology with organ fail-
ure, not how to treat organ failure. Each chapter has examples of treatments
but these are meant to illustrate the concepts rather than provide compre-
hensive regimens.

The first chapters describe the fundamental principles of pharmacology:
the pharmacokinetics of drugs, how they act and how drug receptors work.
The second section of the book describes the effect of individual organ
system failures on these fundamental principles. We are grateful to the
authors of these chapters since literature with this emphasis is difficult to
find; indeed, it usually does not exist. The final chapter of the book puts the-
ory into practice, with a short chapter on how to prescribe drugs safely. The
main author of this chapter is a trainee in intensive care medicine. We hope
this contribution has produced a fresh and unbiased outlook on the subject
and provided an approach for the future.

Gilbert Park
Cambridge

Maire Shelly
Manchester



1: Basic pharmacology
WAYNE A TEMPLE, NERIDA A SMITH

What a drug is

A drug in the modern sense, is any substance which affects normal bodily
function at the cellular level. This is a very broad definition, as almost any
substance will in some way at some level affect biological processes.
Paracelsus (1493—1541) recognised this and wrote: “All things are poisons
and there is nothing that is harmless; the dose alone decides that something
is no poison.” It is therefore necessary to know whether the amount of sub-
stance at its site of action is sufficient or excessive before deciding whether
a chemical is a drug or poison.

Most drugs are effective because they bind to particular target proteins
including enzymes, carriers, ion channels or receptors. For a drug to be use-
ful as a therapeutic tool it must show a high degree of biological specificity.
Small structural changes in the drug may lead to a change in biological
response and these drugs are termed “structurally specific”. Conversely,
drugs such as gaseous anaesthetics are designated as “structurally non-spe-
cific” because small structural changes do not lead to changes in the bio-
logical effect. The activity of these drugs is related to the ratio of the partial
vapour pressure of the substance in air and the vapour pressure of the sub-
stance (Ferguson’s principle). Structurally non-specific drugs are generally
active only in high concentration, whereas structurally specific drugs may
produce a biological response at very low concentrations.

The biological properties of a drug are a function of its physicochemical
parameters, such as solubility, lipophilicity, electronic effects, ionisation and
stereochemistry. Structurally specific drugs interact with specific targets,
forming a drug-receptor complex which may be stabilised by various forces
(covalent bonding, ionic interactions, ion—dipole and dipole—dipole interac-
tions, hydrogen bonding, charge transfer interactions, hydrophobic interac-
tions and van der Waals interactions).

Covalent bonding is the strongest possible interaction and is of interest
mainly in chemotherapy where it is desirable to have a drug which acts
selectively on the target, to form an irreversible complex with its receptor so
that the drug may exert its toxic action for an extended period.
Unfortunately, for drugs to react covalently, this requires an increase in
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BASIC PHARMACOLOGY

reactivity and consequently the desired selectivity may be lost. Non-cova-
lent interactions are generally weak and several types of interactions may be
involved in the drug-receptor complex. An electrostatic attraction, for
example, may be due to an ion—ion, an ion—dipole or a dipole—dipole inter-
action.

Acetylcholine is an example of a molecule that can undergo an ionic reac-
tion. The greater electronegativity of atoms such as oxygen, nitrogen, sul-
phur, and halogens relative to that of carbon, results in electronic dipoles for
drugs containing a carbon-electronegative atom bond. Hence, the dipoles
in a drug may be attracted by ions or other dipoles in the receptor.
Similarly, hydrogen bonds are a type of dipole—dipole interaction formed
between the proton of a group containing a hydrogen-electronegative atom
(N, O or F) bond, and other electronegative atoms containing a pair of non-
bonded electrons.

The ionisation state of a drug may have a marked effect on both its
drug-receptor interaction and partition coefficient. Many drug molecules
are weak acids or bases and can therefore exist in both unionised and
ionised forms, the ratio of the two forms varying with pH. At physiological
pH (pH 7-4), acidic groups such as carboxylic acid groups will be deproto-
nated to the carboxylate anion form. Similarly, basic groups, such as
amines, will be protonated to the cationic form. Most alkaloids which act as
local anaesthetics, neuroleptics and barbiturates have pK, values between 6
and 8 such that both neutral and cationic forms are present at physiological
pH. This may allow them to penetrate membranes in the neutral form and
exert their biological action in the ionic form.

Chirality

Approximately 56% of drugs currently in use are chiral compounds, and
88% of these chiral synthetic drugs are used therapeutically as racemates. A
chiral centre is formed when a carbon or quarternary nitrogen atom is con-
nected to four different atoms. A molecule with one chiral centre is then
present in one of two possible configurations termed enantiomers. These
enantiomers have identical physical and chemical properties, but rotate
polarised light in opposite directions. They are commonly referred to as
optical isomers and are non-superimposable mirror images of each other
(Figure 1.1).

One of these isomers rotates a beam of plane polarised light in a coun-
terclockwise direction and is defined as the levorotatory or / enantiomer,
and the angle of rotation is defined as a negative (-) rotation. The other iso-
mer rotates light in a clockwise direction and is defined as the dextrorota-
tory or d enantiomer, and the angle of rotation is defined as a positive (+)
rotation.

The earliest method of distinguishing one enantiomeric form from
another was by the sign of rotation, i.e. d and / or (+) and (-) forms.
Unfortunately, this did not describe the actual spatial arrangement around
the chiral centre, known as the configuration. Consequently, a convention
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Figure 1.1 Lactic acid, an asymmetric molecule, and its mirror image.

was developed based on the sequence of substituents around the asymmet-
ric centre.! A clockwise sequence is specified as R (Latin, rectus = right) or
counterclockwise sequence S (Latin, sinister = left), to give R and S iso-
mers.

The separation of enantiomers has an interesting background. In 1848
Louis Pasteur, using a hand lens and a pair of tweezers, painstakingly sepa-
rated a quantity of the sodium ammonium salt of paratartaric acid into two
sets of enantiomeric crystals. Because paratartaric acid (also known as
racemic acid) was the first compound to be resolved into optical isomers
(enantiomers), an equimolar mixture of two enantiomers is now called a
racemate.

Most of the synthetic chiral drugs used in anaesthesia are administered as
racemic mixtures (for example, the inhalation anaesthetics, local anaesthet-
ics, ketamine), although some are single, pure enantiomers. Halothane,
enflurane and isoflurane (Figure 1.2) contain a chiral centre and can exist
as R and S isomers. Although the mechanism of anaesthetic action is not yet
clearly understood, it has been shown that the pure enantiomers of chiral
inhalation anaesthetic agents interact differentially with the CNS ion chan-
nels.?

Many naturally occurring compounds (formed by organisms or derived
from plants) contain one or more chiral centres; however, their synthesis is
usually stereoselective so that specific isomers are formed (e.g. d-tubocu-
rarine, l-hyoscine and /-morphine), which are used therapeutically.

F F F F H F
| | % | x|
RN S
H F C1 H F C1
Enflurane Isoflurane

Figure 1.2 Molecular structure of enflurane and isoflurane showing their chiral
centres (%).
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An exception is atropine which occurs naturally as an /-isomer but is
partly converted to its enantiomer during extraction and is consequently
given as a racemate (d/l-hyoscyamine). Since d-hyoscyamine has very little
anticholinergic activity, the overall effectiveness of atropine is significantly
reduced. The inactive or less active enantiomer of racemates was once con-
sidered an isomeric “ballast”, but this certainly cannot be extrapolated to all
racemic drugs. Today it is well recognised that changes in the enantiomeric
makeup of chiral drugs may very significantly alter their pharmacokinetic
properties and pharmacological and toxicological profiles.

Past practice was to develop racemates as drugs, either because their sep-
aration was difficult from a commercial perspective or the properties of the
individual enantiomers had not been properly investigated. Now that new
techniques are available for the large-scale separation of racemic mixtures
or asymmetric syntheses to produce single enantiomers, there has been
considerable effort directed at investigating their properties.

Atracurium is a complex mixture of 10 stereoisomers and is usually
administered as the chiral mixture. Among these, cis-atracurium was iso-
lated and its pharmacological properties were examined. This isomer offers
clinical advantages over the mixture, principally due to the lack of hista-
mine-releasing propensity and the higher neuromuscular blocking
potency.?

Dobutamine is a racemate of two enantiomers both of which are positive
inotropes. R(+)-dobutamine acts on 3, and B, receptors, whilst S(-)-dobu-
tamine acts on o, adrenoreceptors.? Since both isomers have similar desir-
able activities, this is an example where it is preferable to administer the
chiral mixture rather than a single enantiomer.

Ketamine is a racemate containing equal parts of S(+)-ketamine and
R(-)-ketamine. Several studies have been undertaken to compare the
effects of the single enantiomers with the racemic mixture. The S(+) isomer
of ketamine has about twice the analgesic potency of the clinically used
racemic mixture and is about three times as potent as the R(—) isomer. The
recovery phase was found to be shorter after S(+)-ketamine, compared with
the racemate. The incidence of psychotic emergence reactions was thought
to be due to the R(—)-ketamine from earlier human studies; however, sub-
sequent studies have not demonstrated a consistently lower rate of psychic
emergence reactions after S(+)-ketamine, compared with the racemate.>
The separation of convulsant and anaesthetic activities occurs between the
isomers of 5-(1,3-dimethylbutyl)-5-ethyl barbituric acid and N-methyl-5-
propyl barbiturate, with the S-(+) enantiomers being pure convulsants
whilst the R-(—) enantiomers are anaesthetics.®

The enantiomers of bupivacaine both produce local anaesthesia with S(-)-
bupivacaine possessing a longer duration of action than the R(+)-enantiomer.
The cardiotoxicity of bupivacaine may be due to R(+)-bupivacaine.
Pharmacokinetic studies of these enantiomers has revealed that the enan-
tioselective systemic disposition of bupivacaine can to a large extent be attrib-
uted to differences in the degree of plasma binding of the enantiomers.”
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Labetalol, the mixed adrenoceptor blocker, is commercially available as
equal proportions of four stereoisomers. Non specific B,- and B,-blocking
activity is mainly conferred by the R,R isomer, while o, -blocking activity is
produced by the S,R isomer.8 These examples given above serve to demon-
strate that consideration of the stereoselective properties of enantiomers of
chiral drugs may suggest therapeutic advantages over the use of racemates.

Some enantiomers have different therapeutic activities and as such may
be marketed separately. For example, 25,3 R-(+)-dextropropoxyphene is an
analgesic, and its enantiomer (—)-levopropoxyphene is an antitussive. The
enantiomeric nature of these two drugs is also reflected in their US trade
names, the former being marketed under the name Darvon® and the latter
Novrad®.

In view of the modern technological advances which allow for the sepa-
ration of racemate drugs, it is important that the individual isomers are fully
evaluated for their pharmacological and toxicological properties to see if
there are advantages in utilising one enantiomer in a particular therapeutic
context. This has now been recognised by regulatory agencies involved with
administering the control of medicines, such as the US FDA who released
a policy statement for the development of new stereoisomeric drugs pub-
lished in May of 1992.°1°This policy calls for identification of the isomeric
composition of drugs with chiral centres and characterisation of their prop-
erties, including pharmacology, toxicology and clinical studies. It empha-
sises the need for drug manufacturers to develop quantitative assays for
single isomers in iz vivo samples early in drug development to facilitate the
examination of the pharmacokinetic profile. Clearly it is important to eval-
uate not only new chiral drugs from this perspective but to study existing
therapeutic racemates in order to optimise their clinical effectiveness.

Prodrug

A prodrug is a pharmacologically inert form of an active drug that must
undergo transformation to the active form i vivo to exert its therapeutic
effects. The primary purpose in forming a prodrug is to modify the physi-
cochemical properties of the drug in order to influence its ultimate localisa-
tion. The conversion of prodrug to parent can occur by a variety of
reactions, the most common being hydrolytic cleavage. Blood esterase can
rapidly cleave many prodrug ester forms of hydroxyl or carboxyl groups of
the parent drug. Biochemical oxidation or reduction processes may also be
involved in the activation of the prodrug.

If the parent compound is insoluble, this can be modified by adding a
water-soluble group which may be metabolically cleaved after drug admin-
istration. The local anaesthetic benzocaine is converted to water-soluble
amide prodrug forms with various amino acids. Once administered, an ami-
dase-catalysed hydrolysis occurs rapidly in the serum.!! Diazepam, a ben-
zodiazepine tranquilliser, is sparingly water soluble but can be produced
vivo from a freely soluble acyclic derivative that undergoes hydrolysis and
spontaneous cyclisation to diazepam.!2
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A drug may be rapidly metabolised before it reaches the site of action,
thus reducing its effectiveness or even rendering it inactive. Modification of
the parent compound may block the metabolism until the drug reaches its
target. Naltrexone (used in the treatment of opioid addiction), for example,
undergoes extensive first-pass metabolism when given orally. Ester pro-
drugs of naltrexone substantially enhance its bioavailability.!3

The slow and prolonged release properties of some prodrugs can confer
several advantages, including the reduction in drug administration fre-
quency, elimination of night-time administration, maximising patient com-
pliance and reducing gastrointestinal adverse effects and toxicity.
Haloperidol modified as the decanoate ester may be given intramuscularly
as a solution in sesame oil. The antipsychotic activity of this prodrug lasts
for about one month as compared with the short duration of activity if given
orally.!4

A drug may be toxic in its active form but if administered in a non-toxic,
inactive form which converts to the active form only at the target site would
have a higher therapeutic index compared with the toxic drug. Adrenaline,
for example, used in the treatment of glaucoma, has a number of ocular and
systemic side effects associated with its use. The dipivaloyl derivative of
adrenaline, a prodrug, is almost as effective but has a significantly improved
toxicological profile compared with adrenaline.!> Site specificity is an
important reason for prodrug design. In particular, selective delivery to the
brain is a challenge for prodrug design. Only highly lipid-soluble drugs can
cross the blood-brain barrier. Prodrugs with high lipid solubility can be
used but may distribute to other regions and produce unwanted effects. -
Dopa (1-3,4-dihydroxyphenylalanine) reaches the desired target in the cor-
pus striatum but also produces adverse effects in the peripheral tissues.
Many of these side effects can be overcome by additional administration of
an inhibitor of aromatic amino acid decarboxylase, such as carbidopa, that
does not penetrate into the brain, but prevents transformation in the
peripheral tissues.

Other prodrugs may be designed to overcome poor patient acceptability
(e.g. unpleasant taste or odour, gastric irritation) or for formulation prob-
lems such as converting a volatile liquid form of a drug into a solid dose
form.

Prodrugs then are typically designed with the purpose of maximising the
binding of drugs to receptors. As outlined above, by altering the chemical
structure of the active ingredient it is possible to enhance the pharmacoki-
netic properties and hence effect a promising drug transformation.

Pharmaceutical formulations

To facilitate the delivery of a drug by the most effective route, specific
pharmaceutical formulations are prepared into forms such as tablets, cap-
sules, syrups, creams, injections and so on. Specific properties of formula-
tions may include the following:
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® protect the drug from the atmosphere (oxidation, humidity), for exam-
ple, coated tablets

® protect the drug from the acidity of the stomach, for example, enteric-
coated tablets, injections

® conceal taste or smell, for example, coated tablets, capsules, flavourings

® provide time-controlled drug action, for example, controlled-release cap-
sules and tablets, depot injections, transdermal patches.

Selecting the appropriate route, and hence the appropriate pharmaceuti-
cal formulation, for delivery of the drug is important. Cognisance needs to
be taken of any changes that can affect the absorption of the drug.
Increasing the pH of the stomach can affect the integrity of enteric coated
tablets, causing the contents (usually of an irritant nature) to be released
prematurely into the stomach. In the case of percutaneous delivery of local
anaesthetics, toxicity has occurred following inadvertent applications to
mucosal epithelia, or to denuded skin where the barrier to absorption is
damaged or non-existent. A severe lignocaine intoxication occurred follow-
ing application of a 5% topical formulation to painful, erosive skin lesions.
The absorption barrier of the skin was no longer intact, and the patient dis-
played progressive toxicity culminating in fatal cardiorespiratory arrest.!°

In addition to the active ingredient, a pharmaceutical formulation may
contain non-therapeutic ingredients such as vehicles, thickeners, solvents,
preservatives, sweeteners, flavours, stabilisers, colours, fillers, lubricants,
plasticisers, humectants, propellants, disintegrants and suspending agents.
Adverse reactions to these ingredients may be influenced by factors such as
impaired excretion route, altered protein binding, membrane changes,
chelation, enhanced or reduced absorption, duration of exposure and indi-
vidual hypersensitivities. Solvents and preservatives in particular have been
associated with adverse reactions.

Solvents

Solvents may be broadly classified into three types, polar, semipolar, and
non-polar, based on their forces of interaction.

Polar solvents are made up of strong dipolar molecules having hydrogen
bonding (for example, water and hydrogen peroxide). Semipolar solvents
are made up of strong dipolar molecules but which do not form hydrogen
bonds (for example, amyl alcohol and acetone). Non-polar solvents are
made up of molecules having a small or no dipolar character (vegetable oil,
mineral oil). Some solvents may fit into more than one class, for example,
glycerin may be considered a polar or semipolar solvent even though it can
form a hydrogen bond.

As a general rule, the greater the structural similarity between solute and
solvent, the greater the solubility. Organic compounds containing polar
groups capable of forming hydrogen bonds with water are soluble in water,
providing that the molecular weight of the compound is not too great. Non-
polar or very weak polar groups reduce solubility. Introduction of halogen
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atoms into a molecule in general tends to decrease solubility because of
increased molecular weight without a proportionate increase in polarity.
The greater the number of polar groups the greater is the solubility of a
compound, provided that the size of the rest of the molecule is not altered.

Water-miscible solvents suitable for pharmaceutical products are often
employed to solubilise the active ingredient. There is a limited availability of
low-toxicity solvents, and low molecular weight alcohols such as ethanol,
propylene glycol and glycerin are commonly used. Higher alcohols such as
the polyethylene glycols are also often utilised.

The effects of these solvents on the active drug may be difficult to predict
and may include altering parameters such as the activity coefficient of reac-
tant molecules, physicochemical properties, pK , surface tension, and vis-
cosity, which may indirectly affect the reaction rate of chemical processes
involving the drug.

In some cases the addition of a solvent may generate an additional
reaction pathway, or there may be a change in the reaction mix. A solvent
change may also change the stability of a compound, such as is found
with the hydrolysis of barbiturates which is nearly sevenfold faster in
water than in 50% glycerol.!” The possibility therefore exists to stabilise a
drug by the judicious choice of solvent; however, the limited availability of
non-toxic solvents suitable for pharmaceutical products rather limits this
approach.

Mineral oil is no longer used as a solvent for nasal preparations because
of the danger of lipoid pneumonia and lipoid granulomata if small amounts
are deposited into the small airways. Absorption of mineral oil is limited;
however, it can be irritating and emulsified preparations may cause local
granulomatous reactions.

Used topically, glycol is classified as a “minimal irritant”; propylene gly-
col is more irritating and sensitising. Polyethylene glycol when applied in
large amounts to denuded, rather than intact, skin can be absorbed and
undergo enzymatic depolymerisation to the systemically toxic mono-, di-
and triethylene glycols. Generally, however, the small quantities used as sol-
vents in parenteral formulations have not been associated with adverse
effects, although care needs to be taken in patients with renal impairment
and in infants. Local irritation may occur at the site of injection if amounts
are excessive.

Glycerin is an effective parenteral solvent and in the usual quantities in
parenteral formulations is free of toxicity. However, large quantities can
cause hyperosmolality, and in turn intravascular haemolysis, haematuria,
renal damage and hyperglycaemia.

Water for injection must be free of pyrogens and trace metals; the latter,
although not inherently toxic, may alter the state of the active ingredient.
Tonicity can be critical: aqueous intramuscular and subcutaneous injec-
tions that are much more painful than isotonic preparations; slow intra-
venous hypertonic solutions are well tolerated whilst hypotonic or aqueous
preparations may cause haemolysis.

8
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Preservatives

Preservatives have been defined by British regulatory agencies (The
Preservatives of Food Regulations, SI 1982, No. 15) as “any substance
which is capable of inhibiting, retarding or arresting the growth of microor-
ganisms or any deterioration of food by microorganisms or of masking the
evidence of any such deterioration”. Additives such as spices, colourings
and flavourings are specifically excluded from this definition.

Preservatives can be classified into three main classes:

® primarily microbial, for example, cetalkonium, cetylpyridinium, phenol,
thymol, chlorocresol, chlorbutol, phenylmercuric nitrate/acetate, thiom-
ersal, benzyl alcohol, benzoic acid, parabens

® antioxidants, for example, sulphites, ethylenediamine

® chelating agents, for example, ethylenediamine tetraacetic acid (EDTA).

As in the case of solvents, the quantities of preservatives in pharmaceuti-
cal formulations are generally too small to cause significant adverse effects.
However, some individuals may be particularly sensitive to the preservative
(most, but not all, of the preservatives), and greater exposures than origi-
nally intended can occur in neonates or following misuse.

Thymol is readily absorbed, and can discolour the urine. Exposure to
excessive amounts has occurred following incorrect draining of vaporisers
resulting in an accumulation of thymol sufficient to cause pulmonary
oedema.!®

Chlorocresol, used to preserve topical and parenteral formulations, has
been associated with sensitisation, urticaria and contact dermatitis and ana-
phylactoid reactions having been reported.!® Of perhaps greater significance
have been reports of chlorocresol reacting in some way with suxametho-
nium, triggering malignant hyperthermia in susceptible persons. It is
believed that a defect in the ryanodine receptor Ca2* channel is implicated
as one of the causes, and that chlorocresol enhances the Ca2* release from
the sarcoplasmic reticulum.2®

Prolonged exposure to benzyl alcohol (used in concentrations ranging
from 1 to 10%) can cause neurotoxicity, and intrathecal injections have
resulted in paraplegia.?! Benzyl alcohol is no longer recommended for use
as preservatives for injectables in neonates, given the high dose per kilogram
administered and the low tolerance of neonates, reflecting the underdevel-
oped pathway of oxidising benzyl alcohol to benzoic acid and then convert-
ing to hippuric acid for excretion.

Bronchoconstriction following inhalation of benzalkonium chloride used
as a preservative in antiasthma nebuliser solutions has been reported on a
number of occasions.?%23 The commonly used concentration (0-01%) does
not cause detectable damage when applied topically, although a 0-1% solu-
tion has been irritating when applied to the eye.!®

The sulphite-type antioxidants can cause a variety of problems in intoler-
ant subjects: gastric irritation, systemic respiratory circulatory collapse and

9



BASIC PHARMACOLOGY

central nervous system depression.! Seizures following intravenous admin-
istration of high-dose morphine containing sodium bisulphite as a preserv-
ative and the absorption of bisulphite from peritoneal dialysis solutions
have been reported.!9222425 The sulphites are metabolised rapidly to the sul-
phate, which is excreted renally.

EDTA is poorly absorbed orally, is essentially unmetabolised and
excreted via the kidneys as the calcium complex and has an affinity for met-
als much heavier than calcium, such as lead, iron and plutonium. Chronic
use of EDTA has shown adverse effects resembling zinc deficiencies, which
if not corrected can result in renal toxicity.!?

How to measure drug concentrations

In practice, there is no advantage in measuring the concentration of a
drug in a biological fluid if its biological effect can be easily monitored. For
example, it is more pertinent to measure blood glucose rather than the
blood levels of oral antidiabetic agents. Similarly, blood pressure monitor-
ing may be more informative than measuring blood concentrations of anti-
hypertensive agents. Plasma prothrombin time measurements may be more
relevant than determining plasma levels of therapeutic agents used in anti-
coagulant therapy. However, there are several drugs for which blood con-
centrations have been shown unequivocally to provide clinically useful
information. The narrow margin between therapeutic and toxic plasma lev-
els for lithium is a prime example where it is essential to monitor the plasma
concentration in order to adjust the dosage regimen.

A variety of analytical techniques are available for measuring drug con-
centrations in body fluids. The most important of these techniques are
radioimmunoassay (RIA) and related types of analysis, various separation
techniques involving chromatography and/or mass spectrometry with high
sensitivity detector, and photometric and fluorimetric techniques.

RIA involves employing an antibody which binds specifically and with
high affinity to the drug to be assayed. A radiolabelled version of the drug is
mixed together with the drug and antibody and the resulting solution is
then separated into antibody-bound and free material. A radioactive count
of the free or bound fraction is then undertaken to determine the drug con-
centration (Figure 1.3).

Enzyme immunoassay (EIA) or enzyme-linked immunosorbent assay
(ELISA) is a variant of RIA in which the label used is an enzyme rather than
a radiolabel (Figure 1.4). The enzyme-coupled derivative of the drug to be
analysed is prepared, by a covalent coupling reaction, and a standard
amount is added to the assay mixture together with the antibody and drug.
The amount of enzyme-coupled derivative that combines with the antibody
will depend on the amount of drug in the sample. Usually, the enzymic
activity of this bound fraction is much less than that of the enzyme-coupled
derivative so that no separation is necessary and a simple (usually photo-
metric) measure of enzyme activity in the mixture is then undertaken. The
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Figure 1.3 The principle of immunoassay.

more drug that is present, the greater the amount of free enzyme-coupled
derivative and the greater the enzymic activity. This type of assay is known
as EMIT (enzyme-multiplied immunoassay technique). Generally the sen-
sitivity of the immunoassays is extremely high and can work in the range
1012-10* mol.

Chromatographic techniques for separating substances combined with
sensitive detection systems are the basis for many drug assay systems. Gas
chromatography (GC) involves volatilising the sample and passing the
gaseous medium through a narrow column of solid absorbent at high tem-
perature in order to effect a separation of the components in the sample.
The emerging substances can be detected by various detection systems
including flame ionisation, electron capture and the most sensitive type,
mass spectrometry (MS). The GCMS technique will permit samples con-
taining as little as 1015 mol of drug to be assayed.

High performance liquid chromatography (HPLC) is similar to GC but
utilises a liquid rather than gas phase for separation of the sample.
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Figure 1.4 The principle of enzyme-linked assay.

Detection systems include UV and MS. HPLC is routinely used for many
drug assays.

Spectroscopic methods, especially fluorimetry, provide highly high-sensi-
tivity detector systems that can often be used in conjunction with HPLC
separation.

Plasma (or serum) drug concentrations can be used to guide the treat-
ment of individual patients if several parameters are known and include: the
therapeutic range of plasma concentrations for the drug; the clinical phar-
macokinetics for the drug; the timing of drug administration to the patient;
details of other drug treatment.

Plasma and tissue concentrations of drugs are in equilibrium by the time
drug distribution is complete. Most drugs circulate partly bound to ery-
throcytes or plasma proteins, the bound drug being in equilibrium with the
unbound drug. It is the plasma (unbound drug) that is of particular inter-
est in therapeutic drug monitoring. Unfortunately, measurement of
unbound drug presents difficulties and drug monitoring mostly depends on
measurements of plasma.

Only a few drug assays are of proven clinical value: aminoglycosides,
digoxin, anticonvulsants (for example, carbamazepine, phenobarbitone,
phenytoin), immunosuppressants (cyclosporin, tacrolimus), and a few oth-
ers (for example, theophylline and lithium). However, there are several
other drugs that are considered promising candidates for therapeutic drug
monitoring, particularly when administration is for the long term and
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therapy is essential for patient survival or can produce severe side effects or
both. Methotrexate is the only commonly measured drug (albeit by rela-
tively few laboratories) used in cancer therapy; however, a number of drugs
used in the treatment of haematological cancers are good candidates for
therapeutic drug monitoring.?® There is also recent evidence that the mon-
itoring of the anti-acquired immunodeficiency syndrome agents zidovu-
dine?” and didanosine in plasma are useful clinically.

The timing of blood specimen collection for drug monitoring is
extremely important. In general, it takes about five times the elimination
half-time of a drug for its plasma concentration to achieve a steady state
with a particular dosage level. For example, with digoxin, blood should be
taken at least six hours after the last dose, when absorption and distribution
are usually complete. Plasma concentrations of lithium should be measured
on a specimen taken 12 hours after the last dose, as trough concentrations
are particularly important for therapeutic control.

In cases of suspected intoxication such sampling is not feasible, but it
should be kept in mind that concentrations obtained fairly soon post-inges-
tion may not be predictive of outcome.

The use of digoxin-specific antibodies in the management of digoxin
overdose is another example where care must be taken when interpreting
plasma drug concentrations. Antibody fragments affect commercially avail-
able digoxin assay kits which measure both the free (digoxin available for
receptor binding) and total (free digoxin plus that bound to antibody)
digoxin such that the serum digoxin concentration rises rapidly after anti-
body infusion, most of which is biologically inactive. Monitoring the
patient’s serum digoxin concentration after the administration of antibody
is not possible until the antibody-bound digoxin is cleared from the blood,
usually within five days in a patient without underlying renal failure. Newer,
more accurate methods using ultrafiltration coupled with a fluorescence
polarisation immunoassay are able to distinguish between free and bound
digoxin, which is useful in the monitoring of patients.?® Specific analytical
methods are also required if active drugs and structurally closely related but
nevertheless inactive compounds (metabolites) are to be differentiated.
Specific methods are required for therapeutic drug monitoring, since
results from methods that fail to differentiate between active drugs and
related but inactive compounds are of limited value.

In some cases, metabolites may be pharmacologically more active than
the parent drug. Morphine, for example, is metabolised primarily to two
glucuronide metabolites, morphine-3-glucuronide and morphine-6-glu-
curonide, both of which have been reported to be pharmacologically active.
Morphine-6-glucuronide has been shown to be a more potent analgesic
than morphine;?° thus it is important to be able to measure the plasma con-
centrations of morphine and its metabolites in order to more fully evaluate
pharmacokinetic data derived from patients treated with morphine.
Although there are a large number of assays available for the measurement
of morphine (RIA, HPLC, GLC), there are relatively few assays capable of
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determining morphine and its glucuronide metabolites together.3® It is
therefore important for clinicians to ascertain what drug measurement
options are available to them in order to decide the best practical option for
therapeutic drug monitoring of their patients.

Summary points

—

5

Most drugs are effective because they bind to particular target proteins
including enzymes, carriers, ion channels or receptors.

Drug enantiomers may differ considerably in potency, pharmacological
activity and pharmacokinetic profile.

A prodrug is a pharmacologically inert form of an active drug that must
undergo transformation to the active form  vivo to exert its therapeutic
effects.

Specific pharmaceutical formulations are prepared into forms such as
tablets, capsules, syrups, creams and injections to facilitate the delivery
of a drug by the most effective route.

Solvents may be broadly classified into three types, polar, semipolar, and
non-polar, based on their forces of interaction. Their effects may be dif-
ficult to predict and may include altering the physicochemical and phar-
macodynamic properties of the drug.

The quantities of preservatives in pharmaceutical formulations are gen-
erally too small to cause significant adverse effects; however, some indi-
viduals may be particularly sensitive to the preservative and greater
exposures than originally intended can occur in neonates or following
misuse.

A variety of analytical techniques are available for measuring drug con-
centrations in body fluids, including radioimmunoassay (RIA), chro-
matography, mass spectrometry, photometric and fluorimetric
techniques. However, there is no advantage in measuring drug concen-
trations if the biological effect can be easily monitored.
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2: Pharmacokinetics and

pharmacodynamics
GILBERT PARK

Every critically ill patient is given many drugs, some patients may receive up
to 20 drugs simultaneously. Despite the frequent use of drugs, surprisingly
little is known about their use in the critically ill. There is often an awareness
that there may be an exaggerated response in say, the haemodynamic effects
of a new sedative agent compared with its use during anaesthesia, but little
else. The way new drugs are developed goes some way to explain this. Those
destined for the critically ill are conceived on the laboratory bench, tried in
healthy animals and then given to healthy volunteers. If they are tried in
patients, then it is usually in patients with a stable form of a chronic disease.
With this limited information drugs are then used in the critically ill. It
should not be surprising that the use of these drugs in patients with very
deranged bodily functions, often in combination with other drugs, result in
unpredictable effects. This chapter aims to explain some of the mechanisms
by which these effects occur.

Drug absorption

Unless a drug is given at its site of action, it needs to be absorbed into the
blood and be transported to its site of action. Oral, intramuscular and the
intravenous routes are the commonest when giving drugs to critically ill
patients. However, other routes may also be used. For example, an inhala-
tional route may be used for B-sympathomimetic drugs such as salbutamol
and also for sedative agents such as isoflurane.!:2 The rectal route, which is
not subject to the same vagaries of absorption as the rest of the gastroin-
testinal tract, has been used for the administration of drugs such as parac-
etamol, that may not be available in a parenteral formulation.

Those drugs given enterally must pass through the gastrointestinal wall
to enter the bloodstream. The absorption of drugs is affected not only by
their formulation, resistance to gastric acid and intestinal enzymes, but also
by motility and interactions with drug and food. How lipid soluble they are
will also affect their absorption. Drugs exist in equilibrium between ionised
and non-ionised forms. The degree of ionisation depends on the pK, of the
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drug and the pH of the solution. The pK is the negative logarithm of the
dissociation constant, and it is also the pH at which 50% of the drug is
ionised and 50% is non-ionised. It is the non-ionised form of the drug that
is lipid soluble and diffuses across cell membranes. The ionised form can-
not cross membranes. Alcohol and chloral hydrate are non-ionised drugs
which cross membranes freely.

Drugs absorbed from the gastrointestinal tract enter first the portal cir-
culation and pass through the liver. Some drugs are extensively metabolised
as they pass through the gut wall (isoprenaline) and the liver (lignocaine,
propranolol). Because of this, they may not reach a concentration in the sys-
temic circulation sufficient to exert a pharmacological effect. This is known
as first-pass metabolism.

In the critically ill, the gastrointestinal tract commonly fails. This may be
a problem if oral drugs are given during a period of gut stasis. Repeated,
ineffectual doses may be given that then accumulate in the stomach. When
gastrointestinal motility restarts, a potentially toxic amount of the drug may
then be absorbed. Conversely, when there is gastrointestinal rush, drugs
may not be absorbed. In addition, splanchnic blood flow is variable in the
critically ill and this in combination with the stasis makes the enteral route
for drugs unreliable.

The parenteral route avoids some of the problems associated with the
enteral route. Intramuscular and subcutaneous injection does not com-
pletely overcome these problems. Both are subject to changes in blood flow
in the critically ill patient. If there is a low blood flow (such as in shock),
then the drug will not be absorbed. Again, potentially toxic doses of drugs
can be given because they are repeated as the first dose appears ineffectual.
When blood flow is restored, this large dose may then be absorbed. Direct
intravenous injection overcomes all of the difficulties associated with other
routes of administration. Because of this it is the commonest route used in
the critically ill.

Drug distribution

Once a drug enters the systemic circulation it is distributed around the
body. From there it penetrates tissues to reach its site of action. Several fac-
tors will affect the rate at which this happens. These include:

® the degree of protein binding

® the ability to diffuse across the endothelium, interstitial fluid, and cellu-
lar membranes

® blood flow to the organ concerned.

The volume of distribution (V) represents the apparent volume available
in the body for distribution of the drug:

dose

"~ blood concentration

Vy
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The volume of distribution is not necessarily a true anatomical space. If
it is five litres or less there is distribution into the blood compartment, while
a volume of 5-20 litres implies that the drug is in the extracellular com-
partment, and one of about 40 litres implies it is distributed throughout
body water. Some volumes of distribution are greater than total body water
and this implies that the drug has been concentrated in one or other tissues.

Volume of distribution may be altered in critically ill patients for several
reasons, such as altered protein binding, haemodilution, alterations in the
distributions of body water, and treatment. Enthusiastic fluid administra-
tion, currently in vogue during resuscitation, may cause profound dilutional
effects.>

Protein binding

Once a drug is in the blood it needs to be transported to the receptor or
other site of action and to organs of elimination. Although there is informa-
tion about transport within the blood, little is known about transport from
the blood to the receptor, or the enzyme.

There are many proteins in the blood to which drugs may bind reversibly.
These proteins are involved in the transport of drugs. Two are of special
importance. The first, albumin, carries acidic drugs such as phenytoin and
lignocaine; the other, o,-acid glycoprotein, carries basic drugs such as
morphine. Other proteins, such as lipoproteins, and erythrocytes also carry
drugs.* Some drugs bind to more than one protein, for example pred-
nisolone binds to both albumin and o,-acid glycoprotein.

Protein binding markedly affects a drug’s activity. Only the free, unbound
drug diffuses easily to reach receptor sites and exert an effect. This free
component is also the part that undergoes metabolism and elimination.

Drugs have a variable degree of protein binding. For example, ampicillin is
25% protein bound whereas cloxacillin is 90% protein bound. Some authors
believe that highly protein-bound drugs are susceptible to displacement from
their binding sites. For example, warfarin is 99% protein bound. If another drug
which competes for its binding site, such as salicylate,’ is given it may decrease
the amount that is bound from 99% to 98%. Although this is a small change,
the amount that is unbound and able to exert an effect, increases from 1% to
2%, a doubling. With warfarin this may result in overcoagulation. Other authors
have contested the importance of displacement from binding sites, arguing that
there is an instantaneous increase in drug elimination.® However, this may only
occur in those drugs for which the liver enzymes are not saturated.

Albumin

Albumin carries many drugs. It has a molecular weight of about
68 000 Da and it is not surprising that there are variants of albumin. Several
different types have been described, some with unimportant changes in
their amino acid composition. The commonest, Albumin Lille, occurs with
a frequency of 0-0006%. Interestingly, there are some humans who appear
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to lack the genes to make significant amounts of albumin. Although small
amounts are present, it is measured in mg/l rather than g/1.? These humans
appear to be healthy apart from increased fat in their legs. Transport of hor-
mones as well as drugs is thought to be another important function of albu-
min. However, in analbuminic rats, there does not appear to be any
disturbance of thyroid stimulating hormone, which is transported by albu-
min. Albumin appears to have two binding sites. Drugs can be identified as
binding to one or other site (Figure 2.1). The importance of amino acid
changes on these is unknown.

1A 1B A 1B A 1B

Figure 2.1 Schematic representation of the albumin molecule, showing several
binding sites.

The mechanism of change and configuration has been described in pan-
creatitis. Kobayashi and colleagues® have shown that pancreatic enzymes
may cause bisalbumin to appear. This is thought to be because albumin is
secreted by the inflamed abdominal wall into the peritoneal cavity where
the enzymes are partially digested. It is then absorbed into the circulation.
Other changes in the electophoretic ability of albumin have been described
in the critically ill.° These may be due to changes such as high-dose antibi-
otics, urea, or bilirubin. 810

o,-Acid glycoprotein

This protein increases after stress of many types, including surgery.
Although it binds many drugs such as bupivacaine and might be expected

19



PHARMACOKINETICS AND PHARMACODYNAMICS

to decrease the free fraction of them, this has not been shown. There are
several reasons for this. Like albumin, several different forms exist,!! and it
might also change with the severity and type of disease.!2The concentration
of o,-acid glycoprotein increases in trauma,!* surgery,'* inflammation and
chronic pain,!> and carcinoma.!®

Elimination

There are two components to elimination. The first is metabolism and
the second, excretion. Metabolism is principally performed in the liver,
although an increasing number of extrahepatic sites of drug metabolism is
recognised. Excretion of most drugs is in the bile, into the gut or through
the kidneys into the urine. Clearance is the volume of blood or plasma
cleared of drug in unit time. Total clearance (Cl) is the sum of metabolic
(CL), renal (Cl), and biliary (Cl,) clearances:

ClL=CL_ + CL+ClI,

The avidity with which the liver metabolises drugs can be expressed as
the extraction ratio (ER). This is the amount of drug removed during its
passage through the liver. It is derived from the concentration of drug in the
hepatic artery (C,) and the hepatic vein (C,):

_(C,-C)
s

a

Drugs that are avidly metabolised by the liver, those with a high extrac-
tion ratio (for example lignocaine, fentanyl, and morphine) depend upon
liver blood flow. These drugs have a high extraction ratio. Those drugs with
a low extraction ratio are not dependent upon liver blood flow. Instead, they
are dependent on the state of the enzyme.

Drugs with an intermediate extraction ratio, such as midazolam and
alfentanil, are affected by changes in both. The elimination of most drugs
occurs at a rate which is proportional to the concentration of the drug pre-
sent, a constant fraction of the drug being eliminated in unit time. This is
called first-order kinetics. However, if the enzyme system becomes sat-
urated, then elimination proceeds at a constant rate. This is called zero-
order kinetics. Ethanol and phenytoin have zero-order kinetics.

Half-life is the time taken for the plasma concentration of the drug to
decrease by 50%. It is dependent upon the volume of distribution and
clearance. The elimination half-life (z) is:

0693 x I/,
telz Cl

The kidneys are the most important organ involved in the excretion of
drugs and their metabolites. Most drugs are lipid rather than water soluble
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and therefore need metabolising to become water soluble for excretion. The
mechanisms involved in renal excretion include glomerular filtration, tubu-
lar secretion and reabsorption. Some drugs may undergo one of these
mechanisms and others all of them. The molecular weight and charge of a
molecule, the degree of protein binding, and the blood flow to the glomeru-
lus all determine whether or not a drug can be filtered. Those substances
that are eliminated by filtration are usually polar, unbound molecules, such
as aminoglycosides.

In the proximal renal tubule, drugs (both acidic and basic) such as cime-
tidine and penicillin, are secreted by two different active transport mecha-
nisms. Although only the unbound drug is able to cross membranes, this
does not seem to hamper secretion. This is probably because the drugs
rapidly dissociate from their binding proteins to maintain equilibrium.
However, competition between substances for secretion may decrease the
elimination of some drugs. For example, probenecid reduces the elimina-
tion of penicillin and prolongs its action. In the distal renal tubule, the pas-
sive reabsorption of weak acids occurs through the peritubular capillaries.
This passive reabsorption depends on drugs being in the non-ionised, lipid-
soluble form and is therefore influenced by urinary pH.

Acidic drugs (barbiturates and salicylates) are mostly non-ionised and
lipid soluble in acid urine. They will, therefore, diffuse back across the dis-
tal renal tubule cell membranes and be reabsorbed and not excreted. To
prevent reabsorption and enhance excretion of acidic drugs, the urine is
made alkaline. This changes the drugs to an ionised polar form, which can-
not cross cell membranes so increase excretion. The reverse may be applied
for basic drugs.

In the critically ill, hypotension and drugs that reduce renal blood flow
will lead to accumulation of drugs and metabolites excreted by the kidneys.

High molecular weight metabolites (4—500 Da) are excreted in the bile.
Biliary excretion is usually less important than renal elimination for most
drugs. In the liver, canalicular transport mechanisms transport ionised drug
metabolites into the bile. This is an ATPase-dependent, saturable, non-spe-
cific process that can be inhibited by other drugs. This route of elimination
in the critically ill has not been investigated and its importance is unknown.

Metabolism

The purpose of drug metabolism is to change an active, lipid-soluble
compound into a water-soluble, inactive substance that can be excreted.
Two phases are usually involved in this. The first phase, phase I metabolism,
commonly involves cytochromes P450, although others enzymes also per-
form phase I metabolism including:

® alcohol dehydrogenase
® aldehyde dehydrogenase
® alkylhydrazine oxidase
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® amine oxidases
® aromatases
® xanthine oxidase.

Phase I enzymes perform reactions such as oxidation and hydroxylation.

The metabolites produced by these enzymes may be less active, or highly
active, or in some instances even toxic. Paracetamol (acetaminophen) is a
frequently used analgesic. Most of the drug undergoes glucuronidation and
sulphation, but a small amount is metabolised to a toxic metabolite (N-
acetyl-p-benzoquinone [NAPQI]) by cytochrome P450 2E1. This toxic
metabolite is inactivated by conjugation with glutathione. When large
amounts of paracetamol have been ingested, glutathione supply becomes
depleted and the toxic metabolite accumulates and can cause necrosis of
the liver and poison the kidneys. The risk of hepatic damage is greater if the
patient is taking an enzyme-inducing drug such as alcohol.

The phase I metabolite is usually metabolised further by a phase II
enzyme. This enzyme conjugates the phase II metabolite with another
group such as glutathione, a glucuronide, or a sulphide group. A drug that
exemplifies these pathways is midazolam. It is metabolised by a cytochrome
P450, first to 1-hydroxymidazolam and then to 1-hydroxymidazolam glu-
curonide.

A few drugs are metabolised mostly by phase II metabolism alone.
Morphine is one such drug. It is metabolised to morphine-3-glucuronide
(M3G) and morphine-6-glucuronide (M6G). When there are several path-
ways for the metabolism of one drug, there are many factors that influence
by which pathway a drug is metabolised. Ismail and colleagues!’ studied
this in rats infected with malaria and then given low and high doses of
paracetamol. Overall, at low doses there was little change in the clearance of
paracetamol. However, there was an increase in sulphation with an accom-
panying decrease in glucuronidation.!” At high doses, sulphation was satu-
rated and because of the reduction in glucuronidation, clearance reduced.

Enzymes

Cytochromes P450 are a family of haemoproteins. In humans, about 20
or so have been described. They are characterised by their amino acid
homology. Families are identified by an Arabic number and have at least
40% amino acid homology. A sub-family is identified by a capital letter and
has at least 55% amino acid homology. The gene product is identified by a
further Arabic number.!® This approach to nomenclature has replaced the
older system of using substrate specificity and enzyme. Thus cytochrome
P450 3A4 is nifedipine oxidase and cyclosporin oxidase.

Cytochromes P450 tend to be located predominantly in the central
region of the hepatic lobule, whilst phase II enzymes tend to be distributed
in the periportal region. Within the cell, cytochromes P450 are found on the
endoplasmic reticulum and within the mitochondria. Phase II enzymes are
located mostly in the cytoplasm.
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There is a third group of enzymes that are becoming increasingly
important for drug metabolism. These are the enzymes that are not pre-
sent in large amounts in the liver, the so-called extrahepatic enzymes
(most enzymes are found in low amounts outside the liver). Of these the
most important are the blood and tissue esterases. One of them, butyryl-
cholinesterase (pseudocholinesterase), has been recognised for its impor-
tance in the metabolism of suxamethonium (succinylcholine). This
muscle relaxant is completely broken down by butyrylcholinesterase.
There are several genetic variants of this enzyme; some result in a pro-
longed effect. Many other drugs are now being designed to be
metabolised either by butyrylcholinesterase or other esterases similar to it.
Mivacurium, a non-depolarising neuromuscular blocking agent, is also
metabolised by butyrylcholinesterase. However, despite being metabolised
by other enzymes as well, it suffers the same difficulties in metabolism as
suxamethonium.!®

Remifentanil is an new opioid. It differs from the other opioids of the
same group in that it is metabolised by many esterases. These enzymes are
found in the blood and in the tissues. Because of the redundancy of the
enzyme systems, this opioid is unlikely to be affected by the absence of one
or even several of the esterases. This also makes remifentanil’s metabolism
independent of liver function. Studies during the anhepatic period of liver
transplantation have shown its elimination to be normal.?°

It is important to realise that each day the body has to metabolise many
hundreds of xenobiotics (foreign substances) of which drugs are only one
group. With the limited number of enzymes available to the body, most
enzymes metabolise more than one substance.

Enzyme function may change because of inhibition or induction.
Inhibition is usually quick while induction is slow. This is because enzyme
induction results from an increased amount of enzyme, which takes time to
occur.?! Inhibition may occur after a single dose of a drug. It may be caused
by direct interference with the enzyme itself, changes in the expression of
the enzyme, or changes in the environment itself. Substrate inhibition may
occur between midazolam and erythromycin, resulting in prolonged coma
from the midazolam. Metabolite inhibition occurs with the antidepressant
nortriptyline.?? The phase I metabolite of nortriptyline inhibits the enzyme
that produces it. Some drugs such as sulphinpyrazone can induce the
metabolism of some drugs (for example, phenytoin and warfarin) and
inhibit the metabolism of others (for example, theophylline). When drugs
that induce or inhibit enzymes are withdrawn, the plasma concentration of
the target drug may change, leading again to the possibility of treatment
failure or toxicity if an adjustment to dose is not made.

Enzyme inhibition may at times be useful to prevent toxicity. Imipenem
is an antibiotic broken down by the enzyme dehydropeptidase-1, found in
the brush border microvilli of the proximal tubule. Inhibition of this enzyme
by the addition of cilastatin delays the metabolism of imipenem, reducing
the dose of the drug needed. It also means that active drug is present in the
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urine rather than inactive metabolites, allowing urinary infections to be
treated.

There are many factors in the critically ill that may change drug metabo-
lism. What it is important to realise is that drug metabolism is constantly
changing as the patient’s condition improves or worsens. Since phase I
enzymes perform the first metabolic step, if they are changed, then all the
steps in the metabolism of the drug will be affected. Cytochromes P450 are
present in smaller amounts than phase II enzymes. Furthermore, they are
more sensitive to disease and its effects than phase II enzymes. The under-
standing of these enzymes is therefore crucial to an understanding of drug
metabolism and the next section will concentrate on these enzymes. There
are many factors that contribute to changing enzyme function including the
following:

Systemic inflammatory response syndrome (SIRS)

This term is used in an attempt to define non-specific inflammation in
the body resulting from many causes including infection, pancreatitis, etc.?
SIRS affects most of the body rather than a single organ and inflammation
is the essential part. Since infection is but one cause, a positive microbio-
logical culture is not an essential part of the syndrome.

Many inflammatory mediators are released in sepsis, including inter-
leukins (IL) 1, 4, and 6, tumour necrosis factor and interferon (IFN-y).°
The release of any of these can be triggered by endotoxin itself, an impor-
tant course of changes in drug metabolism.24-28

In animals, endotoxin has been shown to reduce the amount of
cytochromes P450 and its activity.242° These changes are associated with a
reduction in mRNA.?¢ Interleukin-1 has also been shown to produce simi-
lar changes.?® Information from humans is limited and most results are
from studies in hepatocytes grown in primary culture. We have shown that
serum from critically ill humans contains a substance that appears to inhibit
the enzymes as well. Others have shown that individual cytokines affect the
hepatic expressions of cytochromes P450 differently (Table 2.1).

In a further study with serum from critically ill patients in which we incu-
bated microsomes with serum from critically ill patients, we showed there
was significant inhibition of the metabolism of midazolam.3° The substance

Table 2.1 The effect of inflammatory mediators on various drug metabolising
enzymes.? | = decrease, T = increase, «—> = unchanged

Cytochrome P450 (CYP) IL-1PB 11-4 1L-6 TNF-o.  IFN-y
CYP 1A2 N N N N N
CYP 2C l l l l —>
CYP 2E1 l Tsx l l d
CYP 3A N “—> N NS “—>
Epoxide hydrolase d No data d d —>
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that caused this was unknown. However, some workers have suggested that
propofol may be an enzyme inhibitor. Some of the patients from which we
took serum had received propofol. In a later study we showed that propofol
is not an enzyme inhibitor at clinical concentrations.3!

Viral illness is also known to depress drug metabolism3? and interferon is
a probable cause. Interferon®3-3> may exert its effect in three ways. There
may be release of a secondary mediator such as IL-1. Alternatively, inter-
feron may induce xanthine oxidase which increases the amount of free rad-
icals present and may interfere with normal cell functions. Finally,
interferon may enhance haem turnover, reducing the amount of
cytochromes P450 present.3¢

Hypoxia

In the critically ill cellular hypoxia is common. In the liver this may be
because of a reduction of liver blood flow. Oxygen is an important substrate
and energy source for drug metabolism. Not all enzymes are equally
affected by hypoxia, as oxidation reactions appear to be more sensitive to
hypoxia than sulphation.

Oxygen is needed by the hepatocytes to metabolise drugs for several rea-
sons:

® to produce energy for metabolism

® as a substrate for drug oxidation

® 3s a terminal electron acceptor

® for processors dependent on oxidation equilibrium (redox potential of
the cell)

Hypoxia has been shown to reduce cytochrome P450 3A4 expression in
human hepatocytes in primary culture.?” Most studies in intact animals
have been performed in those made chronically hypoxic. This is because the
compensatory cardiorespiratory changes associated with acute hypoxia
make it difficult to study the effects of hypoxia. Drugs which increase oxy-
gen consumption may also exacerbate the changes in drug metabolism
caused by hypoxia and lead to ischaemic hepatitis.?® Many drugs used in the
critically ill increase oxygen consumption and this can be prevented by a
cytochrome P450 inhibitor.3°

The liver is particularly sensitive to hypoxia because 70% of its blood
supply is from the portal vein, which has blood with low oxygen content.
The remaining 30% is from the hepatic artery with a high oxygen content.
This dual supply leads to large differences in oxygen supply to different
parts of the liver. Those near to the artery have a good oxygen supply,
whereas those further removed do not. These hepatocytes are particularly
sensitive to systemic hypoxia and poor blood flow because their oxygen sup-
ply is so critical.

In rats the lowest fractional oxygen concentration inspired oxygen (Fio,)
allowing survival is 0-07. However, liver damage occurs at this concentra-
tion. At an Flo, lower than this the rats start to die and liver damage in the
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survivors is greater. Isolated hepatocytes survive in oxygen tensions as low
as 0-1 mmHg. However, they do not function normally% and an oxygen
tension of 2—10 mmHg (3-14 umol/l is needed for energy production.

A German group?' measured the amount of cytochrome P450 from a
needle biopsy in patients dying with and without shock after myocardial
infarction. In addition, they measured the steady state plasma concentra-
tion of lignocaine after an infusion. Patients with shock had a reduced clear-
ance and higher plasma concentration of lignocaine. When given
dobutamine to increase cardiac output, the plasma concentrations of ligno-
caine decreased.

The time taken for hypoxia to induce changes in drug metabolising
enzymes is short. Rabbits exposed to a low Fio, reduced their ability to
metabolise theophylline within 8 hours.*?

Temperature

Fever is common in the critically ill. Although increasing the temperature
usually increases the rate of a chemical reaction, this is not always so with
drug metabolism. In volunteers who had a fever induced with a pyrogen,
antipyrine, metabolism was reduced.?? Similarly, quinine metabolism is also
reduced during acute malaria and steroid-induced fever.*> These findings
may be explained by the cause of the fever. Both the injection of a pyrogen
and an acute illness cause the release of inflammatory mediators and these
will reduce the expression and function of enzymes.

Hypothermia has been investigated during cardiopulmonary bypass.
Patients were given esmolol by continuous infusion; as the patient was
cooled, plasma concentrations of esmolol increased, showing a reduction in
clearance because of a reduction in its metabolism.* This model of temper-
ature change does not involve the release of inflammatory mediators and
this may explain the differences between studies looking at fever and this
one.

Nuztrition

Critically ill patients do not have a normal diet. A change in diet, defi-
ciencies, or excesses of a variety of dietary components is associated with
abnormal enzyme function.*>-52 Starvation and malnutrition cause further
changes,-5%52 in particular an increase in cytochrome P450 2E1.%
Interestingly, this change may be blocked by the sedative chlormethiazole.>?
Similarly, vitamin C deficiency in guinea pigs is associated with a decrease
in cytochromes P450.4¢ Although scurvy is rare, lack of other vitamins and
trace elements, which may occur in the critically ill, may result in similar
changes. High-protein, high-lipid or low-carbohydrate diets all lead to an
increase in cytochrome P450,>! and an increase in clearance drugs such as
theophylline. High-fat diets when given as part of parenteral nutrition
increase the oxidation of antipyrine.>* The fat is thought to stimulate the
growth hormone, which in turn changes gene subscription, resulting in an
increase in cytochrome P450 2E1.
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Stress

Patients in the ICU are stressed. Not only is there the physical stress of
being critically ill, but the environment itself is also stressful. Pollack and
colleagues studied non-traumatic stress in rats.’> He exposed animals to
flashing lights, rocking cages, food and water deprivation, and finally made
the rats swim in cold water. After this they measured antipyrine clearance to
look at enzyme function. They found it was reduced in the stressed com-
pared with the unstressed animals. They also measured indocyanine green
clearance as a marker of liver blood flow. Again, in the stressed animals this
was reduced, showing a reduction in liver blood flow. One of several possi-
ble mechanisms for the effect of stress on antipyrine clearance is that the
stress released catecholamines. These in turn reduced liver blood flow, mak-
ing the hepatocytes more hypoxic, so reducing enzyme expression with its
consequent results on antipyrine clearance.

Age

There are many changes that accompany ageing, including a reduction in
cardiac output, body weight, body water, plasma and albumin concentra-
tion, and an increase in body fat. There are also significant changes in the
elderly in the elimination half-life and clearance of drugs metabolised by
cytochromes P450 (Table 2.2). The mechanisms behind these changes are
unknown.

Phase II enzymes also change. Morphine metabolism has been studied in
premature infants. Choonara er al.>° showed that the clearance of morphine
was decreased compared with term infants. Metabolite patterns were also
different. The M3G:morphine ratio in plasma and urine and M6G:mor-
phine ratio in urine were higher in children than neonates. This shows that
there is enhancement of glucuronidation pathways with growth. Since there
was no difference in the M3G:M6G ratio in neonates compared with that
in children, the metabolic pathways develop together.

Table 2.2 Effects of ageing in humans on various pharmacokinetic variables of
drugs metabolised by cytochromes P450 (from57).

Drug Age Plasma Plasma
(years) half-life clearance
(t,) () (ml/kg/h)
Aminopyrine 25-30 3
65-85 10
Antipyrine 20-40 12:5
65-92 16-8
Phenobarbitone 20-40 71
50-60 77
70 107
Phenytoin 20-43 26
67-95 42
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Sex

In some animals there is a marked sex difference. In rats the injections of
endotoxin leads to a more rapid decrease and recovery in cytochromes
P450 and their mRNA in females.?® Whether this occurs in humans is
unknown. However, we and others have shown a different expression in
cytochrome P450 3A4 between males and females.>®

Endocrine disorders

Endocrine disease is probably more common in the critically ill than is
recognised. The disease the patient presents with, or the treatment, may
cause it, or alternatively the patient may have it chronically.

Liver and renal failure

This subject is discussed in detail in Chapters 4 and 5. However, a brief
overview is given here for completeness. Liver and renal failure will both
change enzyme expression and function. Acute fulminant liver failure will
remove the metabolic ability of the liver to a variable degree. This will
depend on the severity of the liver failure. Although we have shown in sev-
eral studies that there is significant extrahepatic metabolism of drugs,>9-2
most metabolism still occurs in the liver. Also, it should be noted that any
process that affects the liver, causing liver failure, will almost certainly affect
the enzymes found at extrahepatic sites to a variable degree. Chronic liver
disease also affects drug metabolism. It may do so in one of two ways. In cir-
rhotic livers enzyme expression may be normal, but the architecture of the
liver is distorted. This results in a variable blood flow to hepatocytes, reduc-
ing delivery of the drug to them. In other conditions associated with hepa-
tocellular damage, blood flow is normal but enzyme function is reduced.

Renal failure also changes drug metabolism both experimentally and in
humans.®-%5 After bilateral subtotal nephrectomy in rats there is a decrease
in hepatic cytochromes P450.%¢ However, the change in cytochrome P450
function varies between drugs. For example propranolol is eliminated
poorly in liver failure®® whilst the elimination of phenytoin is increased in
uraemic patients.®’

Pharmacogenetics

There is considerable interpatient variability in the effects of drugs.
Although most of this is due to the patient’s phenotype, in some instances
it may be owing to genotype. One of the best studied pharmacogenetic
abnormalities is the metabolism of suxamethonium; there are four major
genotypes based on substrate metabolism. They are usually silent, atypical
to fluoride resistance. If the patient is homozygous for the atypical and
silent form and given suxamethonium, prolonged apnoea will result.

Cytochrome P450 2D6 is another enzyme that is affected by genetic
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polymorphism and several forms have been identified.®® The first descrip-
tions of an abnormality with this enzyme were with the antihypertensive
drug debrisoquine. However, this enzyme metabolises many other drugs
including B-blockers, morphine, and codeine. Since codeine is metabolised
by cytochrome P450 2D6 to morphine and then exerts its effects and 10%
of the population do not posses this enzyme, this may go some way to
explain the ineffective analgesia some patients get with codeine.

Metabolites

There is increasing recognition of the activity of the metabolites of drugs
in the critically ill. This may range from toxicity (see paracetamol above) to
prolongation of clinical effects. In the sedative and analgesic group of drugs,
morphine has long been recognised as having active metabolites.
Morphine-6-glucuronide (M6GQG) is thought to have an activity 40 times the
parent drug for sedation and analgesia. Some authors believe that mor-
phine-3 glucuronide (M3QG) antagonises this.®®’° The balance of the two
metabolites may determine how much analgesia a patient gets. Both M3G
and M6G are polar substances that are excreted in the kidney. Polar sub-
stances cannot cross membranes and so have pharmacological activity.
Carrupt and colleagues” have shown that M3G and M6G can change their
configuration, affecting their solubility. Thus in a lipid environment these
metabolites are fat soluble and in an aqueous environment they are water
soluble. Midazolam also has a glucuronide that is active. Unlike morphine,
its activity is only one-fortieth of the activity of the parent drug. Similarly,
the new opioid remifentanil has an active metabolite, but this is only

Table 2.3 Important metabolites of sedative and analgesic drugs (reproduced
from?2).

Parent drug  Metabolite Comments
Diazepam Nordesmethyl diazepam, Both of these are active sedatives. They
oxazepam have a longer elimination half-life than

diazepam. The elimination half-life of
nordesmethyl diazepam can increase to

403 h
Midazolam I-Hydroxymidazolam 10% of the activity of the parent drug
Midazolam  l-Hydroxymidazolam Accumulates in renal failure and has
glucuronide one-quarter the activity of midazolam

Morphine Morphine-3-glucuronide  Antianalgesic
Morphine-6-glucuronide  Potent analgesic properties, up to 40
times more active than parent drug
when given intracisternly. Longer
duration of action than morphine. Will
be retained in renal failure
Vecuronium  Nordesacetyl vecuronium  Activity enhanced by hypomagnesaemia
Pethidine Norpethidine Can cause fits
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one-four thousandth the activity of the parent drug. It is interesting to note
that as newer drugs are being developed, attention is being paid to their
metabolite and these are becoming far less active. Other drugs with active
metabolites are shown in Table 2.3.

Drug reactions and interactions

Drug reactions and interactions are numerous and range from mild non-
threatening rashes to fatal anaphylaxis.

There are several ways that there may be reactions to drugs. The reaction
may be predictable, such as a recognised side effect of toxicity, or known
drug interaction. The example given above of erythromycin inhibiting the
enzyme responsible for the metabolism of midazolam is one of these.
Prolonged coma is the result of this interaction.”?-7> Unpredictable reac-
tions include previously unknown drug interactions, allergy, and idiosyn-
cratic reactions. Also included is intolerance, which is an exaggerated
pharmacological or toxic effect of the drug.

Some adverse reactions may be errors due to mistakes in drug delivery. In
a paediatric intensive care unit Bordun and Butt’® found errors in drug pre-
scription, administration, and drug interactions in 2% of prescriptions. Of
these errors, 12% resulted in harm to the patient. A further study of adverse
drug reactions, also in a paediatric intensive care unit, showed 76 adverse
reactions in 899 patients. The most commonly involved drugs were mida-
zolam, morphine, salbutamol, vecuronium, hydrocortisone, and theo-
phylline. These reactions mostly occurred when drugs were being used
outside the product license.””

Many adverse drug reactions go unrecognised in the critically ill patient
because the signs and symptoms may be masked or may be attributable to
the illness or another drug and patients are unable to complain of symp-
toms.

Idiosyncratic reactions are a mixed group, which are not predictable from
the pharmacological action of the drug. Some of them may be caused by
pharmacogenetic alterations.

An interesting adverse effect is vancomycin and the red man syndrome.
The increase in methicillin-resistant Staphylococcus aureus has increased the
use of vancomycin in intensive care units. If it is given quickly, the red man
syndrome, characterised by flushing, pruritis, angio-oedema, and occasion-
ally cardiovascular depression, may be seen. This is caused by histamine
release which frequently occurs when doses of 1000 mg are given by infu-
sion. It is worse with the first dose and related to the rate of infusion. When
Polk er al. studied 11 volunteers, they found that 9 experienced some aspect
of the syndrome and 4 had a severe reaction.” Not all drug interactions are
harmful. Synergistic combinations of drugs may lead to an improved thera-
peutic effect, with a reduction of dose and adverse effects. It has been
widely used in other areas of medicine. Combinations of induction agents
during anaesthesia’-8! is one area that is being applied to the critically ill.
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Reducing adverse effects is another area. Imipenem was found to be
nephrotoxic in animals. However, it was not the imipenem that was nephro-
toxic, but a metabolite. The enzyme dehydropeptidase-1, found in the prox-
imal renal tubular cells, produced this metabolite by inactivating imipenem
by hydrolysing its B-lactam ring.82

Multiple drug interactions may also occur in the critically ill because of
the number of drugs they are given. Zylber-Katz has reported such a
patient, receiving cyclosporin, rifampicin, isoniazid, and erythromycin. The
plasma concentration of cyclosporin was low at first, thought to be caused
by the induction of CYP 3A4 by rifampicin. When the rifampicin and iso-
niazid was stopped, the concentration of cyclosporin increased to toxic con-
centrations because the erythromycin acted as an enzyme inhibitor,
prolonging the elimination of cyclosporin.®3

Effects on multiple organ systems

Although a drug is usually given to target a single organ, often they have
effects elsewhere. Morphine, for example, is given for analgesia, but as dis-
cussed above, it may have effects on drug metabolism mediated through
growth hormone.

Opioids may also play a part in immune suppression. Several studies have
looked at the effects of opioids on white cell function (Table 2.4). All seem
to show a depression of this after opioids; however, the importance of this
in the critically ill still needs to be shown.

Similarly, catecholamines are given to change the function of the cardio-
vascular system. It now appears that they may also have significant effects in
the endocrine system and also white cell function.85-86

Table 2.4 The effects of opioids on white cell function.

Study Opioid Subject Effect
Tubaro er al. (1983)8%7 Morphine Mice d Phagocytosis
! Killing
Moudgil ez al. (1981)88 Morphine Leucocytes 1 Phagocytosis
Diazepam
IV induction
Edwards ez al. (1984)8° Anaesthesia Humans d Migration
Yeager et al. (1995)% Morphine Volunteers d Killer cell activity
Conclusion

The way in which a drug behaves in the critically ill cannot be reliably
predicted. Its effects will change as the condition of the patient alters. An
understanding of the pharmacodynamic and pharmacokinetic principles
will help in understanding basic drug actions. It is essential to constantly
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review the effect a drug has on the critically ill and act on it accordingly.
When caring for a critically ill patient and thinking about drugs one should
ask:

Is the drug really needed?

Is the drug doing what I want?

Do the benefits outweigh the risk?

Can another safer drug be used instead?
When can the drug be stopped?

and in these days of financial constraint and health care systems:

® Can an equally good and equally safe but cheaper drug be used instead?
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The study of mechanisms by which drugs can modify cellular and ulti-
mately whole animal performance is still one of the most exciting and use-
ful branches of science. It encompasses all branches of biological research
such as molecular biology, cellular biology, microbiology, immunology, and
genetics, as well physiology and pathology. It is a continuing hope that our
increasing understanding of the molecular changes involved in body func-
tion will yield therapeutic breakthroughs in the years to come. It is also
important not to lose sight of the fact that any drug must act in the whole
body and these effects may not be predictable from known molecular inter-
actions. An example is the application of gene therapy to the treatment of
cystic fibrosis where the major problem affecting success of therapy was
penetration of the delivery system to the appropriate cells.!

Mechanisms of drug action

While some drugs such as the osmotic diuretics and antacids do not bind
to any particular cellular component in order to produce their effects, this
mechanism of action is the exception, rather than the rule. Most drugs bind
to proteins, although some antitumour and antimicrobial drugs may target
DNA. Traditionally, general anaesthetics have been thought to interact with
membrane lipids but this has been questioned as more is revealed about how
general anaesthetics change modulation of neurotransmitter receptors, such
as GABA ,?and 5HT,.? Indeed, the most sensitive receptors to general anaes-
thetic modulation are all genetically related pentameric receptors known as
the ligand-gated ion channels. Furthermore, this sensitivity can be varied by
the identity of subunits from which the pentameric receptor is formed. Thus
there are subtypes of GABA, receptors that are insensitive to anaesthetics.

Typical protein drug targets are as follows.

Carrier molecules

Ions and polar organic molecules require a carrier protein to transport
them across the lipid cell membrane. Examples of therapeutic importance
are the 5-hydroxytryptamine (5HT) and noradrenaline transporters, which
are inhibited by the tricyclic and related antidepressant drugs,> and the pro-
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ton pump, which is inhibited by omeprazole.® Omeprazole has been used
for the prophylaxis of stress ulcer in intensive care units (ICUs), although a
lack of detailed clinical trials has relegated it to a second-line drug.”-® Other
examples of drugs used in ICUs that inhibit carrier molecules are the loop
diuretics that inhibit the Na*/K*/2Cl- co-transporter and the cardiac glyco-
sides that inhibit the Na*/K* pump. There is increasing evidence of func-
tionally distinct transporter subtypes, particularly amongst the amino acid
neurotransmitter transporters such as GABA and glutamate® and these will
be future targets for drug action.

Enzymes

Enzymes are a crucial part of most biochemical reactions. They may be
inhibited reversibly, such as by neostigmine acting on acetylcholinesterase,
or irreversibly, such as the inhibition of cyclo-oxygenase by aspirin. It is now
known that many enzymes exist as multiple isoforms and the search is on
for drugs having selectivity for one or more of these variants. Cyclo-oxyge-
nase has two isoforms COX-1 and COX-2. COX-2 is induced in activated
inflammatory cells and produces the prostanoid mediators of inflammation.
COX-1, on the other hand, is expressed in most tissues and exerts many of
the protective effects of prostanoids. Thus side effects of non-steroidal anti-
inflammatory drugs (NSAIDs) could be reduced with the development of
drugs that can cause selective COX-2 inhibition.® Many of the drugs used
to treat infections in ICUs are enzyme inhibitors. A selection of these is
listed in Table 3.1. Enzymes may also convert prodrugs into an active form
such as the conversion of azathioprine to mercaptopurine or enalopril to

Table 3.1 Some enzyme inhibitors used to treat infections.

Drug Enzyme inhibitor Reasons for selectivity

Sulphonamides Folic acid synthetase Enzyme only essential in
bacteria

Trimethoprim Dihydrofolic acid Bacterial enzyme more

reductase sensitive to inhibition than

mammalian enzyme

Aciclovir DNA polymerase Converted to active form by
viral thymidine kinase that has
greater affinity for the drug
than the host enzyme

Zidovudine Reverse transcriptase Mammalian enzymes

Penicillin and
cephalosporins

Azoles (ketoconazole)

Transpeptidation enzyme
necessary for cell wall
synthesis

Fungal P450 enzymes
responsible for ergosterol
formation

relatively resistant
Not present in mammalian
cells

Sterols not necessary in
mammalian cells
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enaprilat.! Both active drugs are also enzyme inhibitors, these being the
enzymes involved in DNA synthesis and angiotensin converting enzyme,
respectively. Enzymic conversion may also produce toxic metabolites, for
example trifluoroacetic acid from halothane and N-acetyl-p-benzoquinone
imine from paracetamol. Drugs may also be a false substrate for an enzyme.
o-Methyldopa is converted to o-methylnoradrenaline!! in the postgan-
glionic sympathetic nerves. o-Methylnoradrenaline has greater selectivity
for o,,-adrenoceptors than the normal metabolite, noradrenaline, and thus
decreases blood pressure rather than raising it.

Ion channels

Voltage gated ion channels are membrane-spanning proteins that change
shape depending upon the membrane potential. The consequences of the
shape change is to open or close an aqueous pore in the centre of the pro-
tein which allows access of ions through the membrane dependent upon the
transmembrane concentration gradient. A number of drugs can modulate
the activity of these channels, some opening channels and others closing or
blocking them. Many biotoxins are selective in this respect; tetrodotoxin,
from the Japanese puffer fish or fugu, blocks sodium channels whilst scor-
pion o-toxin opens them.!?

The most familiar example of drug-induced channel blockade are the
actions of local anaesthetics on sodium channels. However, the characteris-
tics of the block may depend upon the degree of ionisation (that is, ionic
charge) of the molecule. Highly charged local anaesthetics require the chan-
nel to be open in order to gain entrance and produce blockade. The chan-
nel is open more often when the neurone is firing rapidly and thus the
blockade will occur more rapidly in such conditions. This is known as use-
dependent blockade. Neutral local anaesthetics, such as benzocaine, do not
exhibit a use-dependent block.!* Subgroups of sodium channels are now
emerging which have differing sensitivities to drug action!? and will provide
another target for drug research.

Calcium channel blockers such as verapamil and nifedipine are also
familiar drugs. These drugs are selective for L-type calcium channels that
are important in smooth muscle contraction. Blockade of T-type calcium
channels may be important in the anticonvulsant action of several drugs
such as ethosuximide and flunarizine.! Potassium channel pharmacology is
also rapidly expanding and we now know that the vasodilators minoxidil
and diazoxide open the ATP-sensitive potassium channel and that the
antidiabetic drug glibenclamide closes it.!> Non-selective, voltage-sensitive
potassium channel blocking agents include tetraethylammonium and 4-
aminopyridine, but their clinical use is limited by excitatory side effects.!¢
However, selective drugs acting on the voltage-sensitive potassium channels
will certainly be revealed as time goes by. Some blockers of voltage gated
ion channels are shown in Table 3.2.
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Table 3.2 Voltage-sensitive channels.

Channels Blockers
Calcium
L Nifedipine, diltiazem, verapamil
N o-Conotoxin GV1A
P w-Agatoxin 1VA high affinity
Q w-Agatoxin 1VA low affinity
T Flunarizine, ethosuximide
Potassium
K, 4-Aminopyridine, tetrahydoaminocrine
K, 4-Aminopyridine, charybdotoxin
Ky Dofetilide
Ve LY 97241
SR Cs*
Sodium
I, I, IIT Tetrodotoxin, saxitoxin
ut Tetrodotoxin, [-conotoxin
H, High-concentration tetrodotoxin, saxitoxin
PN3 Resistant to tetrodotoxin
Receptors

Receptors are defined pharmacologically as proteins that regulate a
particular physiological role in response to recognition of a particular
molecular shape. A typical example would be acetylcholine activating the
nicotinic receptor and causing the contraction of skeletal muscle. The rest
of this chapter concentrates on receptors that are the target of the majority
of drugs in use at the present time.

Agonists and antagonists

The terms agonist (a molecule that binds to a receptor causing activation
and resultant cellular changes) and antagonist (a molecule that attenuates
the action of an agonist) only truly applies to receptors. These definitions
can be further expanded.

Full agonist

A full agonist can produce the largest response that the tissue is capable
of giving. The term efficacy!” has been used to describe the way that agonists
can vary in the response that they produce even when occupying the same
number of receptors. A high-efficacy agonist will produce a maximum
response even when occupying a small proportion of the available receptors.

Parnial agonist

A partial agonist is an agonist that cannot fully activate the receptors irre-
spective of the concentration available. In contrast to a full agonist, a partial
agonist cannot exert a maximal response. Buprenorphine is a partial agonist
at opioid p-receptors. Partial agonists have lower efficacy and cannot pro-
duce a maximal response even when occupying all the receptors.
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Inverse agonists

The simplest definition is that the compound binds to a receptor but pro-
duces the opposite effect to an agonist. The best-described inverse agonists
are the B-carboline derivatives at the benzodiazepine receptor.'® Agonists at
this receptor enhance GABA transmission, inverse agonists reduce GABA
transmission, and antagonists have no effect on GABA transmission.
Flumazenil, a benzodiazepine antagonist, will reverse the effects of both
agonists and inverse agonists. However, this classification of individual
drugs into agonists, antagonists, and inverse agonists may vary with the
physiological state of the recipient. Flumazenil can provoke panic attacks in
patients with panic disorders, but not in control subjects.!® This suggests
that flumazenil has partial inverse agonist activity in this subgroup of
patients. Inverse agonists have now been described in many other receptor
systems.2?

In addition, the term inverse agonist has been used to describe a ligand
that preferentially stabilizes inactive conformations of G-protein-coupled
receptors.?!

Competitive antagonists

A competitive or surmountable antagonist binds reversibly to the same
receptor as an agonist, but occupies the site without activating the effector
mechanism. A competitive antagonist has zero efficacy. Its action may be
reversed by increasing the concentration of the agonist. The pharmacologi-
cal effects seen after the administration of a competitive antagonist depends
on the ongoing activity of the receptor system affected. For example, the
autonomic nervous system is continuously active, so adrenoceptor or
cholinoceptor antagonists cause significant changes in function. By contrast,
in a fit unstressed person, opioid systems, for example, are rarely active and
so an antagonist such as naloxone, when given alone, will have no dis-
cernible effect. This is not necessarily true in unhealthy individuals. Patients
experiencing thalamic pain have been successfully treated with naloxone.??

Insurmountable antagonists

Once established, no amount of agonist will completely reverse the inhi-
bition induced. If the antagonist binds covalently to the receptor, it may be
possible to reverse it with competing agonists provided they are adminis-
tered before the covalent bond has formed. Phenoxybenzamine is an insur-
mountable antagonist and covalently binds to a-adrenoceptors. Antagonists
that bind to different sites on the receptor, causing a change in the confor-
mation of the agonist-binding site (allosteric antagonism), are also insur-
mountable.

Receptor classification

Up until relatively recently, receptors were classified on the basis of drug-
agonist effects and compounds that antagonised those effects. Classical
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experiments by Dale in 1913 showed that adrenaline caused vasoconstric-
tion in some vascular beds and vasodilation in others. The former effect was
blocked by an ergot derivative but not the latter. This observation was built
on by others and allowed for a classification of a- and B-adrenoceptors.??
Further agonist and antagonist discoveries allowed even greater subdivi-
sions into o, 0, and f3,, B, and B,. The developing science of molecular biol-
ogy demonstrated that receptors could also be classified according to their
amino acid sequences and this has led to a profusion of receptors (o,
etc.),2* although we still have no functional correlate for many of these. An
annual update of known receptor classes is published in Tirends in
Pharmacological Sciences, Receptor Supplement.

Famiilies of receptors

Four main families of receptors have been revealed by cloning and struc-
tural studies (see Figures 3.1 and 3.2).

Ligand gated ion channels

Several neurotransmitters convey their signals by directly opening ion
channels and changing the cell membrane potential or ionic composition.
These are usually involved in fast synaptic transmission and include the
nicotinic cholinoceptor, GABA, and GABA_, receptor for y-aminobutyric
acid, 5HT, receptor for 5-hydroxytryptamine and the NMDA receptor for
glutamate. They are multisubunit receptors in which all subunits traverse
the membrane. Those most studied appear to be made up of five subunits,

# — |Ligand-binding site

Tyrosine
kinase

Na*

Ligand gated ion channel ~ Enzyme-linked receptors  G-protein-linked receptors
Figure 3.1 Membrane-bound receptors.
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DNA
| Ligand binding site | l

New protein

Figure 3.2 Intracellular receptor affecting gene transcription.

which may or may not be of the same type, surrounding a channel. The
nicotinic receptor has four different subtypes (o, B, ¥, 8) with two of the o
type which bind acetylcholine being incorporated into the five-unit recep-
tor.?> By contrast, the GABA_, receptor has five identical subunits.?

As with the voltage gated ion channels mentioned earlier, modulation of
channel gating by the binding of ligands to a variety of sites on the receptor
complex can significantly affect function, the benzodiazepine enhancement
of chloride ion transport via the GABA, receptor being an important exam-
ple. Indeed, the GABA, receptor may have 11 or more modulatory sites,
making its pharmacology one of the most complex so far described.? There
may be several variants of each subunit which, if incorporated into the
receptor, can alter affinity, for not only the neurotransmitter itself, but also
its modulators. This is the basis for subdivision of benzodiazepine receptors,
the functional correlates of which are unclear.?¢

G-protein-coupled receprors

Receptors linked to guanine nucleotide-binding regulatory proteins or G-
proteins, make up the largest proportion of the membrane-bound receptors
and include adrenoceptors, muscarinic receptors, and opioid receptors. The
receptor consists of a single polypeptide chain with between 300 and 500
amino acids arranged as seven connected «-helices which traverse the
membrane forming a bundle. The connections between these helices form
three extracellular and three intracellular loops. The extracellular amino ter-
minal and the intracellular carboxy terminal vary greatly in sequence and
length as does the long third cytoplasmic loop, which provides the coupling
with the G-proteins. The binding sites for agonists are often buried in pock-
ets within the bundle of o-helices.

The existence of G-proteins came to light when it was observed that
stimulation of second messenger systems such as adenylyl cyclase required
not only the receptor agonist but also the presence of guanosine triphos-
phate (GTP).?” The G-protein was eventually isolated and found to be a
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heterotrimer with subunits called o, 3, and 7y in order of decreasing molec-
ular weight.?® The sequence of events following the agonist binding to the
receptor is shown in Figure 3.3.

In its resting state the G-protein complex is not associated with any par-
ticular receptor and is freely diffusible in the plane of the membrane and
can interact with several different receptor and effectors. Specificity for a
particular agonist receptor complex always producing the same end bio-
chemical change in the cell is guaranteed by the variability of the structure
of the G-protein a-subunit. Many variants of the subunits have been
described?® and the number is still growing. Two bacterial toxins, pertussis
and cholera toxins, have been particularly useful in helping to distinguish
which type of G-protein is involved in a particular situation. Cholera toxin
causes persistent activation of the G-protein that stimulates adenylyl
cyclase (Gs) thus causing the excessive secretion of fluid from the gastroin-
testinal epithelium that is characteristic of the disease of cholera.?® Pertussis
toxin has no effect upon Gs but prevents the actions of other G-proteins
such as Gi that inhibits adenylyl cyclase activity. Several G-proteins are

'/Ligand

Target 2
— o o
G-protein

complex ~ GDP GTP— GDP — GDP

I L
ol — %@Tﬂﬁfﬁ

GDP
+Pi (phosphate ion)

Target 1

Figure 3.3 A diagrammatic view of the action of G-proteins. GDP, guanosine
diphosphate; GTP, guanosine triphosphate. Targets 1 and 2 are two different G-pro-
tein effectors (see text). The agonist receptor complex causes a conformation change
in the intracellular domain to a form which has high affinity for the G-protein. The
process of binding the receptor to the G-protein catalyses the disassociation of
guanosine diphosphate from the o-subunit of the G-protein and it is exchanged for
intracellular GTP. This, in turn, causes the dissociation of the o-subunit from the f,
Y-subunits. The latter two proteins appear to be involved in anchoring the protein to
the plasma. They also have a signal tranduction function since some isoenzymes of
adenylyl cyclase (see below) may be modulated by the combined B- and y-subunits
of the G-protein?!' and not by the a-subunit. The o-subunit modulates the action of
a given effector, which, as we will see later, is not always adenylyl cyclase. The o-sub-
unit has GTPase activity and converts GTP to GDP followed by reassociation with
the other two subunits and the cessation of the signal.3?
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inhibited by pertussis toxin and thus its functional effects are less obviously
explicable in terms of G-protein inhibition.

G-protein effectors (Figure 3.4)

Adenylyl cyclase is a membrane-bound enzyme that converts adenosine
triphosphate (ATP) to cyclic 3,5-adenosine monophosphate (cAMP),
which in turn activates protein kinase causing protein phosphorylation and
a cellular response. One such response is increased activity of voltage-acti-
vated calcium channels in the heart, thus increasing the force of cardiac
contraction (B-adrenoceptor activation via Gs protein). Adenylyl cyclase is
inhibited by Gi-protein and this mechanism accounts for the inhibition of
inflammatory pain by Gi-protein linked p-opioid receptors.?®> Drugs can
also affect the activity of adenylyl cyclase activity directly without the inter-
vention of a receptor or G-proteins. Forskolin and fluoride ions are used
experimentally to switch on adenylyl cyclase whilst methylxanthines, such
as theophylline, inhibit the enzyme phosphodiesterase that normally breaks
down cAMP.

Recent studies have described tissue-specific isoenzymes of adenylyl
cyclase, each with unique patterns of regulatory response.?® In addition,
several types of phosphodiesterase have been described,?* all of which could
be future targets of drug action.

Phospholipase C is another membrane-associated enzyme which is
activated by another subgroup of G-proteins identified as Gq.?*> This
enzyme breaks down membrane phosphatidylinositol 4,5-biphosphonate
into inositol 1,4,5-triphosphate [Ins (1,4,5)P,] and diacylglycerol (DAG).

Receptors + G-proteins

~

Target enzymes Adenylyl cyclase Phospholipase C  Phospholipase A,

Second messengers cAMP InsP, DAG  Arachidonic acid
1 Ca2+ Ecosanoids

Local hormones

Protein kinase

PK < | KC
/ /52
Effectors Enzymes Transport lon channels Contractile
proteins proteins

Figure 3.4 G-protein effectors. ;cAMP, cyclic 3,5-adenosine monophosphate; DAG,
diacylglycerol; InsP,, inositol triphosphate; PKA, protein kinase A; PKC, protein
kinase C.
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Ins(1,4,5) P, diffuses into the cell to release intracellular calcium that may
initiate several processes such as secretion or contraction. Muscarinic
receptors are known to be act via these pathways. Subsequently the
Ins(1,4,5) P, is metabolised to give inositol, which can then be incorporated
into membrane phospholipids to restart the cycle. Lithium, which is used to
treat mania, has been shown to prevent the final metabolic step in the for-
mation of inositol,?¢ leading to the suggestion that mania is an overactivity
of this system. DAG activates protein kinase C that is responsible for
changes in ion channels, contractile proteins, enzymes, and transport pro-
teins.?” Isoenzymes of protein kinase C have now been identified, providing
yet another target for drug action particular with respect to autoimmune
diseases, transplant rejection, and oncology.38

Activation of phospholipase A, to release arachidonic acid also appears to
be a G-protein-dependent process.3°

Ion channels can be directly controlled by G-proteins by mechanisms
that do not appear to involve adenylyl cyclase or any other second messen-
ger system.* In the locus ceruleus, direct opening of potassium channels by
G-proteins appear to occur when opioid receptors are stimulated.*!

Direct enzyme-linked receptors

These receptors possess large intracellular and extracellular domains
joined by a single membrane-spanning helix. The extracellular domain pro-
vides the binding site for peptide agonists, usually hormones that regulate
differentiation, development, and growth. The intracellular domain is often
a protein kinase that phosphorylates amino acid residues both of its own
cytoplasmic domain and of target proteins.*? Many phosphorylate tyrosine
and the group has been called the tyrosine-kinase-linked receptors, of
which receptors for insulin are a typical example. However, some receptors
are serine/threonine kinase linked and others are linked to guanylyl cyclase,
for example, the atrial natriuretic peptide.*> The phosphorylated residues
provide binding sites for other intracellular proteins (such as SH2 proteins)
and eventually lead to altered gene transcription.** SH2 proteins contain
the SH2 (or Src homology) domain which was first identified in the prod-
uct of the src cellular oncogene. These proteins are now the target of much
research, especially in the field of potential anticancer drugs.

Intracellular receprors affecting gene transcription

These non-membrane-bound receptors may either be nuclear (for exam-
ple, thyroid hormone receptor) or predominantly cytosolic and form high
molecular weight complexes with heat shock proteins (for example, gluco-
corticoid receptor).%5 In the latter, the presence of a ligand leads to the dis-
sociation of the receptor from the complex and the movement of the
receptor/ligand complex into the nucleus. It is obvious from the intracellu-
lar location of these receptors that ligands for these receptors must be lipid
soluble and pass into the cell. The binding of the ligand to the receptor
results in an uncurling of the receptor protein to reveal the DNA-binding
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domain. The DNA-binding domain consists of two “zinc fingers” which
contain cysteine residues surrounding a zinc atom. These fingers are
believed to wrap around the DNA helix at hormone-responsive elements in
the strand. An increase in RNA polymerase activity and the production of a
specific mRNA occurs and protein production is enhanced. A well-docu-
mented example of this is the increase in lipocortin production induced by
glucocorticoid hormones. It has been suggested that lipocortin mediates the
anti-inflammatory effects of glucocorticoids, but whether it is a primary
mediator has been questioned.*°

Factors changing responses to drugs

The responses of a patient to a drug may vary from patient to patient and
may vary in a single patient with time.

Pharmacogenetics is the study of how variations in genetic makeup can
affect drug action. Ethnic origins can be important in predicting drug
responses;*” Chinese, for example, differ from Caucasians in their high sen-
sitivity to the cardiovascular effects of propranolol. Variations in plasma
elimination half-time for various drugs such as coumarin anticoagulants
and isoniazid are genetically determined. The presence of an atypical
cholinesterase in patients exhibiting prolonged apnoea after suxametho-
nium has been particularly well studied.*?

Over a period of time responses to a drug may be reduced as in tolerance
or increased as in supersensitivity. These alterations in sensitivity may occur
via several mechanisms.

® Pharmacokinetic changes such as altered absorption, elimination, or
penetration to its site of action are discussed in detail elsewhere. These
changes are particularly important when patients treated in ICUs where
changes in liver and renal function are common.

® Compensatory homeostatic mechanisms can alter responses, particularly
to hormone therapy, where there are negative feedback mechanisms. The
diuretic effects of carbonic anhydrase inhibitors are transient because the
acidosis caused reduces bicarbonate loss.

® Changes in receptors, especially those directly coupled to ion channels,
can be rapid. This occurs at the neuromuscular junction where desensi-
tisation is associated with a conformational change in the receptor such
that it binds the agonist but the channel does not open in response.*’
Tolerance to agonists at B-adrenoceptors is associated with an inability of
the agonist receptor combination to activate adenylyl cyclase. It has been
suggested that phosphorylation of a single amino acid may be responsi-
ble for this change.>* Tolerance to opioids has been linked to a failure of
the receptor to couple to the G-protein, although this is probably only
one of several mechanisms.5!

® Changes in receptor number can also occur, but this process is usually
slower than the uncoupling from second messenger described above.The
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receptors for B-adrenoceptors and several peptides slowly reduce in
number (down-regulation) in the presence of agonists. The receptors are
believed to be taken into the cell by a process of endocytosis of patches
of membrane. Down-regulation of B-adrenoceptors and 5HT, receptors
may be the basis of the action of antidepressant drugs.>? These effects,
like the development of antidepressant activity, take some weeks to
occur. Up-regulation of D,-dopamine receptors may be responsible for
the emergence of tardive dyskinesia in patients on long-term neuroleptic
drugs.>3

® Mediators of drug action may become exhausted. A commonly quoted
example is tachyphylaxis to indirectly acting sympathomimetics such as
amphetamine. It produces its effects by releasing noradrenaline and
other amines from nerve terminals and when these stores are depleted
the drug becomes inactive. Abusers of the amphetamine derivative,
Ecstasy, are being seen more frequently in ICUs>* and these patients may
have depleted biogenic amine reserves.

® Pathological disease states may also change pharmacodynamic responses
to drugs as well as the pharmacokinetic handling mentioned above.
Many are predictable from the known pharmacology of the drug. The
cardiovascular depressant actions of the anaesthetic agents are greater in
patients with diminished cardiac reserve. In addition, patients with
obstructive airway disease may respond with exaggerated responses to
ventilatory depressant drugs such as opioids. Such patients may also
exhibit ventilatory depression in response to usually innocuous doses of
benzodiazepines. Abnormally exaggerated responses to competitive neu-
romuscular blocking agents may be seen in patients with neurological
diseases such as myasthenia gravis.

Most of this chapter has been devoted to the mechanisms of drug action
in the normal individual with only brief attention to the disease state. It is
worth emphasising that unexpected and unpredictable drug reactions and
interactions are common in the critical care unit®® and these will be dealt
with in more detail in successive chapters.
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4: Renal failure
JW SEAR

The administration of sedative, analgesic, and other drugs to the critically
ill patient may result in untoward effect as a result of alterations in drug
kinetics and dynamics. Often these effects occur through interactions
between drugs or with the disease processes seen in the critically ill. This
chapter considers the influence of renal impairment on drug handling and
the dynamic effects of drugs in the critically ill.

Influence of renal disease on drug metabolism in the liver

There is little evidence in man that chronic uraemia results in impair-
ment of hepatic drug biotransformation. However, uraemia can cause
unusual drug responses (for example, due to intercurrent therapy — anaes-
thesia interactions; reduced plasma protein binding of drugs leading to
increased free fraction and exaggerated responses; altered drug metabolite
elimination; or reduced biotransformation due to low plasma pseudo-
cholinesterase activity).

Chronic renal insufficiency may cause alterations in drug disposition
through changes in plasma protein binding, altered cellular metabolism,
and altered drug and metabolite elimination.

Basic drugs (that is, those with a pK, >7-4; for example, etomidate, keta-
mine, diazepam and midazolam, morphine, pethidine, fentanyl, alfentanil
and sufentanil) bind primarily to o -acid glycoproteins whereas acidic
drugs bind to albumin. In uraemia, protein binding of basic drugs is unal-
tered, whilst there is a significant decrease in the binding of acidic com-
pounds (for example, thiopentone, propofol).

The decrease in plasma protein binding is multifactorial and includes:

® low plasma albumin concentrations due to increased excretion (for
example, in nephrosis), or decreased synthesis

® the influences of uraemia per se on the conformational structure of
proteins due to the accompanying changes in blood pH, degree of ioni-
sation, and hydrogen bonding. These factors may alter the structure and
affinity of drug binding sites

® competition existing between drugs and their metabolites, and/or drugs
and accumulated endogenous and exogenous substrates.!
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In virro studies suggest that chronic uraemia affects hepatic drug metab-
olism (oxidation, reduction and N-demethylation, and microsomal
cytochrome P450 activity).23 However, in vivo, uraemia has little effect on
the major pathways of drug handling. Phase I oxidative metabolism is either
normal or increased (possibly due to the increased free drug), whilst the
activities of reductive and hydrolytic pathways are often reduced. Phase II
conjugation reactions are unaltered (see later discussion related to the glu-
curonide conjugates of morphine). As a result of changes in protein binding
and drug metabolism, the apparent volumes of drug distribution are
increased, and there may be an apparent increase in total drug clearance.
However, free drug clearance is usually unchanged in patients with renal
failure. Preoperative use of haemodialysis or plasma ultrafiltration may lead
to intravascular volume depletion and hence further alterations in drug dis-
position.

Effect of renal dysfunction on the handling and
dynamic characteristics of drugs used in the
critically ill

Sedatives and hypnotics

These drugs are widely used to decrease the level of consciousness and
allay anxiety during the control of ventilation in the critically ill patient.

Barbiturates

Despite the increased sensitivity to barbiturates seen in patients with
chronic renal impairment, thiopentone is still widely used for induction
of anaesthesia. However, normal induction doses cause prolonged
unconsciousness the duration of effect being related to the blood urea con-
centration.* Various suggestions have been made as to the cause of the
increased sensitivity. These include increased blood-brain barrier perme-
ability,5 increased unbound barbiturate in uraemic patients,%’ qualitative
plasma albumin abnormalities,® or abnormal cerebral uptake and metabo-
lism of the barbiturate.®

The disposition of thiopentone in patients with renal failure has been
studied by several authors.®” The main findings are an unaltered total drug
elimination half-life, but an increased free-drug fraction. No differences have
been found, when compared to healthy patients, in the unbound drug volumes
of distribution and systemic clearance (Table 4.1). The increased free-drug
fraction will result in higher brain concentrations of thiopentone. However,
there are no studies to date specifically examining the use of thiopentone by
infusion for sedation in the critically ill patient with renal impairment.
Pentobarbitone (an active metabolite of thiopentone) has different physico-
chemical and kinetic properties; it has advantages over the parent drug in that
its kinetics are unaltered in renal failure.!° There are no data on the disposi-
tion of methohexitone in patients with chronic renal failure.

51



RENAL FAILURE

Table 4.1 Influence of chronic renal failure on the disposition of intravenous
induction agents (mean values, except where indicated)

Patients with normal Patients with impaired
renal function renal function
[1/261 Clp I/ss FF [1/261 Clp I/ss FF
Thiopentone
1 611 3-2 1-9 15-7 583 4-5*% 3.0 28-0*
2 588 27 1-4 11.0 1069 3-9 3-2%  17-8*
Pentobarbitone
3 1590 036 082 - 1278 0-57 099 -
Midazolam
4 296 67 2:2 3-9 275 11-4* 3.-8% 5-5%
Diazepam
5 5540 0-3 2-1 1-4 2196* 0-9* 2-8 7-0%
Etomidate
6 - - - 24-9 - - - 43-4%
Propofol
7 1714 11-8 198 - 1638 129 226 -
8 - - - 0.98 - - a 1-11
b 0-87
9 420+ 335 5-8 - 513+ 320 11:3*% -
10 1878 24-1 25'6 (mean values for ICU patients)
11 1411 315 (range: 21:7—132-5 of clearance values in ICU
patients)

Source of data: 1, Burch and Stanski®; 2, Christensen ez al.”; 3, Reidenberg ez al.'%; 4, Vinik ez
al.''; 5, Ochs er al.'?; 6, Carlos er al.'?; 7, Kirvela et al.'%; 8, Costela er al.'>; 9, Ickx et al.'°; 10,
Albanese et al.'7; 11, Bailie ez al.'®.

L., €limination half-life (min); CI , systemic clearance (ml/kg/min); V_, apparent volume of
distribution at steady state (1/kg); FF, free or unbound fraction of drug (%); +, median values.
* p < 0.05 vs healthy subjects. a and b, pre- and postdialysis.

Eromidate

There are no formal studies on the disposition or dynamics of carboxy-
lated imidazole, etomidate, in patients with renal failure, although Carlos ez
al. have shown decreased plasma protein binding in patients with uraemia.!?

Ketamine

Ketamine undergoes hepatic biotransformation with the formation of
norketamine and dihydroketamine metabolites. The main route of drug
elimination is via the kidney; hence administration of continuous infusions
to the patient with renal impairment may lead to increased plasma concen-
trations of active metabolites (especially norketamine) and the glucuronide
conjugates. Its use for sedation in the critically ill is limited because of its
psychotomimetic side effects.
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Propofol

This is the most widely used sedative in the critically ill patient who
requires controlled ventilation in the intensive care unit (ICU). The dispo-
sition of bolus doses of propofol is unaltered in terms of terminal half-life
and clearance in patients with renal failure, as is the degree of plasma pro-
tein binding.!%!> Similarly prolonged infusions of propofol administered to
patients undergoing renal transplantation are associated with disposition
kinetics similar to those in healthy patients receiving the drug.!* Unlike the
barbiturates, no apparent differences in dose requirements exist between
patients with normal or abnormal renal function.

Kirvela ez al. have also shown similar cardiovascular changes following
propofol 2 mg/kg preceded by fentanyl 3 pg/kg in adequately volume-
loaded uraemic patients to those in healthy subjects.!* There was significant
vasodilatation in all patients, with falls in arterial blood pressure. Adequate
antihypertensive therapy in the uraemic patients may have contributed to
the cardiovascular stability. There are no apparent differences in dose
requirements in critically ill patients with normal or abnormal renal func-
tion.1%20

In the critically ill, the disposition of propofol is unchanged, although
prolonged infusions are associated with longer terminal-phase half-lives,
and larger apparent volumes of distribution at steady state; clearance is
unaltered.'”!® The effect of haemodiafiltration on propofol sedation
requirements in critically ill patients has been examined by Eddleston ez
al.?! Although the introduction of filtration did not affect the dosing
requirements of these patients, there was a reduction in blood propofol con-
centrations in seven out of nine patients, with arousal in three of the seven.
Diafiltration had no further influence on dose requirements. The drug con-
centrations associated with adequate sedation ranged from 0-52 to
4-14 pg/ml. No significant prolongation of its sedative effect has been
reported in patients with renal disease.

Benzodiazepines

Although these drugs have been widely used for sedation in the critically
ill patient, current practice relates mainly to midazolam.

Midazolam Midazolam is widely used for sedation in the ICU, but its
disposition may be altered in the critically ill patient.?? It is a water-soluble
benzodiazepine which normally has a short elimination half-life, as does its
main metabolite, 1-hydroxymidazolam. If given by repeated increments or
continuous infusion, recovery time may be prolonged in the presence of
renal failure due to accumulation of active metabolites. More recently, the
importance of the sedative properties of these metabolites of midazolam
have been recognised. The first step in the metabolism of the imidazolino-
benzodiazepine is by hydroxylation involving cytochrome P450 3A4 to
1-hydroxymidazolam and 4-hydroxymidazolam. These are then both
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conjugated to the corresponding glucuronides, and eliminated by glomeru-
lar filtration and tubular secretion. In end-stage renal failure, high concen-
trations of 1-hydroxymidazolam glucuronide accumulate, and in some
patients may be responsible for prolonged sedation.?>2¢ Bauer ez al. have
shown there to be i vitro binding of the glucuronide to the cerebral benzo-
diazepine receptor, suggesting it may have substantial pharmacological
activity.

Uraemia also increases the free-drug fraction (from 3-9% to 6:5%), and
as a consequence there is a significantly greater total drug clearance and
apparent volumes of distribution when compared with healthy controls.
There are no differences in unbound drug kinetics, and the elimination
half-life is similar in the two groups (4:6—4-9 hours).!!

Because of the accumulation of pharmacologically active metabolites,
Shelly ez al. found that the time to awakening after sedation by midazolam
infusion for periods between 1-8 and 9-5 days was 13-6 hours (range 0—58
hours) in patients with normal renal function compared with 44-6 hours
(2-120 hours) in those with renal failure.?> Such variability cannot be
explained by alterations in the cytochrome P450 3A4 activity, and supports
the data of the other authors mentioned above that the metabolites of
midazolam are pharmacologically active.

Diazepam This sedative has an elimination half-life of about 30 hours,
and is mainly biotransformed in the liver into the two active compounds
desmethyldiazepam and oxazepam. The former metabolite has a longer
elimination half-life (96 hours) than the parent drug; under steady state
conditions, its plasma concentration may exceed that of diazepam itself. In
patients with chronic renal failure, Kangas er al. demonstrated a decrease in
the plasma protein binding of diazepam.2¢

In a more recent study of the disposition of diazepam in patients with
chronic uraemia, Ochs ez al. found both an increased volume of distribution
and increased systemic clearance, both secondary to an increase in the free
unbound drug fraction (from 1:4% to 7-9%).!2 There was no difference in
free-drug clearance in the uraemic and healthy patients; although the for-
mer group had a smaller volume of distribution.

Other IV benzodiazepines Single-dose studies with lorazepam indicate no
alterations in the terminal half-life in renal failure;?” however, these same
authors have described impaired drug elimination following chronic admin-
istration to two patients with uraemia.?8

In summary, the most appropriate sedative options for the critically ill
with renal impairment are either propofol by infusion or the benzodiazepine
lorazepam (the latter being most conveniently administered by intermittent
bolus dosing). The use of midazolam may be associated with prolonged
recovery on cessation of the sedative. Although etomidate has the advantage
of minimal cardiovascular and respiratory depressant properties, its long-
term use has been associated with adrenocortical depression and increased
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mortality. There are no separate studies evaluating its use in the critically ill
patient with renal impairment. The barbiturates (particularly thiopentone)
are best reserved for the control of intracranial pressure or convulsions.

Opioids

In the healthy patient, most opioid drugs are metabolised to inactive
compounds which are then excreted in the urine or bile, biotransformation
accounting for between 80 and 95% of the elimination of pethidine, alfen-
tanil, fentanyl, sufentanil, and morphine. Phenoperidine differs from these
other opioids in that about 50% is normally eliminated in the urine in an
unchanged form. Thus in renal failure, the action of phenoperidine is most
likely to be prolonged.

Morphine

This is still the most widely used drug in the provision of pre- and post-
operative analgesia, and we are still learning about its disposition in patients
with renal failure.

Morphine is metabolised primarily by the liver, where it undergoes glu-
curonide conjugation to morphine-3-glucuronide (M3G@G, the main metabo-
lite; 40%) and morphine-6-glucuronide (M6G, 10%). While the latter is a
more potent analgesic than the parent drug,?® M3G has been shown in
animal models to antagonise both morphine and M6G.30:3!

Mostert et al., Don et al., and Stanley et al. have all reported prolonged or
exaggerated clinical effects when IV morphine was given to patients with
chronic renal failure.32-3¢ Olsen and his colleagues studied the plasma pro-
tein binding of morphine in healthy patients and those with renal failure. In
uraemia, the free-drug fraction increased from 65% to 70—75%.3> The
development of high pressure liquid chromatography (HPLC) assays for
morphine and its metabolites and of non-cross-reacting immunoassays has
allowed the clinician to study the kinetics of single and multiple doses in
patients with renal impairment.

The role of the kidney in the elimination of morphine is still unclear.
There are, however, two lines of data that help us evaluate the problem fur-
ther. In sheep, Sloan er al.?° and Milne ez al.?”-38 have all reported that the
kidney contributes to the total body clearance of the opioid in healthy
animals. In a more recent paper, Milne ez al. have examined the influence of
renal failure on the disposition of morphine, M3G, and M6G following an
intravenous infusion of morphine.?® Renal failure was achieved in the sheep
by removal of the right kidney and then infusion of polystyrene micros-
pheres to the left kidney. Once renal failure was established, morphine was
infused as a two-stage infusion for six hours. Total body clearance was unal-
tered when the data from these sheep were compared with data from the
normal animals cited in Milne er al.?%; however, the renal elimination of
morphine was reduced from 0-83 to 0-25 I/min. The pulmonary arterial
blood ratios of the AUC’s (areas under the concentration—time curve) of
M3G/morphine and M6G/morphine were 18-3 and 0-48 (compared with
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6-8 and 0-18 in control animals). Thus in renal failure, similar morphine
plasma concentrations were observed as in healthy controls for the same
infusion regimen. However, M3G and M6G were increased. When the total
body clearances of morphine were compared in those animals where there
was pretreatment and renal failure data, there was a significant reduction in
total body morphine clearance (from 2-1 to 1-5 I/min). There was also a sig-
nificant association between the clearance of morphine by the kidney and
its renal excretory clearance of creatinine (r, = 0-89).

Our own data from patients with normal renal function and those in
patients undergoing renal transplantation?® concur with the findings of
Aitkenhead er al.,** Sawe and Odar-Cederlof,*? Woolner ez al.,*® and
Chauvin ez al.,** all of which demonstrate that renal failure has little effect
on morphine clearance after IV bolus doses, but does result in the accumu-
lation of both M3G and M6G. In patients undergoing renal transplantation
and receiving 10 mg morphine IV as supplement to nitrous oxide—oxygen
anaesthesia, we found that the elimination half-lives of M3G and M6G
ranged between 300 and 920 minutes, and 220 and 900 minutes, respec-
tively. These values compare with values between 100 and 320 minutes in
our anaesthetised patients with normal renal function.

As in the sheep, chronic renal failure was associated with a larger AUC
for morphine, M3G and M6G between 0 and 24 hours in our data*®
(Figure 4.1), and in the studies of Osborne er al.%> These two papers,
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Figure 4.1 Areas under the concentration versus time curve for morphine, mor-
phine-3-glucuronide, and morphine-6-glucuronide in anesthetised patients with
normal renal function (z = 5) (open columns), and patients undergoing renal trans-
plantation (z = 11) (shaded columns). (Adapted from #°). *p<0.05; **p<0.01.
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together with those of Mazoit er al.%® and Sloan ez al.3¢ all offer support to
the view that the kidney may itself have a role in morphine metabolism.
Whereas the papers of Mazoit and Sloan suggest that around 30—-35% mor-
phine elimination may be by non-urinary excretion, non-hepatic degrada-
tion (that is, potentially by renal parenchymal metabolism), the two studies
in patients with renal failure offer another explanation.

The increased plasma morphine concentrations (and larger AUC) could
have occurred by hydrolysis of one or other of the accumulating glu-
curonides (probably the 3-glucuronide) back to the parent compound. This
would tend to reduce the ratio AUC M3G: AUC M6G. There was a mean
value in Osborne’s study of around 5 in the healthy patients, and 3.9 and
4.5 in the groups of patients with end-stage renal disease.*> The same ratios
in our patients were 8 in the healthy anaesthetised patients and 9 in those
undergoing transplantation,*° that is, not different but again in keeping with
the findings of Osborne, and probably due to the onset of renal drug elimi-
nation during the 24-hour study period.

More recently, Milne ez al. have examined the relationship between renal
creatinine clearance and the renal clearances of morphine, M3G, and M6G
in 15 ICU patients with variable degrees of renal impairment.*” For all three
compounds, there was a linear relationship between free-drug clearance
and creatinine clearance. The unbound clearance of morphine exceeded
that of creatinine, whilst those of M3G and M6G were similar. The ratios of
the plasma concentrations of M3G/morphine and M6G/morphine ranged
between 4 and 170, and 0-79 and 51, respectively. Similar values have been
reported by Petersen et al. in terminal cancer patients with impaired renal
function receiving subcutaneous morphine.* The mean plasma concentra-
tion ratio of M3G: M6G was 5-0 (similar to the ratios of AUCs seen in the
study by Osborne et al.#> The unbound fractions for morphine, M3@G, and
Mo6G were 74%, 85% and 89% respectively the former figure being signif-
icantly greater than that determined by Olsen ez al.?>

In healthy volunteers, Loetsch er al. determined the half-lives of M3G
and M6G to be of the order of 2:8—3-2 hours and 1:7—2-7 hours, respec-
tively.*° Thus, the longer half-lives of M3G and M6G (41-141 hours and
89—-136 hours) reported by Osborne et al.5° and Sawe and Odar-Cederlof*?
in patients with impaired renal function may be clinically important in the
prolonged effect of the parent drug. Sawe has shown a significant correla-
tion between the M3G half-life and the plasma urea concentration whilst
we found a significant correlation between the half-lives of both M3G and
M6G and the immediate postoperative 24-hour creatinine clearance in the
patients undergoing transplantation (r = 0-87 and r=0-63, respectively;
$<0-01 and p<0-05). However, there are insufficient data at present to
derive a nomogram relating plasma creatinine, predicted or measured crea-
tinine clearance, and accumulation of the active M6G in the patient with
renal impairment.

If an infusion of morphine is administered to patients with impaired renal
function, accumulation of M6G may occur to give a clinical picture of a
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persistently narcotised patient.>°-52 The importance of the 6-glucuronide
can also be seen in the case reported by Covington er al.,>> where severe res-
piratory depression was observed in a patient with end-stage renal disease
receiving morphine patient-controlled analgesia (PCA) for post-cholecys-
tectomy pain. The blood morphine concentration was 73 ng/ml (within the
therapeutic range), but the 6-glucuronide level was significantly elevated at
415 ng/ml. Similar data have been recently described by Carr er al.>* where
the PCA dose requirements after cadaveric renal transplantation ranged
between 3 and 4-7 mg/h compared with 4:6—23-6 mg/h in patients with
normal renal function undergoing lower abdominal surgery. The former
group showed considerably greater AUCs for the active metabolite M6G.

In a further study examining morphine and metabolite transfer across the
blood—brain barrier (BBB), 14 patients (8 healthy) were given a single dose
of oral morphine (MST, 30 mg) before receiving continuous spinal anaes-
thesia for peripheral vascular or orthopaedic surgery.>> Plasma concentra-
tions of M3G and M6G were greater in the six patients with end-stage renal
disease, as was the AUC (0—24 hours) for morphine. This latter observation
could be explainable either by increased oral absorption, decreased elimi-
nation or increased enterohepatic circulation in renal disease. However,
whereas CSF morphine concentrations were similar in the two patient
groups, there was a greater BBB transfer of the two glucuronides in the
renal failure patients. This is probably due to the higher plasma concentra-
tions (and the greater than predicted lipophilicity of the glucuronides)>®
rather than an increased BBB transfer in the patient with renal failure.
Unfortunately, this study did not address the key issue — whether the higher
CSF concentrations of M6G were associated with greater respiratory
depression, or sedation, or prolonged analgesia.

What is the contribution of M6G to the analgesic and depressant effects
of morphine? In 14 patients with chronic pain (but normal renal function),
Portenoy et al. assessed the contribution of the glucuronide to overall anal-
gesia when produced by a morphine infusion.’” Pain relief was greatest
when the measured M6G/morphine molar ratio was > 0-7 : 1, with a signif-
icant correlation between the molar ratio and pain relief. There is a complex
relationship between the drug’s kinetic and dynamic profiles and the sever-
ity of the renal impairment. From a recent systematic review by Faura ez
al.,’® one can see that there are wide ranges in the ratio of metabolites to
morphine in the normal population (0-:001-4 for M3G: morphine and
0-97 for M6G: morphine), depending on the dosing route. However, there
is a high correlation in the plasma concentrations and plasma ratios for the
two glucuronides despite a variety of clinical scenarios (for example, age,
anaesthesia, renal disease), suggesting that there is only a single glu-
curonidating enzyme.

In the critically ill patient with renal failure, intermittent haemodialysis
and filtration produce a considerable decrease in the plasma concentrations
of morphine; a mean reduction of 75% (range 47-100%) following
haemofiltration, and 48% (24—84%) following dialysis alone.5° Both filtra-
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tion and dialysis appear to extract morphine and M6G efficiently,® with a
sieving coefficient in excess of 0-5. Whether there is equal elimination of
morphine and M6G in these critically ill patients is open to further evalua-
tion.

There are also data to suggest increased concentrations of another mor-
phine metabolite (normorphine) may be responsible for myoclonic activity,
but this has not been confirmed by other researchers.! Similar alterations
in the disposition of codeine, dihydrocodeine, and propoxyphene (with
active metabolite accumulation) have been observed in patients with renal
failure.62-64

Whether the altered kinetics of morphine and its surrogates are the sole
explanation of their prolonged dynamic effect is uncertain. Uraemia is itself
associated with CNS depression and the increased sensitivity to CNS
depressant drugs may also be due to increased receptor responsiveness, or
increased meningeal and/or cerebral permeability.©5-0¢

Fentanyl, alfentanil, and sufentanil

Because of the significant dynamic effects of morphine and its active
metabolite M6G, some ICUs prefer to provide analgesia in the critically ill
patient with renal impairment by drugs of the phenylpiperidine group.

The kinetics of the archetypal drug, fentanyl, have been studied in awake
patients with end—stage renal failure undergoing haemodialysis.®” Corall ez
al. found an increased apparent volume of distribution, and an increased
systemic clearance.%’ There are fewer data in the anaesthetised or critically
ill patient with renal impairment. Our own data®® and those of Koren ez
al.,®®, Duthie,”® and Koehntop and Rodman,” show no significant differ-
ences in the disposition of fentanyl in patients with renal failure undergoing
transplantation when compared with age-matched healthy subjects under-
going lower abdominal surgery, although Koehntop ez al. found an inverse
relationship between the degree of azotaemia and fentanyl clearance. In two
of the eight patients in his study, administration of fentanyl 25 ug/kg was
followed by the need for postoperative ventilation for prolonged ventilatory
depression. Uraemia also caused no alteration in fentanyl binding.”2

In critically ill patients, the kinetics of fentanyl show wider inter-individ-
ual variability than in the normal population; Alazia and Levron’ have
reported elimination half-lives of 10—56 hours, and systemic clearances of
7:3—20-1 ml/kg/min. The plasma protein binding varied between 77-7 and
82:4%, in agreement with the data of Bower.”

With alfentanil, there is an increased free-drug fraction in patients with
uraemia,’®7> together with greater total drug clearance rates and volumes of
distribution, but no differences in the free-drug volume of distribution or
clearance. The metabolites of alfentanil are probably inactive, and hence
this opioid has been successfully used as the analgesic of choice when given
by repeat dosing or continuous administration to patients with renal impair-
ment. Because alfentanil equilibrates rapidly across the blood—brain barrier,
its narcotic effects peak within 1-2 minutes of a bolus dose; and it is easy to
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titrate when given by continuous infusion. Our recent understanding of
some of the factors causing inter-individual variability in alfentanil clear-
ance arises from different concentrations of microsomal CYP 3A3/4.7°
However in the post-transplant patient, Koehntop ez al. have provided data
that leads to confusion of the overall picture, as they have found increased
alfentanil clearance in the presence of enzyme inducers (as might be
expected) but not decreased by potential competitive inhibitors (such as
erythromycin, midazolam, and some antifungals).”” When given by infusion
to critically ill patients, Sinclair et al. showed the considerable kinetic and
dynamic variability in drug requirements (0-56—8-43 mg/h and plasma
concentrations associated with adequate sedation and analgesia of
40-1063 ng/ml) (Figure 4.2).78 We were unable to relate plasma concentra-
tion or dose requirements to the degree of renal impairment of the patients.

Similarly, uraemia has no effect on either the plasma protein binding or
disposition of sufentanil.’-8! There are, however, case reports of prolonged
narcosis following preoperative administration of sufentanil to patients with
chronic renal failure,’82 which are probably due to alterations in the
dynamics of the opioid in the uraemic patient. However, unpublished data
suggest that the concentration—effect relationship for sufentanil in anaes-
thetised patients with renal impairment differs from that in healthy subjects.
We have found the Cp,, (plasma drug concentration associated with no
response to noxious stimulation in 50% of patients) to be 0-29 ng/ml when
sufentanil by bolus injection was used to supplement 67% nitrous oxide in
healthy patients undergoing lower abdominal surgery, as compared with
0-13 ng/ml in patients with renal failure undergoing transplantation.
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Figure 4.2 Plasma alfentanil concentrations (ng/ml) corrected to a uniform infu-
sion rate of 1 mg/h in nine patients. (Adapted from’, with permission).
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The kinetics of the phenylpiperidine drugs and other opioids adminis-
tered during anaesthesia to healthy and uraemic patients, or used in the
critically ill, are shown in Table 4.2.

Table 4.2 Influence of chronic renal failure on the disposition of opioids in the
anaesthetised patient (mean values except where indicated).

Patients with normal Patients with impaired
renal function renal function
tl/Zel Clp I/ss FF tl/Zel Clp I/ss FF

Morphine
1 186 21-3 37 - 185 17-1  2-8* -
2 307 11-4 3-8 - 302 9:-6 2:4* -
3 102 273 32 - 120 25-1 2-8*-
4 210 11-5 2-8 - 191 10-3  1-8* -
Fentanyl
5 405 14-8 7-7 - 504* 11-8 95 -
6 - - - 20.8 - - - 22-4
7 - - - - 382 75 31 -
8 1500 12:0 25-1 19.1 (mean values for ICU patients)
Alfentanil
9 90 3-1 0-3 11.0 107 3-1 04* 19-0*
10 120 3-2 0-4 10.3 142 5-3* 0-6 12-4*
Sufentanil
11 76 12-8 13 - 90 16:4 1-7 -
12 195 182 36 7.8 188 19-2 3-8 8-6
Remifentanil
13 4-0 33-2 019 - 4.9 354 025 -
Oxycodone
14 138+ 16:7+ 2:39+ - 234+ 127+ 3-99+ -

Source of data: 1, Chauvin et al.**; 2, Sear et al.*%; 3, Osborne et al.*>; 4, Aitkenhead et al.*'; 5,
Duthie™; 6, Bower’?; 7, Koehntop and Rodman”; 8, Alazia and Levron; 9, Chauvin ez al.™;
10, Bower and Sear”; 11, Davis et al.®%; 12, Sear®'; 13, Hoke et al.®?; 14, Kirvela et al.?*.

t, 5 €limination half-life (min); Clp, systemic clearance (ml/kg/min); V, apparent volume of
distribution at steady state (I/kg); FF, free or unbound fraction of drug (%).

* p <0.05 vs healthy subjects; + median values.

Remifentanil

Although remifentanil is a fentanyl derivative, its elimination depends not
on the liver, but on hydrolysis of the methyl ester linkage by blood and tis-
sue non-specific esterases. The clearance of remifentanil is high
(25-45 ml/kg/min) and only minimally dependent on hepatic and renal
function. The major metabolite is a primary carboxylic acid (GI 90921)
which has a potency of about 1/4600 of the parent drug.
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Recent studies with remifentanil have shown its kinetics to be substan-
tially unaltered in patients with renal disease; there was no change in clear-
ance or volume of distribution, although the elimination half-life was
slightly prolonged.®? However, the context-sensitive half-time is 3—4 min-
utes — even after prolonged infusions. Concentrations of the metabolite (GI
90921) showed a longer half-life (from 1-5 to >26 hours) and reduced
clearance in the renal group when compared with healthy volunteers (the
ratios of the AUC for GI 90921: remifentanil being 170—240: 1 in the renal
failure group compared with 6-3 : 1 in healthy subjects). At steady state, the
concentrations of the metabolite were about 28—38 times higher than those
in healthy people. At high infusion rates (>2 pg/kg/min), there is the possi-
bility of some analgesic effect from the metabolite. Drug dynamics also
appeared to be unaffected, with no increased respiratory sensitivity to the
drug.%3

Although there are reports of the use of remifentanil in the critically ill
patient, there are insufficient safety data at present to allow comment on its
use in the ICU patient with renal impairment.

Pethidine

There are few kinetic data on the disposition of pethidine in patients
with renal impairment. In anaesthetised healthy patients, Mather ez al
reported an elimination half-life of 186 minutes and clearance of
14 ml/kg/min.8* Pethidine is mainly metabolised in the liver, with only
1-5% excreted unchanged in the urine. However, under acidic conditions
(as may pertain in renal failure), the percentage of unchanged pethidine
available for renal excretion may increase to 25%.8° Recent data from
Chan et al. support the view that systemic pethidine clearance is depen-
dent on renal function.?”

The dynamics of pethidine in chronic renal failure have recently been
assessed by Burgess er al.88 They have shown that patients with end-stage
renal disease have a reduced ventilatory response to CO, compared with a
healthy control group. The administration of pethidine (1 mg/kg sub-
cutaneous) did not have any greater effect in the renal failure patients.
Whether this observation is transferable from the laboratory to the ward
scenario remains to be tested!

Just as with morphine, Szeto ez al. have shown that when repeated doses
of pethidine are given to patients in chronic renal failure, there is accumu-
lation of the N-demethylated metabolite, norpethidine.?® In one of these
patients, the elimination half-life of norpethidine was 34-4 hours. The renal
excretion of norpethidine is significantly correlated to the creatinine clear-
ance rate,’ as well as being pH dependent.®® Under normal conditions,
about 5-6% of a pethidine dose is eliminated as the nor-metabolite; but
under acidic conditions, the amount may approach 30%. This metabolite
has less analgesic, but greater convulsant activity than the parent drug,?
and Szeto et al. have reported two patients in renal failure where increased
plasma ratios of norpethidine/pethidine were associated with excitatory

62



RENAL FAILURE

signs.®? On these grounds, pethidine is probably best avoided as an anal-
gesic drug in the critically ill patient with renal impairment.

There are few data on the effects of haemodialysis on opioid disposition.
Turner et al. examined the extraction of morphine and pethidine, and found
median values of 15% and 8% respectively,®® suggesting that this route of
drug elimination is unlikely to be clinically significant.

Phenoperidine is similarly contraindicated in the patient with renal fail-
ure, as it is metabolised to pethidine and hence also to norpethidine.

Other opioids

The disposition of buprenorphine in patients undergoing renal trans-
plantation is similar to that seen in patients with normal renal function.%
During renal transplantation, no metabolites were detected in the recipi-
ent’s plasma. However, when buprenorphine was infused to provide analge-
sia and control of ventilation in critically ill patients, there were measureable
plasma levels of norbuprenorphine and the 3-glucuronide. In the presence
of renal failure, the former were increased by a median of four times, and
the latter by a median of 15 times. The normetabolite has been shown to be
a weak analgesic when assessed using the rat tail-flick test.

The kinetics of oxycodone have also been evaluated in uraemic patients
undergoing renal transplantation.?* Like morphine, this semi-synthetic opi-
oid has probable active metabolites (viz. noroxycodone and oxymorphone).
The kinetic profile showed a prolonged elimination half-life in the patients
with end-stage renal disease — secondary to a significantly increased volume
of distribution and reduced clearance. Although the plasma concentrations
of noroxycodone were higher in the uraemic patients, and the excretion of
oxycodone and its metabolites was impaired, there was no reduced excre-
tion of conjugated oxycodone and noroxycodone. Thus the use of oxy-
codone as an analgesic in patients with impaired renal function would also
appear to be contraindicated due to active metabolite accumulation.

The handling and dynamics of both codeine and dihydrocodeine have
been examined in patients with renal impairment; Guay ez al. showed that
the elimination half-life of codeine was increased from 4 to 18-7 hours in
patients on haemodialysis.®* In the presence of renal dysfunction, both
Levine and Matzke er al. have described cases where conventional doses of
codeine have resulted in narcosis.”>° The extent of the renal clearance of
dihydrocodeine by the body is not known, but again prolonged narcosis in
patients with renal impairment has been described by Barnes er al. and
Redfern.®>97 Barnes er al. found a similar elimination half-life for dihy-
drocodeine in normal and renally impaired patients, but greater peak
plasma concentrations and AUC after oral dosing in the renal group. This
suggests that in renal failure there is either a reduced systemic clearance or
an increased oral bioavailability.3

In practice, most patients in the ICU in the UK receive either morphine,
fentanyl, or alfentanil by infusion as analgesia. The use of remifentanil has
been described in some specific patient groups (for example, following
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coronary artery bypass surgery).°%° Because of its short duration of action
and rapid clearance, coupled with the short blood-brain equilibration half-
time (1-5—3 minutes), remifentanil is best administered by titration to
effect. Both codeine and dihydrocodeine, as well as morphine, oxycodone,
and pethidine, are metabolised to active compounds; and should therefore
best be avoided.

Despite its active metabolites, the Task Force of the American College of
Critical Care Medicine and Society of Critical Care Medicine have recom-
mended morphine as the preferred analgesic with titration of dose to
effect.19° In patients with haemodynamic instability or symptoms of hista-
mine release, fentanyl (or alfentanil or sufentanil) may be used. An alterna-
tive is hydromorphone which has greater sedative but less euphoric
properties than morphine. Pethidine (meperidine) is not recommended
because of the excitatory properties of the metabolite norpethidine. The use
of partial agonist drugs is not supported by large clinical trials.

Neuromuscular relaxants

In general, the neuromuscular relaxants are a group of ionised, water-sol-
uble compounds that are freely filtered at the glomerulus. The degree of
protein binding of most relaxants is low (<50%) and hence changes in
plasma protein concentrations (and hence binding) are unlikely to affect
these drugs’ kinetics to any great extent. However, if the drug is normally
excreted unchanged through the kidney, then their kinetics (and more
importantly their dynamics) will be altered in the critically ill patient with
renal dysfunction. Table 4.3 lists the extent of urinary excretion in the elim-
ination of the various muscle relaxants.

Table 4.3 Renal excretion of neuromuscular blocking drugs (expressed as a mean
percentage (or range) of total drug elimination).

Drug Excretion
Quaternary amines
Suxamethonium <10
Gallamine >95%
Benzylisoquinolinium compounds
d-Tubocurarine 31-45%
d-Methyltubocurarine 42-52%
Atracurium 10%
Doxacurium 25-30%
Mivacurium <10%
Cis-atracurium ?
Aminosteroid compounds
Pancuronium 35-50%
Vecuronium 15-20%
Pipecuronium 38%
Rocuronium 9%
Rapacuronium 30%
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Depolarising neuromuscular relaxants

Although Wyant reported a decrease in the activity of the enzyme pseudo-
cholinesterase (and hence a decreased rate of degradation of suxametho-
nium) in patients being treated for renal failure by haemodialysis,!°! this
does not appear to be a significant problem with current haemodialysis
techniques. Prolongation of the action of suxamethonium is seen in some
patients with chronic renal failure, but the exact incidence is unknown. The
second and more important problem is suxamethonium-induced increases
in serum potassium concentrations. Way er al. showed the increase in
potassium in patients on haemodialysis to be comparable with that seen in
normal healthy individuals.!?? Pretreatment with non-depolarising neuro-
muscular blocking drugs do not prevent this increase in plasma potassium
concentrations.

For rapid sequence intubation in the critically ill patient, suxamethonium
still remains the drug of choice, although large doses of non-depolarising
agents (such as atracurium, cis-atracurium, rocuronium, rapacuronium and
mivacurium) may offer an alternative in the significantly hyperkalaemic
patient.

Non-depolarising or competitive neuromuscular relaxants

In the critically ill patient, prolongation of clinical effect due to altered
kinetics (or accumulation of metabolites) is less relevant than when it
occurs at the end of surgery. However, consideration of drug kinetics can
lead to this problem being prevented.

The following drugs show significant alterations in duration of effect in
renal failure.

d-Tubocurarine In healthy patients, about 70% of an IV dose is recover-
able from the urine. However, if renal failure occurs, there is a compensatory
increase in the extent of biliary excretion. Thus, in anaesthetised patients
with chronic renal failure, prolonged paralysis is normally seen only after
administration of large or frequent doses of the relaxant.!?3 The duration of
response to the drug is primarily determined by redistribution, with a ter-
minal half-life in healthy patients of approximately 80 minutes (Table 4.4).
Studies by Matteo et al. and Miller er al. have shown a decreased plasma
clearance, and hence a slower decline in the plasma drug concentration in
patients with renal failure.194195 Several cases of prolonged paralysis have
been reported with use of d-tubocurarine in patients with renal failure under-
going surgery, but there are few data on use of the drug to provide relaxation
in the critically ill subject requiring long-term paralysis for ventilation.

d-Methyltubocurarine A significant decrease in the systemic clearance of
d-methyltubocurarine in patients with chronic renal failure has been
reported by Brotherton and Matteo!®® and therefore this agent is best
avoided in patients with renal failure.
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Table 4.4 Disposition of neuromuscular blocking drugs in patients with chronic
renal failure (mean values except where indicated).

Patients with normal Patients with impaired

renal function renal function

2:1/231 Clp I/ss 2:1/231 Clp I/ss
1 DTC 152 - - 256 - -
2 DMTC 315 1-2 0-47 640* 0-4* 0-35
3 GALI 131 1-2 0-23 752%* 0-2%* 0-29
4 PANC 104 1-1 0-15 489* 0-3* 0-24
5 133 1-8 0-34 257 0-6* 0-33
6 ATRAC 21 6-1 0-19 24 67 0-26
7 17 5-9 0-14 21 6-9 0-21
8 CisATRAC 30 4-2 - 34 3-8 -
9VEC 53 53 0-2 83* 3-2% 0-24
10 MIVAC:
cis—cis 68 3-8 0-23 80 2:4% 0-24
cis—trans 2-0 106 0-28 4-3 80 0-48
trans—trans 2-3 57 0-21 4-2 47 0-27
11 RAPACUR 175 9-4 0-41 174 6-4 0-34
12 PIPERC 137 2:4 0-31 263* 1-6* 0-44
13 DOXAC 99 2:7 0-22 221% 1-2% 0-27
14 ROCUR 71 2:9 0-26 97 2:8 0-21

Sources of data: 1, Miller et al.'°%; 2, Brotherton and Matteo!°¢; 3, Ramzan ez al.'%7; 4, McLeod
et al.'°8; 5, Somogyi et al.'°°; 6, Fahey er al.''% 7, de Bros et al.'''; 8, Eastwood et al.'?; 9,
Lynam et al.'*?; 10, Head-Rapson ez al.''4; 11, Szenohradszky ez al.!'>; 12, Caldwell ez al.'1%; 13,
Cook et al.''"; 14, Szenohradszky et al.!'8.

Kinetic parameters as in Tables 4.1 and 4.2; *p < 0.05.

DMTC, d-methyltubocurarine; GALL, gallamine; PANC, pancuronium; ATRAC,
atracurium; CisATRAC, cis-atracurium; VEC, vecuronium; MIVAC, mivacurium;
RAPACUR, rapacuronium; PIPERC, pipecuronium; DOXAC, doxacurium; ROCUR,
rocuronium.

Gallamine Mushin et al. and Feldman ez al. showed that between 85 and
100% of this drug was excreted by the kidney in man!''%!20 and there are
case reports of inadequate reversal or prolonged paralysis after its use in
patients with renal insufficiency. In a recent kinetic study, Ramzan ez al.
found considerable prolongation of the elimination half-life of gallamine in
patients with renal failure.!0?

Pancuronium In healthy patients, about 40% of an IV dose is excreted in the
urine, and another 10% in the bile. Augmentation of biliary excretion
occurs in renal failure, but there is still a decrease in systemic clearance of
pancuronium!%:10%121 coupled with prolonged neuromuscular blockade.!22
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The following drugs show little effect of renal failure on their kinetics or
dynamics.

Atracurium Initial clinical studies by Hunter ez al. showed no difference
in the duration of neuromuscular blockade from an initial dose of
atracurium or from repeated doses when the drug was administered to
patients with normal function and compared to patients who were
anephric.'? This was confirmed in dynamic—kinetic studies by Fahey er al.
and de Bros er al. who demonstrated that onset time, duration of action,
recovery time (from 25% to 75% initial twitch height), and disposition
kinetics were unaltered in patients with renal failure.!'%!11 A second study
from Hunter er al. compared the properties of atracurium, vecuronium, and
d-tubocurarine in healthy patients and those with renal failure.!24
Atracurium and vecuronium were little affected by renal failure but d-
tubocurarine was longer acting and less predictable.

Atracurium has been administered by continuous infusion to maintain
neuromuscular blockade in patients with renal failure, with rapid recovery
reported following its use in this way and no differences between healthy
and renal failure patients.!25126 However, Nguyen ez al. have observed a pro-
longed recovery rate and longer time to 90% recovery of twitch height when
administering atracurium by infusion to anephric patients.!'?’

Atracurium undergoes elimination by both Hofmann degradation and
ester hydrolysis, although Fisher er al. have recently suggested that up to
50% of total systemic clearance cannot be accounted for by either of these
mechanisms.!?8 An important metabolite of atracurium, laudanosine, has
been reported in animals to cause excitatory EEG activity when adminis-
tered in high doses.

One of the major problems with atracurium in the critically ill patient
could therefore be the accumulation of one or more of these metabolites.
Yate et al., Ward et al., and Parker er al. all investigated the relationship
between renal function and plasma concentrations of laudanosine.!29-131
With single doses of atracurium (0-3 mg/kg) there were no effects of renal
failure on the disposition of atracurium or its two metabolites, laudanosine
and the associated monoquaternary alcohol.!3° Peak laudanosine concen-
trations were not significantly different in healthy patients and those with
renal failure, and in both groups, plasma laudanosine concentrations were
considerably lower than those associated with EEG excitation in the anaes-
thetised dog (of the order of 17 ug/ml).’»? In ICU patients receiving
atracurium by infusion, both Yate er al. and Parker er al. measured plasma
laudanosine concentrations and found that it did not exceed 5-1 pg/ml!2%131
In the latter study, a constant rate infusion of atracurium (0-6 mg/kg/h) was
used to aid ventilation in addition to sedative and analgesic drugs. The
accompanying plasma laudanosine concentration plateaued at about
1-5 ug/ml in patients with normal renal function; but in those patients with
acute renal failure, there was greater variability in laudanosine concentra-
tions, with maximal values of 4-3 pug/ml (Figure 4.3).
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Figure 4.3 Plasma concentrations of laudanosine (ng/ml) for (a) seven patients with
normal renal function (shown as mean * sp) and (b) seven renal failure patients

(shown as individual plots). (Reproduced with permission of authors and publish-
ers.)!3!
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The elimination of laudanosine is normally via the kidney, and in healthy
subjects its half-life was increased from about 180 minutes to 374 minutes
when given by infusion rather than as a bolus dose.!?? In acute renal failure,
the elimination half-life was even greater, with a mean value of 1418 min-
utes. This may indicate that although the kidney is clearly important in lau-
danosine elimination, other organs (such as the liver) may also be involved.

In a separate study by Shearer er al. in critically ill patients requiring arti-
ficial ventilation (but with normal renal function), the urinary clearance of
atracurium was 0-55 ml/kg/min, and that of laudanosine 0-33 ml/kg/min.!3*
In seven other critically ill patients with renal failure, clearances of the two
compounds in the haemofiltrate fluid were 0-11 and 0-09 ml/kg/min,
respectively. Plasma clearances were not significantly different from those in
the patients with normal renal function. Thus, normally about 9% of the
laudanosine is excreted in the urine, and a smaller fraction (2%) in the
haemofiltration fluid. Neither the parent drug nor its main metabolite are
effectively removed by haemodialysis; elimination half-lives for laudanosine
of up to 34-5 hours have been described by Hunter in patients receiving the
neuromuscular blocking drug whilst undergoing haemofiltration.!*>

Vecuronium Evaluation of the kinetics of 0-1 mg/kg vecuronium in patients
receiving cadaveric renal allografts and a control group of healthy patients
was undertaken by Lynam ez al.!'? Anaesthesia was maintained with nitrous
oxide in oxygen and 1% end-tidal isoflurane. In the patients with renal fail-
ure, the duration of neuromuscular blockade and recovery from blockade
were significantly prolonged. However, there were no significant kinetic dif-
ferences (clearance, elimination half-life).

A number of reports have suggested that there may be accumulation of
vecuronium in the patient with renal failure.!3¢-13% Because of the clinical
importance of any dynamic interaction with renal failure, Beauvoir et al.
conducted a meta-analysis of the available data.'*® Based on six studies,
they found a significant increase in the duration of effect (as assessed to the
time from injection to 25% recovery of twitch height) but no differences in
onset time or 25—75% recovery times. However, the authors offered no firm
aetiology for this effect.

There are several reports of the use of vecuronium to provide neuromus-
cular blockade in the critically ill patient.!4:142 In an isolated case report of
an elderly patient with renal failure and subclinical chronic hepatic cirrho-
sis, Lagasse et al. describe prolonged neuromuscular blockade for 13 days
after a three-day infusion at 0-13 mg/kg/h. There was no effect of
haemodialysis on the degree of blockade.!4?

The metabolism of vecuronium by hepatic hydrolysis yields three
desacetyl metabolites: 3-, 17-, and 3,17-desacetylvecuronium. The former
of these is estimated to have the potency of about 80% of the parent drug,
and there is good evidence that the 3-desacetyl metabolite accumulates in
patients with renal failure.!4%14* Further recent studies by Segredo ez al. pro-
pose that after prolonged dosing there may be distribution of drug into a
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large peripheral kinetic compartment with a low blood volume.!4> Caution
should therefore be exercised to ensure complete return of neuromuscular
function if multiple increments or prolonged infusions of the drug are used,
especially in anephric patients.

Newer neuromuscular blocking drugs

There are six new neuromuscular blocking agents which show different
disposition profiles in renal failure:

Pipecuronium This is a bisquaternary aminosteroid compound, which is
mainly eliminated unchanged by the kidney. Renal failure causes a pro-
longed elimination half-life and reduced clearance.!!® There are no pub-
lished data on its use in critically ill patients with renal dysfunction.

Mivacurium This is a short-acting benzylisoquinolinium compound which
is metabolised by plasma esterases and presumably also in the liver. In
healthy subjects, de Bros ez al. demonstrated an elimination half-life of 17
minutes, and a clearance of 54 ml/kg/min;!4¢ the pharmacokinetics and
duration of effect are not prolonged in renal failure.'¥” Like atracurium,
mivacurium has a number of stereoisomers (cis—trans 37%; trans—trans 57%
and the less active cis—cis 6%). Head-Rapson ez al. have examined the kinet-
ics and dynamics of these three isomers in anaesthetised patients with renal
failure.!'* Clearance of the cis—cis isomer was significantly reduced in renal
failure; the disposition of the other two isomers was not altered. The clear-
ance of each isomer correlated significantly with plasma cholinesterase
activity. The median infusion rate required to achieve a common level of
neuromuscular blockade (7',/T, 10%) was similar in patients with renal fail-
ure and in healthy subjects. However, Phillips and Hunter have demon-
strated a prolonged duration of action in renal failure patients when
compared with those with normal renal function,!*® probably due to low-
ered plasma cholinesterase activity.

Doxacurium This is a long-acting drug with an elimination half-life of 99
minutes, and clearance of 2-7 ml/kg/min. It is mainly excreted unchanged
by the kidney, although esterase hydrolysis may contribute in part to the ter-
mination of drug effect. Clearance is reduced in patients with renal failure,
with accompanying prolongation of effect.!17:149

In a comparison with pancuronium in critically ill patients, Murray et al.
found doxacurium to be well tolerated without evidence of tachycardia and
with a relatively prompt recovery profile.!5° In contrast to pancuronium,
doxacurium showed no inverse relationship after infusions of up to 2-6 days
between recovery to the return of the fourth twitch of the train of four and
creatinine clearance (Figure 4.4).

Rocuronium (ORG 9426) This is another agent with a rapid onset of effect
and intermediate duration of action. Being a steroid molecule, it is
metabolised in the liver, with only 9% of the injected dose being recoverable
from the urine over the first 60 hours after administration. In a study com-
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Figure 4.4 Recovery times versus two-hour creatinine clearance for patients receiv-
ing an infusion of pancuronium or doxacurium. The correlation of recovery time
versus a creatinine clearance of <50 ml/min for patients receiving pancuronium is
plotted. Some of the points represent more than one patient’s values. (Reproduced
with permission of the authors and publishers.!>?)

paring its kinetics and dynamics in healthy anaesthetised subjects, and
patients undergoing cadaveric renal transplantation, Szenohradszky ez al.
showed renal failure to alter drug distribution, but not systemic clear-
ance.!!8 In a separate study from Khuenl-Brady ez al.!5! the dynamic char-
acteristics of rocuronium were assessed during isoflurane anaesthesia in
healthy patients and those with chronic renal failure. There were no differ-
ences in onset, duration of effect, or recovery after doses of 0-6 mg/kg and
three maintenance doses of 0-15 mg/kg.!5! However, Cooper et al. have
found both a decreased clearance of the relaxant in patients with renal fail-
ure during isoflurane anaesthesia, but no significant differences in drug
dynamics.!52

In a study of 32 ICU patients, Sparr et al. found no differences in rocuro-
nium disposition after prolonged administration, nor differences in drug
recovery times when compared with those seen after moderate duration
infusions to surgical patients.!>> The exact implication of these findings
must remain open to debate, as the patients studied had a wide range of cre-
atinine clearances (27—186 ml/min). Further studies are clearly needed to
define the properties of this neuromuscular blocking drug in the critically
ill.

Thus, despite the chemical similarities of rocuronium to vecuronium, the
former has a possible role in providing neuromuscular blockade to renally
impaired patients.

Cis-atracurium This is one of the 10 stereoisomers of atracurium, and has
the advantage of being three times more potent and releasing less histamine
in animals. Unlike the parent compound, its metabolism is mainly by
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Hofmann degradation with no ester hydrolysis. Recent studies by Kisor ez
al. confirm that the Hofmann pathway accounts for about 77% of total
body clearance, organ clearance 23%, and renal clearance 16%.'5* The
drug has an elimination half-life of 23 minutes, and clearance in healthy
subjects of about 5-2 ml/kg/min. The main metabolites are laudanosine and
a monoquaternary acrylate.

Two recent studies have examined the dynamics and disposition of cis-
atracurium in renal failure. Boyd et al. found that at a dose of 2 X ED,,
(0-1 mg/kg), onset times were longer in the renal failure group, but recovery
was not affected.!>> In these patients, the clearance of cis-atracurium was
decreased by 13% and the half-life was longer (34-2 versus 30 minutes).
Although plasma concentrations of laudanosine were elevated in patients
with renal failure, the values were about one-tenth of those seen after
atracurium.!12

Rapacuronium (ORG 9487) This is another steroidal neuromuscular block-
ing agent, but unlike some of the other newer compounds, it has a low
potency. However, it has two advantages: very rapid onset of effect and a
short duration of action. Hence it might be an appropriate drug to use in
the critically ill where use of suxamethonium is contraindicated (for exam-
ple, in the presence of hyperkalaemia). In doses of 1-5—-2-5 mg/kg, complete
blockade of the adductor pollicis muscle occurs in between 60 and 90 sec-
onds with recovery to 25% of the first twitch of a “train-of-four” (TOF) at
between 13 and 25 minutes. After prolonged administration, there is a
decreased recovery rate, probably due to the accumulation of the active
metabolite ORG 9488.156

In a recent study, Szenohradszky et al. have evaluated the kinetics and
dynamics of rapacuronium in the patient with renal dysfunction.!!> They
found small decreases in clearance and apparent volume of distribution in
renal failure patients, but the dynamics of a single dose of 1-5 mg/kg were
unaffected. However, clearance of the metabolite was decreased by 85%,
indicating that there is likely to be a prolonged effect of the drug following
repeated dosing in the patient with renal failure.

Infusions of neuromuscular blocking drugs in the critically il patient

There are only a few studies that examine the effects of altered renal
function in critically ill patients on the disposition of and dynamics of
neuromuscular blocking drugs. In a small comparative study of 12 patients,
cis-atracurium has been evaluated against atracurium. The population
kinetic values for cis-atracurium and the three groups of atracurium isomers
were in keeping with published data, but the cis-atracurium group of six
patients showed smaller AUC and peak laudanosine concentrations.!57
After infusion times of 376 and 27-5 hours, respectively, at mean infusion
rates of 0-19 mg/kg/h and 0-47 mg/kg/h, the recovery times to TOF >70%
were similar in the two groups (at around 60 minutes).

A second key study is that of Prielipp ez al., who compared the infusion
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requirements and recovery profiles of vecuronium and cis-atracurium in the
ICU.158 In the 58 patients included, the mean infusion rates of the two neu-
romuscular blocking drugs were 0-9 ug/kg/min and 2-6 ug/kg/min, respec-
tively. The durations of infusion were 66 and 80 hours, and recovery to TOF
>70% was 387 and 68 minutes. Of more importance were the numbers of
patients showing prolonged recovery (TOF <70% at 120 minutes after ces-
sation of infusion): 15/58 patients, 13 having received vecuronium. Segredo
et al. had previously also shown accumulation of vecuronium and its
metabolites after infusion to the critically ill patient in the absence of renal
impairment.!> In a further study by the same group, a population kinetic
study in six critically ill patients receiving vecuronium failed to show any
significant effect of renal function on drug handling.!%® Other reports con-
firm the tendency for prolonged muscle weakness in the absence of high
plasma drug concentrations (although clearly such values do not reflect the
drug concentration at the affected site).!01:12 These papers all confirm the
tendency for long-term use of neuromuscular blocking drugs (and particu-
larly the aminosteroid relaxants) to be associated with post-infusion muscle
weakness.

Thus, of these newer neuromuscular blocking drugs, cis-atracurium and
rocuronium would appear suitable alternatives to atracurium in critically ill
patients with renal impairment. Mivacurium and vecuronium are both
probably best avoided in the critically ill ICU patient. Potentiation of neu-
romuscular blockade by any of the relaxants may occur in ill patients due to
an associated metabolic acidosis. In the uraemic patient, potentiation of
blockade may also occur due to hypokalaemia, hypocalcaemia, hypermag-
nesaemia, parenteral or topical use of some aminoglycoside antibiotics,
frusemide, mannitol, and methylprednisolone.

Antibiotics

In the critically ill patient, appropriate antibiotic therapy may require
administration of drugs with narrow therapeutic margins, and hence liabil-
ity to toxic side effects. Examples of some of these side effects are shown in
Table 4.5. The effects of aminoglycosides on the kidney can be potentiated
by the associated administration of diuretics such as frusemide.

Many antibiotics are eliminated through the kidney and hence attention
to dosing may be needed in the critically ill patient.

Some commonly used antibiotics that are eliminated via the kidneys to a
greater extent include:

ampicillin
cefuroxime
erythromycin
imipenem
cephalosporins
vancomycin
nalidixic acid
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Table 4.5 Some effects of antibiotics on renal function and their possible systemic
sequelae to the patient.

Type of renal Hazards of excess
damage accumulation
Aminoglycosides RTN Ototoxicity
Further renal damage
Amphotericin B RTN
Nitrofurantoin RTN Peripheral neuropathy
Penicillins Int. nephritis Convulsions
Haemolytic anaemia
Quinolones RTO
Sulphonamides RTO
Int. nephritis
Tetracyclines unknown Nausea, vomiting, diarrhoea
Dehydration
Increased uraemia causing
antianabolic effect
Vancomycin Int. nephritis Ototoxicity

RTN, renal tubular necrosis; RTO, renal tubular obstruction; Int. nephritis, interstitial
nephritis

benzylpenicillin
co-trimoxazole
gentamcin
teicoplanin
ethambutol
nitrofurantoin
metronidazole.

For co-trimoxazole, if the creatinine clearance is less than 20 ml/min, the
dose should be reduced by 25%. For gentamicin, if the creatinine clearance
is less than 50 ml/min, there should be a reduction in dose and an increase
of the dosing interval.

The principles of safe therapy can be typified by considering the two
drugs minocycline and cefazolin.!®*1%¢ Minocycline is totally metabolised
by the liver, and hence there is no relationship between creatinine clearance
and half-life. By contrast, cefazolin is dependent on the kidney for its elim-
ination, and exhibits a progressive and hyperbolic increase in its elimination
half-life with the decrease in a patient’s creatinine clearance. In the latter
case, the impairment in creatinine clearance does not become clinically
important until creatinine clearance is less than about 40 ml/min (Fig. 4.5).
The latter is normally determined over a 24-hour period, but studies by
Sladen ez al. showed that in acutely ill patients, a two-hour creatinine clear-
ance provides a useful index of changing renal function, and can be used to
assess modifications in antibiotic and other drug dosage regimens.!6

Thus, in all grades of renal failure, the doses of cephalosporins, ethamb-
utol and vancomycin should be reduced; plasma concentrations of the
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Figure 4.5 Relationship between creatinine clearance (ml/min) and serum half-
lives of cefazolin and minocycline. (Redrawn!03164)

aminoglycosides should be monitored daily to avoid ototoxicity and further
renal damage; and drugs such as tetracyclines (with the exception of doxy-
cycline), nitrofurantoin, and nalidixic acid are avoided. The doses of
metronidazole, co-trimoxazole and the B-lactams will need modification.
There have been a number of attempts made to relate the kinetics of drugs
in renal failure to microbiological outcomes, with the development of
nomograms. Typical examples are those for cefotaxime and -ceftazi-
dine, 106167 although other authors have found them unreliable.!%8

Probably of greater importance is the influence of renal impairment on
the disposition of the aminoglycosides (for example, gentamicin). The
kinetics of these drugs show wide variability even in patients with normal
renal function; for example Zaske er al. found an 80-fold variation in the
elimination half-life and a 50-fold variation in daily dosage requirements to
achieve therapeutic levels in surgical patients.!®® In order to facilitate
achieving the desired efficacy of treatment by the aminoglycosides,
Sawchuk ez al. described in 1977 a method for calculating drug clearance
and its volume of distribution based on a one-compartment model utilising
three post-distributional plasma concentrations.!’”® In a separate study
which compared such a kinetically based dosing strategy with one using a
nomogram relating the dose prescribed to the patient’s creatinine clear-
ance, Hickling er al. found higher peak and trough concentrations in the
group where dosing was individually based on a two-hour creatinine
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clearance estimate taken from a nomogram when compared with those
patients treated by doses of gentamicin or tobramycin as calculated accord-
ing to the Sawchuk er al. model.!”! Based on the measurement of achieved
drug concentrations, significantly fewer patients needed changes to their
dosing strategy among those in the derived kinetic group (5 out of 13) com-
pared with 11 out of 14 in the control group. The reasons for the changes
were aminoglycoside concentrations at 48—72 hours outside the predeter-
mined range for the peak or trough (suggesting that the initial dosing strat-
egy was either too small or too large). These changes in drug dosing could
not be attributed to any change in the routine indices of renal function
monitored in the study. Although Mitchell ez al. have shown that the volume
of distribution of many aminoglycosides is increased by up to 40% in the
critically ill,!72 most intensivists would not increase the loading dose of the
antibiotic for the fear of causing systemic toxicity. More recently, Watling
and Kisor have extended this approach by using population-derived phar-
macokinetic modelling to develop a dosing nomogram for critically ill ICU
patients.!”? This was based on the program NPEM (non-parametric expec-
tation maximisation). Interestingly, the generated population parameter
values were similar to those calculated by the Sawchuk—Zaske method, but
had the advantage of improving the size of the initial dose such that thera-
peutic concentrations of the antibiotics were achieved earlier during treat-
ment. Representative concentrations in the serum and peritoneal dialysate
with some of the important antibiotics used in the critically ill patient are
shown in Table 4.6.

Other complications to antibiotic dosing include the institution of ven-
ovenous and arteriovenous haemofiltration and haemodialysis. The main
factors that influence drug removal by haemodialysis include molecular
weight, lipid solubility, the extent of the drug’s plasma protein binding and
the efficiency of the dialyser. Thus water-soluble drugs with low molecular
weights and small volumes of distribution are easily removed. However,
extracorporeal clearance (EC CI) as a means of drug elimination is really
only relevant in clinical practice where the achieved EC Cl is >30% of total
body clearance. Other determinants of extracorporeal drug removal relate
to the membrane (and especially its permeability and binding characteris-
tics) and the technique used (removal by haemofiltration depending on
convection, and haemodialysis by diffusive principles). Using standard for-
mulae, the clinician is able to calculate the expected extracorporeal clear-
ances.

The theoretical basis of drug elimination through extracorporeal clear-
ance by haemofiltration, haemodialysis, and haemodiafiltration is shown
below:

Clyp = Qp xS (@)
Clyp, = QX S, {= C/C}
Clypr = [Qp x S ()] + [Q, % S,]
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Table 4.6 Serum concentrations and peritoneal dialysis fluid concentrations asso-
ciated with therapeutic effects of some antimicrobials used in the ICU.

Concentration (ug/ml)

Trough Peak Dialysate
Aminoglycosides
Gentamicin <2 4-8 4-8
Amikacin <5 15-25 25
Netilmicin <2 5-12 4-8
Tobramycin <25 4-8 4-8
Streptomycin <3 25
Others
Vancomycin 5-10 18-26 25
Teicoplanin 10-20 20-40
Sulphamethoxazole NR 200
Fluconazole 15 25
Flucytosine NR 30-80
Ciprofloxacin 1-2 3-5
Chloramphenicol 5-10 25
Ampicillin 125
Azlocillin 250
Cefuroxime 125
Ceftazidine 125

All peak levels should be taken one hour after the dose except for vancomycin (where the drug
is given by infusion, and hence it should be two hours after starting the infusion), and chlo-
ramphenicol (two hours after the dose). The trough concentrations marked as Nr are not rele-
vant to therapeutic drug monitoring.

where HF is haemofiltration; HD is haemodialysis; HDF is haemodiafil-
tration; Q. is ultrafiltration rate; S is sieving coefficient; Q, is dialysate flow;
C,/C, is dialysate saturation (= concentration in dialysate/concentration in
plasma); o is unbound fraction of drug in the plasma, and S, is dialysate sat-
uration. Once the extent of extracorporeal clearance (Fry.) is known, then
the dosage regimen can be adjusted such that:

I= Ianuria x (1 - FrEC)
and
D= Danuria
1— Fry,
where I . is dosing interval and D, is dose in anuric patients as quoted

in the literature. The kinetic properties for drug removal by extracorporeal
elimination are listed in Table 4.7. As already mentioned, for most drugs, the
fractional extracorporeal clearance (expressed as a % of total body clear-
ance) is low. However, examples of drugs that are significantly eliminated
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Table 4.7 Physicochemical properties of drugs that can be effectively removed by
haemodialysis or haemofiltration.

Haemodialysis Haemofiltration

Relatively small molecular weight MW less than the cut-off of the
(MW) (<500) filter fibres (<40 000)

Water soluble

Small volume of distribution Small volume of distribution
(<1 l/kg) (<1 l/kg)

Poorly protein bound

Single-compartment kinetics Single-compartment kinetics
Low endogenous clearance Low endogenous clearance

(<4 ml/kg/min) (<4 ml/kg/min)

from the body by a four-hour period of dialysis (and which are of interest to
the intensivist) include:

pentobarbitone

monoamine oxidase inhibitors
cimetidine

ranitidine

theophylline
methylprednisolone

mannitol

aminophylline

atenolol.

Other EC methods of drug elimination include haemoperfusion, and
drugs which would be removed to a significant extent by this means include
pentobarbitone, cimetidine, aminophylline, theophylline, digoxin, quini-
dine, ampicillin, clindamycin, gentamicin and isoniazid. As a practical
example of the effects of the institution of extracorporeal clearance on
antibiotic disposition, the effects of venovenous haemofiltration on
meziocillin kinetics were studied in eight patients with multi-organ failure
and eight ICU patients without renal impairment.!” In the filtration group,
the half-life of the antibiotic was prolonged from 109 to 170 minutes. There
was no absorption, however, of the antibiotic on to the filter membrane.

Anubiotic dosing n renal failure

If a drug has a high therapeutic ratio (as is the case with penicillins,
cephalosporins, quinolones), appropriate dosing can usually be achieved by
referral to strategies based on nomograms relating dose and creatinine clear-
ance. However, for drugs with low therapeutic indices (for example, amino-
glycosides and vancomycin) therapeutic drug monitoring is mandatory.

In general, penicillins have a low volume of distribution and variable
plasma protein binding. Although they are eliminated through the kidney,
dosage adjustments are rarely needed except for the penicillinase-resistant
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drugs that have a high renal clearance and high protein binding.
Cephalosporins are significantly eliminated through the kidneys, and
dosage adjustments are necessary in renal failure; however, significant
extracorporeal elimination by haemodialysis or haemofiltration is only seen
in patients being treated with cefuroxime, ceftazidine, and cefamandole.

Imipenem has a high non-renal clearance, but in some combinations with
cilastatin the latter drug may accumulate, and is significantly cleared by
extracorporeal elimination.

The B-lactamase inhibitors are not significantly eliminated by the various
renal replacement therapies, as is also the case with the quinolones.
However, both the aminoglycosides and the glycopeptides are significantly
removed by extracorporeal methods, although there is also need for dosage
reduction in cases of renal failure. Erythromycin, chloramphenicol, clin-
damycin, trimethoprim, metronidazole, and rifampicin are not removed by
replacement therapy. For further details, the reader is referred to Schetz ez
al.'” In general, if the ratio of free drug in plasma: volume of distribution
(in V/kg) is >80, then haemodialysis will lead to the removal of a significant
amount of drug (20-50%) in a six-hour dialysis; if the ratio is <20, then
<10% of drug will be removed in the same time period.!7®

Use of inotropes and other cardiovascularly active drugs in the
critically ill patient with renal impairment

Many of the drugs used to support the heart and circulation (for example,
catecholamines and phosphodiesterase inhibitors) have short elimination
half-lives and rapid dynamic responses and hence their effects are usually
achieved by drug delivery by variable rate infusions. Because of their elimi-
nation half-lives of 2—3 minutes, stable blood concentrations are achieved
within 10—-15 minutes. Furthermore, the effects of the catecholamines
appear to be linearly related to the blood concentration. Most are
metabolised by the same pathways as the endogenous amines (neuronal
uptake, monoamine oxidase, catechol-O-transferase).

There are no data in the literature on the effects of critical illness and
renal impairment on the handling of adrenaline (epinephrine) and nora-
drenaline (norepinephrine).!”” Similarly, in the critically ill patient,
dopamine has a transient dynamic effect and although there is considerable
inter-patient variability in drug clearance (10—45 ml/kg/min), there is no
obvious alteration in drug dynamics in the renally impaired subject.!?8
Dopamine at low infusion rates (<2 pug/kg/min) predominantly stimulates
the DA, receptor, which causes increased renal, mesenteric and coronary
perfusion. This acts to increase urine output and drug excretion in the nor-
movolaemic patient. At higher infusion rates (2—5 ug/kg/min), dopamine
shows dose-dependent [,-(and to a lesser extent B,) effects, while the o-
effects are predominant at rates >5 |ug/kg/min. The dopaminergic effect is
through an inhibition of Na*/K* ATPase activity, which leads to increased
urinary sodium excretion. These effects are blocked by dopamine antago-
nists such as phenothiazines, butyrophenones, and metoclopramide.
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Dobutamine has a predominant 3, action, leading to an increase in car-
diac output. The drug is made up of two isomers: the / form is mainly an o-
agonist, while the d form is a 3,-agonist. These isomers cancel each other
out iz vivo such that the drug has little effect on peripheral vascular beds.
The clearance of dobutamine is also high (53—59 ml/kg/min).

Dopexamine (a new synthetic agent) is mainly a 3,-agonist, with weak
agonist properties on the DA , DA, and B, receptors. The amine has no o-
agonist effects. It acts to improve tissue perfusion by splanchnic vasodilata-
tion such that there are decreases in systemic and pulmonary artery
pressures. The renal effects of dopexamine are by renal tubular DA, stimu-
lation as well as renal vasodilatation, so increasing sodium excretion, the
creatinine clearance, glomerular filtration rate, and urinary volume. Thus it
will be expected to increase renal drug elimination.

However, there is a further complicating factor to dosing by the catecholamines
in that there may occur a change in receptor responsiveness (up- and down-
regulation). The latter is often seen in the critically ill patient, and results in
increased drug requirements which are dynamic and not kinetic in origin.

Another drug that increases renal blood flow (and hence potentially drug
elimination) is fenoldopam (a benzodiazepine derivative) which is a selec-
tive DA, -agonist, causing peripheral vasodilatation and decreases in blood
pressure. Again, it causes an increased glomerular filtration rate and hence
urinary drug excretion.

Another important inotrope is digoxin, whose half-life in the patient with
normal renal function is about 1-6 days; this may increase significantly to
over 100 hours in patients with renal dysfunction. Under such circum-
stances, the maintenance dose of digoxin may need to be only 33% of that
in healthy patients.!” Hence the maintenance dose of digoxin should be
reduced from the usual dose range of 125-500 g to one that is only one-
third to one-half that used in patients with normal renal function. Digoxin
is also significantly removed from the body by high-performance renal
replacement therapies. Furthermore, its clearance may also be decreased by
the concomitant administration of other cardioactive drugs such as vera-
pamil, quinidine, amiodarone, propafenone, diltiazem, and nicardipine.!8°
Digoxin toxicity can also arise in the critically ill patient by the associated
development of hypokalaemia or hypomagnesaemia through treatment with
drugs such as amphotericin B, B,-mimetics, corticosteroids, and loop and
thiazide diuretics. The situation is further complicated by the non-reliabil-
ity of assays for plasma digoxin concentrations in the critically ill patients.
Many of the immunoassays show cross-reactivity with metabolites of
digoxin as well as with digoxin-like substances which accumulate in some
patients with renal failure.!8!

Similarly, steroids, insulin, anticoagulants, thrombolytic agents, anti-
hypertensive drugs, and nitrates are usually dosed according to their effect;
however, sodium nitroprusside should probably not be continued for more
than two days in patients with renal impairment because some of its
metabolites (for example, cyanide) may be toxic.
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Other drugs often administered to critically ill patients include the H,-
receptor antagonists where there is a need to reduce the dose by about
20-50% in patients with renal failure, but there is no significant further
effect of renal replacement therapy. The clinician should avoid giving alu-
minium, magnesium, and bismuth antacids to patients with renal failure, as
these may accumulate and toxicity develop. However, sucralfate (a non-
absorbable aluminium salt of sucrose octasulphate) appears to be safe to
use in the critically ill patient with renal dysfunction. The antiemetics meto-
clopramide and prochlorperazine should be given in reduced doses, other-
wise the side effects of dystonia and cerebral stimulation, respectively, may
occur.

Loop diuretics can be effectively administered at increased doses in the
critically ill patient with renal failure and fluid overload, although dosing is
best based on titration according to response. However, in patients with
renal impairment, other diuretics such as frusemide and bumetanide will
normally only produce a response in very high doses, although there is the
potential problem of ototoxicity especially with the latter agent.
Antihypertensive agents (such as hydralazine, labetalol, and nifedipine) all
show increased pharmacological effects in the patient with renal failure, and
hence lower than usual doses should be given (at least initially). The use of
potassium-sparing diuretics is generally contraindicated in the critically ill
patient with renal failure

Thus the intensivist, with a wide range of drug choices, should be cau-
tious of the altered effects that may occur when they are administered to the
critically ill patient with renal failure. There are few drugs where there is no
alteration in their kinetics or dynamics, or where drug—drug interactions may
not occur. Only by vigilance and the careful reporting of adverse side effects
can we be sure of rational and safe treatment in this group of patients.
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5: Hepatic failure
FELICITY HAWKER

The liver is the principal site of drug metabolism. It is therefore not sur-
prising that hepatic failure has significant effects on the pharmacokinetics of
therapeutic drugs. Other manifestations of hepatic failure (for example,
hypoalbuminaemia) may have additional or opposite effects on drug dispo-
sition and drug effects.

The term “hepatic failure” typically is used to describe the fulminant liver
failure associated with the various causes of acute hepatic necrosis and also
the end stage of a number of chronic liver diseases of which cirrhosis is one
of the most common. For the purposes of this chapter, cholestasis, the sys-
temic inflammatory response syndrome (SIRS), and its hepatic manifesta-
tion — “ICU jaundice” — and ischaemic hepatitis will also be discussed.
These latter conditions occur in the critically ill but cannot be classified as
hepatic failure.

The effects of liver disease on drug handling are variable and depend to
an extent upon the type of liver disease.! Most of the published work con-
cerns patients with cirrhosis, and for this reason this chapter examines this
group in the most detail. However, the most important factor is disease
severity. In broad terms, there is a relationship between the degree of
derangement of drug handling and degree of liver impairment.?
Unfortunately there are no sensitive and specific criteria that correlate with
the severity of liver function impairment, and adjustment of drug dosage in
patients with liver failure depends on an understanding of the many factors
discussed below.

Drug absorption

Altered absorption of drugs from the gastrointestinal tract is not thought
to be a major factor affecting drug disposition in patients with hepatic fail-
ure, although the subject has not been well studied. Certainly, patients with
cirrhosis frequently complain of gastrointestinal symptoms, and also have
an increased incidence of problems such as peptic ulcer and gastritis. This
group has been shown to have delayed gastric emptying (approximately
double that in healthy controls).> Abnormal levels of gastrointestinal pep-
tides such as glucagon, cholecystokinin or motilin, rather than autonomic
dysfunction, are the likely cause. Altered gut motility has also been
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implicated as the cause of slower than normal absorption of frusemide in
patients with cirrhosis,* although the extent of absorption appears to be
normal. There is also evidence that absorption of the B-blocker bisoprolol is
impaired in advanced chronic liver disease,> an effect that compensates to
an extent for the impairment of its metabolism.

In cholestatic liver disease, reduced bile acids in the intestine may impair
drug absorption.

Drug distribution

Volume of distribution

Patients with advanced chronic liver disease have an increased total body
water because of oedema and ascites. Drugs that are distributed in total
body water, such as the non-depolarising muscle relaxants, will be distrib-
uted in a larger volume, and peak levels with normal doses are likely to be
subtherapeutic. This is the probable explanation of the resistance to these
agents noted in advanced liver disease.®” Similar problems may complicate
the use of aminoglycoside antibiotics. Difficulty in obtaining therapeutic
peak levels, in addition to enhanced nephrotoxicity in chronic liver dis-
ease,®® make aminoglycosides very difficult to use and they are best
avoided. Many other drugs, for example propranolol, have an increased vol-
ume of distribution in patients with ascites.!?

Protein binding

Liver disease can influence the binding of drugs in plasma in a number of
ways. These include the decrease in plasma albumin concentration seen in
chronic hepatic failure, the presence of altered or defective plasma proteins,
and displacement of drugs from binding sites by a variety of endogenous
and exogenous compounds, such as bilirubin.

In theory, whatever the reason, reduced binding to plasma proteins
increases the availability of the total drug concentration in the blood for
uptake into tissues and may therefore result in an increased effect. It will
also increase the amount of drug presented to the liver and kidneys for elim-
ination. In general, the effect of liver disease on drug binding is most
marked in patients with advanced liver disease, and when the drug in ques-
tion is highly protein bound. Overall, these effects are minor in comparison
with changes that result from altered drug elimination in patients with liver
disease. As discussed in Chapter 2, humans with an hereditary inability to
synthesise albumin can maintain relatively good health.

Drug elimination

Metabolism

Drug metabolism by the liver is dependent upon both liver blood flow
and the intrinsic activity of the hepatic enzymes involved. As discussed in
Chapter 2, drugs that are avidly metabolised by the liver (high extraction
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Table 5.1 Classification by hepatic extraction of some commonly used drugs.

Drug Estimated ¢, t,, liver  Fraction
hepatic health disease  cleared
extraction  (h) (h) by liver
(%)

Blood flow Lignocaine 72 15 1-6 96
limited or Verapamil 85 3-7 14 100
high-extraction Propranolol 80 2:9 77 100
drugs Morphine 77 2-5 2:2 90

Amitriptyline 65 16 38 98

Chlormethiazole 76 6:6 8:7 95
Enzyme Diazepam 2 47 105 100
limited or Phenobarbitone 1 99 ? 76
low-extraction Phenytoin 1-3 14-50 13 95
drugs Warfarin 1 25 23 100

Antipyrine 3 10 27 95

Caffeine 4 5-2 6-1 80

Chloramphenicol 11 4-6 11 90

Flow and Aspirin 50 0-3 ? 99
enzyme Paracetamol 31 2:0 3-1 96
sensitive or Pethidine 55 52 11 98
intermediate- Fentanyl 53 4-4 5-1 94
extraction Nifedipine 50 19 7 100
drugs Haloperidol 55 20 ? 100

Modified from Bircher and Sharifi.!!

ratio) are most affected by changes in liver blood flow, and their metabolism
is reduced when blood flow is reduced. Drugs with a low extraction ratio are
little influenced by changes in blood flow but instead are dependent upon
the metabolic capacity of the relevant enzyme. Common examples of drugs
with high, low and intermediate extraction ratios are shown in Table 5.1.

Liver blood flow

There are characteristic changes in liver blood flow in chronic liver dis-
ease. These include reduced overall flow, and there may also be redistribu-
tion of flow within the lobule because of scarring due to cirrhosis and/or
portal systemic shunting (up to 60% of portal blood flow can pass to the
systemic circulation through these shunts)!?. Cirrhotic diseases have the
greatest effect on liver blood flow and drugs with high extraction ratios are
most affected. Changes are less marked in other types of hepatic failure.

These characteristic changes result in high peak drug concentrations
when high-extraction drugs are given orally. Because of the possibility of
overdosage, these drugs have been called “high-risk” agents. The dose
rather than the frequency should be reduced if these drugs are prescribed
for patients with liver disease. The pharmacokinetic profile of high-extrac-
tion drugs is less abnormal in patients with liver disease when they are given
parenterally, although reduced hepatic uptake and intrahepatic shunting
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may still lead to elevated blood levels.!> Drugs may alter their own pharma-
cokinetics if they alter liver blood flow. For example, the clearance of the
active p-isomer of propranolol is lower than that of the inactive isomer
because of its negative effect on cardiac output.'* A similar phenomenon is
seen with verapamil. On the other hand, glucagon and isoprenaline increase
the clearance of lignocaine and propranolol because they increase liver
blood flow.!

Activiry of microsomal enzymes in liver disease

This depends to an extent on the nature of the liver disease, its severity
and the drug in question. A number of model drugs have been used to
assess microsomal enzyme function. These include antipyrine, aminopy-
rine, caffeine, galactose, indocyanine green, lignocaine, and erythromycin.
Enzyme activity can also be measured directly in liver tissue.

Enzyme function is most influenced by hepatocellular diseases. These
conditions will therefore mostly affect those drugs with low extraction ratios
for which hepatic clearance is essentially dependent upon the metabolic
capacity of the liver. The pharmacokinetic profiles of low-extraction drugs
tend to show increased half-life rather than high peak blood levels in
patients with liver disease. Theoretically, the dosage interval should be
increased, rather than the dose decreased. However, several sedatives are
included in this group and they may have heightened effects in patients with
liver disease because of increased end-organ sensitivity!> and the dose
should be reduced for this reason.

When the extraction of a drug is intermediate, the clearance from the
blood may be sensitive to changes in both liver blood flow and enzyme
activity.

Altered drug metabolism in liver failure is also dependent to an extent on
the type of liver disease or failure present.

Chronic liver disease

The activity of drug-metabolising enzymes is decreased in patients with
chronic liver disease, and in general, the reduction parallels the severity of
the disease.'® The type of liver disease present also has some effect on the
degree of impairment of drug metabolism. This can be severe with cirrhosis
but patients with chronic active hepatitis and primary biliary cirrhosis have
only mild to moderate impairment of hepatic oxidative drug metabolism. In
addition, the clearance of different drugs may vary in the same patient because
all metabolic pathways are not affected equally by liver disease. Oxidation of
drugs is carried out principally by the cytochromes P450 (CYP) that are sit-
uated predominantly in zone 3 (centrilobular area) of the hepatic lobule. By
contrast, enzymes responsible for conjugation (such as the glucuronyl trans-
ferases) are plentiful in zone 1 (periportal area). Enzymes situated in zone
3, an area more prone to hypoxia, appear to be more affected in liver disease
than those in zone 1, and there is some evidence that glucuronidation is rea-
sonably well preserved in patients with cirrhosis when compared with oxi-
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dation.!” The elimination of drugs that are primarily metabolised by conju-
gation with glucuronic acid (morphine, lorazepam, oxazepam) may conse-
quently be unaltered, even in patients who have impaired oxidative
metabolism.!® Data on other conjugation pathways such as sulphation and
acetylation are limited and somewhat conflicting.? Even more specifically,
different cytochromes P450 may be affected to different degrees in the same
patient.!® In a study of a group of patients with mild or moderate liver dis-
ease, there was a 79% decrease in plasma clearance of a drug metabolised
by CYP 2C19 (S-mephenytoin), but no effect on a drug metabolised by CYP
2D6 (debrisoquine). Since different groups of drugs are oxidised by differ-
ent cytochromes, knowledge of the enzyme involved in the metabolism of a
specific drug may become important for recommended dose modifications
in hepatic failure. However, further studies of individual drug-metabolising
enzymes in the presence of disease are required.

Other factors such as malnutrition, common in chronic hepatic failure,
may contribute to the impairment of drug metabolism.2°

Increases in the volume of distribution of drugs distributed in total body
water because of ascites and oedema, decreased plasma protein binding
because of hypoalbuminaemia, changes in liver blood flow, and portal
systemic shunting also alter the effects of drugs in patients with chronic liver
disease. As discussed later, drugs excreted by the kidneys will also have
reduced clearance, whether or not overt renal failure is present.

Acute liver failure

In acute liver failure, metabolic ability of liver is severely impaired due to
reduction of the mass of functionally active liver cells because of extensive
liver cell necrosis. The degree of functional impairment is related to the
severity of the liver injury. For example, antipyrine clearance is subnormal
in patients with acute liver failure and patients with the most severe reduc-
tions have the highest mortality rates.?! Studies of the metabolism of indi-
vidual drugs show there is reduced metabolism of pethidine, hexobarbitone
and chlordiazepoxide in acute hepatitis,??> whereas the clearance of tolbu-
tamide, warfarin, and phenytoin has been shown to be normal.?? It is most
likely these inconsistencies reflect different degrees of liver failure in differ-
ent studies, rather than differential effects of hepatocyte necrosis on oxida-
tive enzyme systems. It is reasonable to assume that all drugs metabolised
by the liver will have reduced clearance in patients with acute liver failure.
In this circumstance, the probability of enhanced and prolonged drug
effects should be anticipated, and drugs should only be given if they are
thought to be absolutely necessary.

Obstructive jaundice and cholestatic liver disease

Although drug metabolism in patients with obstructive jaundice is gener-
ally less impaired than with acute and chronic liver failure, animal studies
show there can be a 50% reduction in hepatic cytochrome P450 content
after bile duct ligation.?* This is believed to be caused by increased intra-
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hepatic bile acid concentrations associated with obstructive jaundice. In
keeping with these findings, studies of patients with cholestasis show they
have reduced clearance of a number of drugs?®> and reduced hepatic
cytochrome P450 content.2® Moreover, cholestasis is associated with a dif-
ferent pattern of hepatic P450 expression. 1A is reduced, 2E1 and 3A are
differentially affected, whereas 2C is unaltered except in pronounced cases
of cholestasis.

In addition to these effects on drug metabolism, both intra- and extra-
hepatic cholestasis prolong the effects of drugs for which biliary excretion is
the major elimination route. On the other hand, the absence of bile salts in
the bowel can result in reduced absorption of some drugs when given orally
and consequently reduced effects. Plasma protein binding of some drugs
may be reduced due to competition with bile salts.

Overall, drug disposition, the choice of drug, and drug dosage are
affected by the same considerations as have been outlined above, although
the effects of obstructive jaundice and other cholestatic conditions are less
pronounced.

“ICU jaundice?[systemic inflammatory response syndrome (SIRS)

Drug metabolism in “ICU jaundice” has not been widely studied.
Microsomal enzyme activity has been shown to be reduced in experimental
models of trauma,?® endotoxin administration,?® and severe burns.?° These
findings are probably the result of inhibition of cytochrome P450 enzymes
by conditions such as hypoxia3! and endogenous substances, such as inter-
feron,3? interleukin-1,3 interleukin-6,3* and other cytokines. Phase II
enzymes may also be affected. Impaired drug handling has also been found
in patients with trauma3> and burns*® and normal individuals injected with
endotoxin.?” It is not clear whether these findings reflect only a reduced
metabolic capacity of the liver, or additional changes in hepatic blood flow,
protein binding, and drug excretion that can occur in critical illness.
Although impaired drug handling is clearly present in these jaundiced crit-
ically ill patients, data are lacking and no recommendations regarding drug
dosage can be made at present.

Ischaemic hepatitis

Animal studies suggest that oxidative metabolism of drugs may be
reduced in experimental haemorrhagic shock.3® Although there are no stud-
ies of patients with ischaemic hepatitis, it is likely the capacity for hepatic
drug metabolism is reduced in this group. More importantly, patients with
ischaemic hepatitis have reduced liver blood flow by definition. Drugs with
high hepatic extraction that are metabolised chiefly in the liver will therefore
have enhanced effects when given orally. This group of drugs includes some
B-blockers, calcium channel antagonists and antiarrhythmic drugs that are
commonly prescribed for patients with heart disease. Because these drugs
are cardiac depressants, reductions in their clearance because of decreased
liver blood flow will further reduce liver blood flow, further reduce their
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clearance, and magnify their adverse effects on the circulation. This mecha-
nism has been proposed as a reason for the high mortality of patients with
ischaemic hepatitis treated with these drugs.3°

Miscellaneous liver diseases

The metabolism of antipyrine is normal in patients with extensive
metastatic liver involvement,*® suggesting that modification of drug doses is
not necessary in this group. Patients with other liver diseases have not been
widely studied but it is unlikely that drug disposition would be significantly
altered unless hepatic failure or cirrhosis is present.

Extrahepatic metabolism

Although the liver plays the major role in drug metabolism, it should be
remembered that drug-metabolising enzymes are present at other sites (see
Chapter 2) and can contribute to drug elimination, depending upon the cir-
cumstances.*! Thus extrahepatic metabolism may be responsible for the
clearance of some drugs even when there is severe hepatic failure or when
the patient is anhepatic.

Excretion

Biliary excretion It is clear that drugs eliminated in the bile (conjugates
with glucuronic acid, organic cations, and some steroids) will accumulate
when there is extrahepatic biliary obstruction and intrahepatic cholestasis.
Although data are scanty, it seems that there is also reduced biliary clear-
ance of a number of drugs in patients with cirrhosis.

Renal excretion Renal impairment (characteristically the hepatorenal syn-
drome) is a common accompaniment of end-stage liver disease and it is not
surprising that renal drug clearance will be impaired in this setting.
However, even moderate degrees of hepatic impairment can be associated
with a decrease in renal clearance of drugs or active drug metabolites nor-
mally excreted by the kidney. Therefore drugs cleared renally as well as
those cleared hepatically may need dosage modification in patients with
liver failure. Assessments of renal function based on creatinine, particularly
serum creatinine concentration, may greatly overestimate renal drug clear-
ance in patients with hepatic failure.?

Drug interactions in liver disease

Some drugs may effect the metabolism of other drugs either by induction
or inhibition of drug-metabolising enzymes. Phenobarbitone, phenytoin,
rifampicin, spironolactone, and some other drugs induce the synthesis of
drug-metabolising enzymes and result in increased clearance of other drugs
given at the same time. Administration of these drugs may offset, to an
extent, reductions in cytochrome P450 enzyme activity due to liver disease,
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although the liver’s reserve capacity in advanced liver disease is probably
too limited for these drugs to exert any significant effect. On the other hand,
the effects of drugs such as cimetidine that inhibit the oxidative metabolism
of many drugs, such as theophylline*? may further limit the metabolic
capacity of the failing liver.

Pharmacodynamics in liver disease

Changes in the response to a given concentration of drug in plasma can
arise from either altered drug access to the site of action (for example,
decreased plasma protein binding, altered blood—brain barrier permeabil-
ity) or altered receptor sensitivity.

Important pharmacodynamic changes in liver failure include:

® increased sensitivity to sedatives and strong analgesics
® decreased sensitivity to adrenergic agents.

Increased sensitivity to sedatives and strong analgesics

Patients with hepatic failure are exquisitely sensitive to sedative agents*
and treatment with such drugs is a recognised precipitant of hepatic
encephalopathy. There is experimental evidence of increased permeability
of the blood-brain barrier in hepatic failure** that may increase access of
sedative agents into the brain. As discussed earlier, decreased protein bind-
ing could contribute to this effect. However, the most important cause of
the increased sensitivity to sedatives and analgesics in patients with liver
failure is likely to be a change in the density and affinity of cerebral recep-
tors for these agents. For example, there is evidence for increased binding at
the central benzodiazepine receptor in patients with hepatic encephalopa-
thy.#> This is greatest in the thalamus, cerebelium, and pons. It is a likely
cause for the increased sensitivity of patients with hepatic failure to the
sedative effects of benzodiazepine drugs.

Decreased sensitivity to adrenergic agents

Plasma catecholamine levels are increased in both acute and chronic liver
failure.*%4” This chronic sympathetic stimulation is probably the cause of
the down-regulation of adrenergic receptors observed in cirrhosis and other
forms of decompensated liver disease, which leads to inotrope resistance.
For example, it has been known for some time that patients with chronic
liver disease have impaired vascular responsiveness to noradrenaline.*®
More recently, Ramond ez al.*° found that the dose of isoprenaline required
to induce an increase in heart rate of 25 beats/min in cirrhotics was almost
four times that required for controls. This mechanism is also responsible for
the decreased sensitivity observed to adrenergic antagonists (for example,
the non-selective B-blocker metipranolol)>°. The mechanism of the diuretic
resistance’! that is seen in patients with cirrhosis is not so clear.
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Examples of altered pharmacology in liver disease

Benzodiazepines

Midazolam is the benzodiazepine that has been studied most extensively
in patients with liver disease. It is metabolised by CYP 3A to hydroxy and
dihydroxy metabolites. Although different liver diseases may affect the
amount of the enzyme and therefore the rate of metabolism of midazolam
to different degrees,! overall there is reduced clearance in the presence of
liver disease with a prolongation of the elimination half-life. Other benzodi-
azepines that are metabolised by oxidation are affected similarly. However,
benzodiazepines that are metabolised by conjugation with glucuronic acid
(oxazepam, temazepam, lorazepam) have relatively normal pharmacokinet-
ics in liver disease and are preferred agents in this setting. Nevertheless even
these safer drugs should be given at a reduced dose. This is because of the
heightened cerebral response to these drugs in liver disease*352 due to alter-
ation of the receptor—concentration relationship so that a given effect is
elicited by smaller concentrations of the drug.

B-Adrenergic blockers

The pharmacology of propranolol (and to a lesser extent other B-block-
ers) has been studied widely in patients with liver disease because of its use
in the treatment of portal hypertension and to reduce the risk of bleeding
from oesophageal varices. Many factors interact to determine the fate of
ingested propranolol in liver disease. On the one hand, mean steady-state
unbound propranolol concentration was found to be increased three-fold in
a group of patients with well-compensated cirrhosis compared with healthy
controls.?® This is most likely due to a combination of portosystemic vascu-
lar shunts allowing more of the absorbed drug to reach the systemic circu-
lation, reduced metabolism, and perhaps reduced protein binding. It is
possible that reduced absorption may slightly counterbalance these effects.>
Similar pharmacokinetic findings have been reported for other B-block-
ers.>»5> On the other hand, there seems to be a reduction in receptor sensi-
tivity so that higher steady-state drug concentration is required to achieve
the same effect.”®

Despite these conflicting factors, the net result is that the effects of the
drug will be increased. The initial dose should be reduced and then
increased stepwise until a physiologically appropriate end point is reached,
for example, reduction of heart rate by 25%.

B-Lactam antibiotics

Penicillins are largely renally excreted and therefore liver disease has lit-
tle effect on their pharmacokinetics. However, for the acylureidopenicillins
(for example, piperacillin), 50% of the systemic clearance is non-renal and
there is an increased elimination half-life in patients with liver disease.>® It
is therefore appropriate to reduce the dose (by about half) or increase the
dosage interval when using acylureidopenicillins in patients with marked
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hepatic impairment. The third-generation cephalosporins (cefotaxime, cef-
triaxone) also have significant non-renal clearance under normal circum-
stances, but in the presence of liver disease there is a compensatory increase
in renal clearance such that no dosage modification is necessary unless
there is additional impairment of renal function.

Conclusion

There is no single reliable method for prediction of optimal drug doses in
patients with liver disease and “safe” drug use requires consideration of the
many factors discussed in this chapter. However, some generalisations can
be made:

® Drugs with high hepatic extraction that are metabolised chiefly by the
liver will have enhanced effects if given orally at normal doses.

® Drugs with low hepatic extraction that are metabolised chiefly by the
liver will accumulate if given at normal dosage intervals.

® Drugs distributed in total body water may need higher loading doses in
the presence of ascites and oedema.

® There are enhanced pharmacological responses to benzodiazepines and
probably to barbiturates and narcotic analgesics, that are independent of
changes in pharmacokinetics.

® Angiotensin converting enzyme inhibitors,>” non-steroidal anti-inflam-
matory drugs,>® and aminoglycoside antibiotics®? have increased nephro-
toxicity in patients with liver disease and can cause renal failure.

® When prodrugs require conversion to the active molety by metabolism in
the liver [angioterisin converting enzyme (ACE) inhibitors and methyl-
prednisolone hemisuccinate], the rate of formation of active drug may be
decreased, resulting in a lesser effect.?

Individual drugs that are probably safe, should have the dose reduced or
the dosage interval increased, or be avoided altogether are shown in Table
5.2. Overall, drugs should be carefully selected, doses should err on the side
of caution, plasma levels should be monitored and the possibility of drug
toxicity should be anticipated.>®
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Table 5.2 Examples of drugs that are probably safe, require dose reduction, or
should be avoided in patients with hepatic failure.

Drug class Probably safe Reduce dose or Avoid
dosage interval
Analgesics Paracetamol Narcotic Aspirin
analgesics NSAIDs
Sedatives Oxazepam Diazepam Zopiclone
Lorazepam Midazolam
Temazepam
Antihypertensives Clonidine Propranolol ACE inhibitors
and other Digoxin Metoprolol
cardiovascular Verapamil
Nifedipine
Diltiazem
Flecainide
Lignocaine
Mexilitine
Quinidine
Anticonvulsants Phenobarbitone Phenytoin
Valproic acid
Antiulcer Omeprazole Famotidine Cimetidine
Ranitidine
Antiemetic Metoclopramide
Ondansetron
Antibiotics Penicillins Ureidopenicillins Aminoglycosides
Cephalosporins Fluoroquinolones
Fluconazole Vancomycin
Erythromycin
Metronidazole

Adapted from Westphal and Brogard®®
ACE, angiotensin converting enzyme; NSAID, non-steroidal anti-inflammatory drug
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6: Heart failure
CATHERINE O’ MALLEY, DERMOT PHELAN

Acute and chronic cardiac dysfunction

Acute cardiac failure, frequently superimposed on chronic cardiac
impairment, is an everyday facet of critical illness. Indeed, cardiac dysfunc-
tion and sepsis — one of the causes of acute cardiac dysfunction — are the
commonest causes of death in the intensive care unit (ICU).! The causes of
multi-organ dysfunction syndrome (MODS) are varied and include hypo-
volaemia, sepsis, and the triggers of the systemic inflammatory response
syndrome? such as pancreatitis, rhabdomyolysis, and postoperative massive
transfusion. However, cardiac failure frequently contributes to organ dys-
function and it is standard practice to attempt to optimise cardiac function
in an attempt to minimise or reverse organ dysfunction, for example, acute
(pre-renal) renal impairment.

The average age of the adult critically ill patient population is 50—60
years, 30% are over 70 years old and the male to female ratio is 1-5:1.13 In
this group ischaemic heart disease, including previous myocardial infarc-
tions, hypertensive, valvular, congenital, and cardiomyopathic heart dis-
ease, is common. Certain subpopulations, for example, cardiac and vascular
surgery patients and general surgical patients admitted specifically because
of known increased cardiac risk, increase the tendency to concentrate heart
disease in the ICU. Diabetic patients and smokers, carrying an increased
risk of cardiovascular disease including chronic obstructive pulmonary dis-
ease and right heart failure, constitute a disproportionate percentage of
elective major surgery and ICU patients. Emergency postoperative admis-
sions account for 23% of ICU patients® and carry much cardiovascular
comorbidity related to cigarette smoking, alcohol abuse, and social and
nutritional deprivation. Accompanying drug therapy such as ACE
inhibitors, B-blockers, calcium antagonists, platelet antagonists, digoxin,
diuretics, and bronchodilators add complexity to the acute illness both
directly and by virtue of the interactions of the acute illness.

Pharmacokinetics in cardiac failure

Cardiac failure and its attendant multiple organ effects have variable
influences on pharmacokinetic processes. It is important to note that many
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of the studies on the pharmacokinetic alterations in heart failure have been
performed in patients with chronic and often stable disease, and many are
small, with few patients, and are neither controlled nor randomised. In the
critically ill patient, especially in the context of multiple organ dysfunction
(MODS) or in the postoperative patient, it is difficult to isolate and inter-
pret the clinical impact of cardiac failure on drug pharmacokinetics.
Furthermore, concurrent therapies may be multiple, particularly in the
ICU, and these may influence drug absorption, distribution, and elimina-
tion as well as receptor function. Nevertheless, an outline of some of the
available information regarding the possible pharmacokinetic changes asso-
ciated with cardiac failure may help to guide rational drug therapy in this
patient population in the intensive care unit. These changes are summarised
in Figure 6.1.

HEART FAILURE
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Figure 6.1 Pharmacokinetic changes in heart failure. Vd: Volume of distribution.

Drug absorption in cardiac failure

Drugs are usually given intravenously to the critically ill patient as this
route is generally readily available and guarantees 100% bioavailability. If
other routes of drug delivery are being contemplated, the influence of car-
diac failure on drug absorption should be considered.

Cardiac failure may limit gastrointestinal absorption by several mecha-
nisms. Decreased splanchnic blood flow, bowel wall oedema, alterations in
gastric pH and secretions, and changes in gastrointestinal motility have all
been implicated.* Furthermore, the routine of administration of medica-
tions such as morphine may impede gastric emptying and delay absorption.

Available data indicates impaired absorption of disopyramide,® quini-
dine,® hydrochlorothiazide,” and prazosin® in patients with cardiac failure.
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Similarly, attainment of peak plasma concentrations of the phosphodi-
esterase inhibitors milrinone and enoximone may be delayed due to slowed
absorption.® By contrast, digoxin absorption appears to be unaltered in
either right!® or left heart failure.!! The absorption of frusemide may be
impaired in cardiac failure,!2 13 but there appears to be wide inter- and intra-
patient variability.

Absorption of drugs following intramuscular injection is erratic. Even in
healthy individuals variations in regional muscle blood flow result in differ-
ent rates of absorption depending on the site of administration.!* In patients
with low cardiac output, blood flow to all muscle groups is decreased, ren-
dering absorption more unpredictable. If an intramuscular injection is given
during an episode of severe cardiovascular failure, where muscle blood sup-
ply is markedly diminished, restoration of circulation may cause a delayed
(but rapid) and potentially dangerous rise in blood concentration of the
administered medication.!> Lowered blood flow also renders muscle more
prone to necrosis, which may complicate repeated intramuscular injections.

Multiple factors may influence drug absorption, particularly in the pres-
ence of circulatory instability. Therefore, in critically ill patients with vari-
able degrees of acute and chronic cardiac dysfunction, the enteral and
intramuscular routes of drug administration are unreliable and may even be
hazardous.

Drug distribution in cardiac failure

Of the multiple factors that influence drug distribution, cardiac output
and regional blood flow are among the most important. In association with
cardiac dysfunction, sympathetic nervous system activation and the admin-
istration of certain exogenous catecholamines cause a decrease in blood
flow to the liver, kidneys, and the peripheries in proportion to diminishing
cardiac output.!®* Meanwhile, perfusion of the heart and brain is maintained
by autoregulation and these organs may receive a disproportionate fraction
of available cardiac output. The rate of drug distribution to regions of low-
ered blood flow is therefore diminished with a subsequent decrease in vol-
ume of distribution. The serum concentration of drugs which are normally
rapidly distributed to the peripheral tissues, for example lignocaine, is
increased.!” Higher serum drug levels in combination with preferential flow
to the heart and brain means that these organs are presented with a greater
than normal drug concentration in cardiac failure. The myocardium and
central nervous system are then more susceptible not only to the therapeu-
tic but also the toxic effects of drugs that act at these sites. A single dose of
lignocaine rapidly administered during acute cardiac failure has been
reported to cause seizures.!® By contrast, the distribution volume of drugs
such as digoxin, which distribute slowly to the peripheral tissues, is largely
unaltered in cardiac failure.

It has been suggested that the fluid accumulation in heart failure is asso-
ciated with an increase in volume of distribution.!® The weight of evidence
suggests that this fluid is not in communication with the central vascular
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compartment and so does not contribute to central volume of distri-
bution.?® The volume of distribution of drugs such as frusemide,*!3
theophylline,?! 22 midazolam,?? and procainamide?* is unchanged whilst that
of quinidine® and paracetomol?’ is decreased.

The clinical implication of alterations in volume of distribution depends
on the therapeutic range of the drug in question and on other factors, such
as alterations in drug clearance. In general, loading doses, infusion rates, or
maintenance doses of drugs with potential cardiotoxic and neurotoxic
effects, whose distribution volume is diminished in cardiac failure, should
be decreased and titrated carefully to effect. This is important, particularly
when clearance is also decreased. Where appropriate, blood levels should be
monitored. This would seem to be especially relevant during acute cardiac
decompensation when alterations in blood flow and drug distribution may
be at their most extreme.

Drug protein binding in cardiac failure

The clinical significance of alterations in the plasma protein binding of
drugs is due to the resultant changes in concentration of the free, pharma-
cologically active form of the drug. Severe chronic congestive cardiac fail-
ure in the presence of normal serum protein content does not have any
significant impact on the protein binding of digitoxin, phenytoin, diazepam,
warfarin, propanolol, or imipramine.2® This group is broadly representative
of acidic, basic, and neutral compounds with both high and low degrees of
ionisation as well as medications with high and low extraction ratios. These
data suggest that the protein binding of many drugs is unaffected by cardiac
failure alone.

However, hypoalbuminaemia may arise in cardiac failure caused by leak-
age into the interstitial fluid, diminished uptake, and impaired hepatic syn-
thesis and drug protein binding may be reduced in heart failure by
endogenous binding inhibitors such as free fatty acids and by metabolic aci-
dosis.?” In the ICU cardiac failure may be associated with the acute phase
response or the systemic inflammatory response syndrome which are asso-
ciated with hypoalbuminaemia and other protein abnormalities such as
raised o,-acid glycoprotein levels.

The limited evidence at hand suggests that the influence of cardiac fail-
ure on drug protein binding is probably clinically insignificant unless pro-
tein concentrations are altered. However, changes in drug protein binding
cannot be ruled out, particularly when cardiac dysfunction occurs in the
context of critical illness (see Figure 6.2).

Renal drug clearance in cardiac failure

Renal elimination is the principal route of clearance of many drugs and
drug metabolites. Glomerular filtration, active tubular secretion, and pas-
sive tubular reabsorption, alone or in combination contribute to net drug
excretion by the kidney. Cardiac failure may affect these key processes and
thereby hinder renal drug handling.
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Figure 6.2 Altered drug clearance in heart failure. GFR: Glomerular filtration rate.

Normally the kidney receives 20% of cardiac output. In mild to moder-
ate heart failure, increased renal vascular resistance causes a diminution of
renal blood flow but autoregulation preserves glomerular filtration rate. In
general, renal blood flow may decline chronically by 30-40% without
apparent impairment of function. With progression of heart failure, how-
ever, decreased cardiac output and redistribution of blood flow away from
the kidney eventually impinges on renal function. Afferent arteriolar vaso-
constriction and a decrease in glomerular filtration rate occur. In cardio-
genic shock flow declines to less than 15% of normal with medullary
diversion, impairment of tubular function, and abnormal membrane trans-
port secondary to diminished cellular oxygen delivery.28

Decreased glomerular filtration rate in heart failure may cause dimin-
ished clearance of drugs that are normally eliminated by this process.
Tubular reabsorption of drugs may be increased due to redistribution of
blood flow. Also, reduction in drug delivery rate ensuing from decreased
perfusion can impair secretion. Drugs with high clearance, dependent on
blood flow, are more affected by the changes brought about by cardiac fail-
ure than those which are cleared simply by glomerular filtration.!4

Although cardiac failure may impair renal drug handling, the clinical sig-
nificance of this effect in the presence of normal biochemical indices of
renal function is unclear. Critically ill patients, however, may suffer from
profound cardiac and circulatory disturbances with accompanying oliguria
and azotaemia which may progress to fulminant renal failure and conse-
quently impaired drug elimination. Inotropes and vasodilators, commonly
employed in the treatment of critically ill patients, have variable effects on
renal blood flow in patients with acute and chronic heart dysfunction.
These may be due to direct effects on renal vascular resistance, intrarenal
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blood flow distribution or caused by alterations in cardiac output. The sig-
nificance of each of these individual factors in the production of natriuresis,
diuresis, and apparent improvement in renal function is controversial.
Creatinine clearance is traditionally used as a marker of the excretory
capacity of the kidney. As alterations in drug clearance are presumed to be
proportional to changes in creatinine clearance,? administration of drugs
that undergo renal excretion to critically ill patients with cardiac failure
should be guided by renal function. Therapeutic drug monitoring should be
employed for drugs with a low therapeutic ratio, such as digoxin.

Hepatic drug clearance in cardiac failure

The liver is a vital organ of drug elimination and any condition that
impairs hepatic function can potentially have an adverse effect on drug han-
dling. Cardiac failure can cause hepatic impairment and consequently alter
hepatic drug clearance. There are three factors commonly implicated in the
pathogenesis of liver dysfunction caused by cardiac failure.3° First, hepato-
cytes are extremely sensitive to hypoxia and arterial hypoxaemia may, in iso-
lation, result in liver function test abnormalities. Heart failure is associated
with peripheral venous hypertension and consequent passive congestion
and oedema of the liver. Finally, the low output state of cardiac failure is
associated with a proportionate diminution in blood flow to the liver.'® The
latter effect is associated with diminished clearance of drugs such as ligno-
caine?! and the thrombolytic agent tissue plasminogen activator.3?

The spectrum of the clinical and biochemical manifestations of hepatic
dysfunction caused by cardiac failure is broad. Liver function tests may be
only mildly abnormal and return to normal with treatment of the underly-
ing condition. Occasionally abnormalities may persist for years,3* for exam-
ple, after heart transplantation.3* In the cardiac intensive care unit, heart
failure and accompanying hypotension resulting, for example, from cardiac
tamponade, may give rise to the syndrome of ischaemic hepatitis. This con-
dition, characterised by centrilobular hepatic necrosis, grossly elevated
serum transaminases, and often accompanied by jaundice, is associated
with high mortality.?® The diminution in cardiac output and consequent
decrease in liver blood flow impairs elimination of drugs with high extrac-
tion ratios. In one retrospective analysis, mortality in patients with
ischaemic hepatitis was associated with a history of treatment with calcium
channel blockers and antiarrhythmics. Diminished clearance of these
potentially cardiodepressant drugs, pedisposing to toxicity, was believed to
contribute to death.3¢

Whilst heart failure can result in demonstrable and occasionally severe
abnormalities of liver function, there is no direct correlation between bio-
chemical tests of liver function and the ability of the liver to metabolise
drugs. In fact, abnormal drug handling occurs in the absence of overt,
severe hepatic dysfunction. Model drugs such as aminopyrine and
antipyrine, whose metabolism is well defined, have been used to demon-
strate that the function of hepatic microsomal enzyme systems is impaired
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in heart failure. Diminished clearance of these drugs has been demon-
strated in patients with congestive cardiac failure but normal or near-nor-
mal biochemical indices.'®37 38 This impaired metabolic capacity and
consequent decreased drug clearance is caused by the hepatocyte hypoxia
and hepatic congestion associated with heart failure. The clearance of med-
ications with low hepatic extraction ratios for example, theophylline, may be
decreased in the presence of cardiac failure by this mechanism.?° 22

Treatment of congestive cardiac failure results in lower venous pressures
and an increase in cardiac index with a resultant decrease in centrilobular
congestion and improved oxygenation of liver parenchyma. It might be
expected that treatment of cardiac failure would bring about a correction of
abnormal drug metabolism and clearance. This may not always be the case.
In patients with severe cardiac failure refractory to other drugs, treatment
with oral milrinone appears to improve hepatic metabolic function,
reflected by aminopyrine metabolism. However, treatment with amrinone
further diminishes metabolic activity. The reasons for this are unclear. As
both drugs improve cardiac index and decrease right atrial pressure, it
might be explained by an inhibitory effect of amrinone metabolites on the
cytochrome P450 system or by effects on absorption.3® Therefore, not only
the presence of cardiac failure but also the effects of drugs used in its treat-
ment may alter hepatic drug handling. Dopamine appears to have little or
no effect on hepatic blood flow in adults with cardiac failure.?* However, in
children, following surgical repair of congenital heart lesions associated
with preoperative heart failure, infusion of dopamine was shown to improve
liver blood flow. The authors suggested that dopamine might exert a pro-
tective effect and minimise loss in liver function.?® Whether or not this
translates into improved drug clearance has not been studied.

Other vasodilator, vasopressor, and inotropic drugs used in the manage-
ment of patients with cardiac failure have variable effects on liver blood flow
(seeTable 6.1). Evidence is scant with regard to their effects on clearance of

Table 6.1 The effect of vasoactive drugs on hepatic blood flow in cardiac failure.

Drug Effect on hepatic blood flow in cardiac failure

Dopamine Little effect on hepatic vascular resistance on hepatic
blood flow*

Enoximone

Milrinone

Nitrates

Nitroprusside

Nifedipine

Hydralazine

Captopril Little effect or slight decrease in hepatic blood flow?*

Enalapril

o,,-Adrenergic blockers Increased hepatic blood flow*

Dopexamine

Noradrenaline Decreased hepatic blood flow*
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drugs with either high or low extraction ratios. However, one animal study
has shown that noradrenaline decreases the clearance of lignocaine by
decreasing hepatic blood flow whereas isoprenaline increases lignocaine
clearance by 40%.!7 Augmentation of cardiac output in end-stage cardiac
failure by mechanical means may improve peripheral organ perfusion,
including liver blood flow,*! but the effect on drug clearance is not known.

It is clear that the effects of heart failure and its treatment on liver func-
tion are highly variable. Furthermore, the consequent alterations in drug
metabolism and clearance may not be entirely predictable and restoration
of normal cardiac function may not necessarily reverse derangements of
hepatic function.

Changes of cardiac receptors with heart failure

Heart failure is associated with changes in the expression and function of
several myocardial receptor populations, although patterns may vary
according to the cause of the cardiac dysfunction. Understanding these
changes allows better pharmacological therapy of heart failure.

There is a decrease in the cardiac B-adrenergic receptor number in the
failing human heart, presumably owing to down-regulation in the face of
chronic sympathetic nervous system activity.*> As a consequence of the
decrease in B-receptor density with cardiac failure, the contractile response
to catecholamines is diminished, accounting for the insensitivity to exoge-
nous catecholamines. Such down-regulation of B-receptors in donor hearts
has been associated with fatal perioperative cardiac failure in heart trans-
plant recipients.®?

The extent of down-regulation correlates with the degree of failure,*
whilst the relative density of 3,- and B,-receptors varies according to cause.
For example, in idiopathic dilated cardiomyopathy there is selective loss of
B,-receptors, while in mitral valve disease and ischaemic cardiomyopathy
there is a concomitant reduction in ;- and [B,-subtypes.*> Furthermore,
drug treatment affects P-receptor numbers. Calcium channel blockers
appear to have no effect on B-receptor density while non-selective B-block-
ers are associated with up-regulation of both receptor subtypes.° The use of
the selective B,-antagonist metoprolol,*” and the ACE inhibitor captopril
in heart failure cause an increase in 3,-receptor numbers. It seems possible
that these effects may mediate some of the beneficial effects of B-blockers
and ACE inhibitors alone, or in combination in the management of cardiac
failure.

The effects of cardiac glycosides are mediated by inhibition of mem-
brane-bound Na*K* ATPase, the sodium pump. The positive inotropic
effect of digoxin is the result of altered balance between intracellular
sodium and calcium brought about by sodium pump blockade. The num-
ber of glycoside-binding sites is decreased in cardiac failure but certain iso-
forms of Na* K* ATPase are also diminshed in number and activity. Thus,
blockade of functioning Na*K* ATPase in the failing human heart further
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decreases activity and may account, in part, for the observed sensitivity to
the inotropic effect of cardiac glycosides.*®

The angiotensin I (AT-I) subpopulation of angiotensin receptors is
down-regulated in cardiac failure and mediates the deleterious effects of
angiotensin II in this condition.’® These include myocyte hypertrophy,
fibroblast proliferation, and vascular smooth muscle cell proliferation.
Angiotensin II receptors are up-regulated in cardiac failure and appear to
be anti AT-I in function, inhibiting collagen metabolism and the growth of
cardiac fibroblasts in an animal model.>! The benefits of ACE inhibitors in
the secondary management of myocardial infarction and treatment of car-
diac failure are well known. Direct AT-I receptor blockade may overcome
some of the problems associated with ACE inhibitors, such as bradykinin-
related side effects and lack of control of tissue angiotensin production.
Furthermore, the beneficial effects of the two drug types may be additive;
clinical studies are on-going.

Endothelin-1 is a coronary and peripheral vasoconstrictor contributing
to increased vascular tone in severe, chronic heart failure52 and exerts a con-
centration-dependent inotropic effect on failing human myocardium. The
latter effect accounts for only 20-30% of that seen with maximal B-adren-
ergic receptor stimulation and is mediated by myocardial endothelin-A
(ET-A) receptors which are up-regulated in cardiac failure. In a rat model,
treatment with the selective ET-A receptor antagonist, bosentan, improved
survival in association with improved cardiac output, decreased left ventric-
ular hypertrophy and dilatation and cardiac fibrosis.>* In humans, the short-
term addition of bosentan to conventional therapy improved systemic and
pulmonary haemodynamics in patients with severe chronic heart failure.>*
Longer-term benefits of ET-A receptor antagonists remain to be seen.
These changes are summarised in Table 6.2

Table 6.2 Some of the changes in cardiac receptors.

Receptor Effect Result

B-Adrenoreceptor Down-regulated Catechoalmine insensitivity**
Digoxin receptor Down-regulated Enhanced inotropic effect*®
AT-I receptor Down-regulated Myocyte hypertrophy, fibroblast

proliferation, vascular smooth muscle
cell proliferation>®

AT-I receptor Up-regulated Inhibition of collagen metabolism,
fibroblast growth>!
ET-A receptor Up-regulated Coronary, peripheral vasoconstriction,

inotropic effect>?

Conclusion

Against the usual background of considerable chronic cardiovascular dis-
ease and therapies and the superimposition of critical illness with its
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plethora of acute cardiac dysfunctional effects, the bedside application of
pharmacokinetic and pharmacodynamic principles will be complex in
intensive care. Decisions regarding optimum cardiovascular therapy will
also, in individual patients, be complex and unlikely to be amenable to
predetermined formulae. Add to this the variety of direct effects of acute
illness, especially septic and systemic inflammatory states, on pharmacoki-
netic factors such as volume of distribution and drug elimination and on
pharmacodynamic factors such as receptor down-regulation and it is evi-
dent that cardiovascular therapy in the critically ill frequently needs
moment by moment titration to effect and expert review. Although the
choice of such titration strategies should obviously be scientifically based,
there will be a large empirical element to practice with an emphasis on
agreed clinical goals or end points.

As approximately 10% of hospital deaths among intensive care patients
occur after patients leave ICU, it is probable that we should endeavour to
avoid a hiatus in the continuity and intensity of care at the time of leaving
ICU. The institution of step-down or high-dependency care may facilitate
this but it is also likely that the transition from infused therapy to oral ther-
apy should be recognised as a special risk period, particularly against a
background of uncertain bioavailability, rapidly changing volume of distri-
bution, and renal and hepatic elimination. Pharmacokinetic and pharmaco-
dynamic drug interactions are also likely to occur. The need for care with
transition from intravenous to oral therapy, for example, aminophylline to
theophylline, hydrocortisone to prednisolone, esmolol to atenolol, and
heparin to warfarin is readily accepted. This may entail a transition from
perhaps a dobutamine infusion, mechanical intra-aortic balloon-pump sup-
port and mechanical ventilation to, say, digoxin and/or ACE inhibitors
and/or diuretic therapy. Similar considerations apply to the early com-
mencement or restarting of cardioprotective and antihypertensive therapies
such as diltiazem and B-blockers when septic and high cardiac output and
low blood pressure states are resolving.
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7: Gut failure

GEOFFREY ] DOBB

Changes in gastrointestinal function are common during critical illness.
In everyday language to be “sick” is applied to all illness, but it is also spe-
cific to the gut. The gut responds vigorously to physiological stimuli.
Sympathetic stimulation and catecholamines divert blood flow away from
the gut and induce nausea. Parasympathetic stimuli are associated with
hypotension and diarrhoea.

During critical illness the most profound changes in gut function occur
during shock and multiple organ failure (Table 7.1). Much of the informa-
tion available is derived from experimental studies. The relevance of the
models used and species differences must be taken into account when con-
sidering the potential clinical implications. The clinical studies also have
important limitations. For example, total hepato-splanchnic blood flow
(including hepatic artery flow) and oxygen consumption can be measured
in clinical studies but gut blood flow and oxygen consumption in isolation
is not estimated because of the difficulty of obtaining samples from the por-
tal vein. Also, few studies directly address the effects of altered gut function
on the pharmacology of the critically ill.

Many of the drugs used in treating critically ill patients are given par-
enterally. Nevertheless, when drugs can be given in an enteral formulation
this is usually cheaper and may be associated with reduced side effects. The
disadvantage is uncertainty about their absorption and availability of for-
mulations suitable for administration through naso-enteric feeding tubes.
Studies of bioavailability of drugs in critically ill patients are further

Table 7.1 Changes in gastrointestinal function during shock and multiple organ
failure.

Changes in gut blood flow and distribution

Mucosal ischaemia

Increased mucosal permeability

Altered gastrointestinal secretion

Reduced uptake of substances dependent on active transport
Altered gut motility

Effects of drugs given on gut blood flow

Effects of drugs given on gut motility

Effect of continuous enteral nutrition
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complicated by altered excretion, metabolism, volume of distribution or
protein binding.

Changes in gut blood flow and distribution

Gut blood flow can be measured experimentally but clinical studies are
limited by the methods available. In practice, total splanchnic — intestinal
and hepatic flow — can be estimated using the Fick principle. Marker sub-
stances have included indocyanine green,! galactose,?2 and sorbitol.?
Attempts to estimate blood flow just to the intestine have used aminopyrine
clearance* and clearance of inert gas or hydrogen.> ¢ In experimental stud-
ies radioactive microspheres’ can be used to examine intestinal intramural
blood flow. A more recent technique, laser-doppler flowmetry, measures the
blood flow in gastric mucosal capillaries® but the gastric mucosa must be
visualised by gastroscopy making the technique unsuitable for routine or
continuous use.

The intestinal villi have a central arteriole which branches at the top with
blood flowing back down the villus through subepithelial capillaries and
venules. This forms a counter-current arrangement which maintains oxy-
genation at the base of the villus at the expense of the top. The extremities
of the “hairpin” loops in this counter-current arrangement are sensitive to
reduced perfusion pressure, even if villus blood flow is unchanged. Reduced
blood flow velocity causes reduction in oxygen tension at the tip of the villi.®
Hypotension or ischaemic injury causes lifting of cells at the top of villi and
then, as the injury becomes more severe or prolonged, epithelial cells are
lost from the sides of the villus until its core is exposed and it disintegrates,
the pattern of injury being related to the vascular anatomy of the villus.
Once adequate perfusion is restored villus repair can be rapid. In rats, for
example, mucosal repair occurs after just 18 hours.1?

These anatomical changes and alterations in mucosal blood flow would
be expected to have significant effects on functional drug absorption and
the effective surface available.

Mucosal ischaemia

Experimental studies have shown that shock caused by haemorrhage,
burns, trauma, sepsis and other causes of severe systemic inflammatory
responses can produce intestinal ischaemia.!! Oxygen delivery to the gut can
decrease to 30% of the control value during haemorrhagic shock while oxy-
gen consumption is unchanged. Septic shock caused by peritonitis decreases
gut blood flow to a much lesser extent but intestinal oxygen consumption
increases. During both forms of shock mucosal ischaemia is reflected by a
mucosal intracellular acidosis'? and during peritonitis oxygen extraction and
utilisation may also be impaired through effects of endotoxin on oxidative
phosphorylation!® further exacerbating mucosal acidosis. With increasing
severity of mucosal and gut ischaemia progressive injury occurs (Figure 7.1).
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Increased capillary permeability
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Increased mucosal permeability
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Superficial mucosal injury
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Full-thickness bowel wall injury

Figure 7.1 Progression of injury caused by increasing mucosal and intestinal
ischaemia.

Gastrointestinal lumenal tonometry provides an indication of relatively
ischaemic intestinal mucosa, the assumption being that mucosal acidosis is
caused by inadequate blood flow to meet the needs of mucosal cells.!*While
this technique does not provide any indication of absolute blood flow, it is
logical to expect that acidotic mucosa will be dysfunctional and therefore
that drug absorption may be affected. A study using laser-doppler flow-
metry to assess mucosal blood flow supports the hypothesis that intramu-
cosal acidosis is caused by gastric mucosal hypoperfusion!® in mechanically
ventilated patients. As yet, however, any association between mucosal aci-
dosis and drug absorption has not been investigated.

Increased mucosal permeability

Differential absorption of non-metabolised substances has been used to
assess mucosal permeability. Molecules used to assess mucosal permeabil-
ity should be biologically inert, cross the mucosa by passive diffusion and be
excreted in the urine to facilitate absorption after an oral dose. The propor-
tion of the oral dose recovered, which provides the measure of permeability,
will be affected by gastric emptying, intestinal transit and renal clearance.
When using two molecules of different sizes, the non-mucosal confounding
factors will apply to both so an increase in proportionate absorption of the
larger molecule suggests increased mucosal permeability. Normally, the
maximum channel size of the junctional complex between mucosal cells
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allows molecules with a hydrodynamic molecular radius up to 1-1 mm to
pass through. Lactulose and mannitol are commonly used because they are
readily available and relatively easy to measure, but other substances
including ethylene diamine tetra-acetic acid (EDTA), polyethylene glycol
and r-rhamnose (thought to permeate transcellularly) have also been used.

Increased permeability has been shown in patients with haemorrhagic shock,
trauma, sepsis, burns, and after major vascular surgery or cardiopulmonary
bypass.'®-22 After cardiopulmonary bypass, increased gut permeability occurs
independently of gastric mucosal acidosis assessed by tonometry, and there is
no apparent relationship between the severity of gut ischaemia and perme-
ability.22 While this would appear to place in question the underlying role of
gut ischaemia, other factors may play a role in increasing gut permeability in
this setting, for example, cytokine activation during extracorporeal perfusion.
Increases in intestinal permeability, as assessed by lactulose/mannitol ratios,
are common in patients admitted to an intensive care unit?3, but a close rela-
tionship to illness severity or sepsis is not apparent.

Increased permeability might be expected to increase drug absorption,
but any association between these two has yet to be demonstrated. In criti-
cally ill patients the effect of increased absorption related to increased per-
meability would be counteracted by decreased mucosal blood flow perhaps
delaying uptake into the systemic circulation.

Altered gastrointestinal secretion

Shock, decreased intestinal blood flow, sympathomimetic drugs, and
reduced or absent enteral nutrition reduce gastrointestinal secretion.
Failure of gastric acid secretion is common in critically ill patients.2* With
reduced bicarbonate secretion into the proximal small bowel the normal pH
changes occurring in the first part of the gut are altered and this will affect
the absorption of pH-dependent drugs.

Most drugs are weak electrolytes so their absorption is affected by the pH
of the intraluminal environment of the gut. They ionise to a greater or lesser
extent according to the pH. In the non-ionised form drugs that are weak
electrolytes are lipid soluble and diffusible whereas the ionised form is lipid
insoluble and non-diffusible across cell membranes. Acidic groups are less
ionised and basic groups more ionised in a low pH, and vice versa. Drugs
that are highly ionised across the range of gut intraluminal pH are poorly or
not absorbed by the enteral route. A few drugs (for example digoxin, chlor-
amphenicol) do not ionise so their absorption is not affected by changes in
intraluminal pH, though it can still be affected by changes in gut motility
and loss of absorptive surface.

Reduced active transport

Differences between the absorption of molecules dependent on passive
diffusion (see above) and substances dependent on active uptake, for exam-
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ple p-xylose and 3-o-methyl-p-glucose, provide a means of estimating the
degree of active transport impairment associated with mucosal injury or
changes in gut blood flow.?> During sepsis the uptake of 3-o-methyl-p-
glucose is greatly decreased compared to normal control values, the amount
of absorption being inversely proportional to the patients’ serum lactate
concentration.'® Shock reduces intestinal amino acid absorption?®, this per-
sisting after resuscitation has restored both arterial pressure and splanchnic
blood flow, suggesting delayed recovery of active amino acid transport by
the mucosa. Gut lipid transport is impaired after trauma and haemorrhagic
shock?’ and this appears to be caused, at least in part, by decreased intesti-
nal alkaline phosphatase activity in the mucosal cells of the intestinal villi.
Similar effects are probable on drugs dependent on active uptake.

Of interest, in experimental studies, some of the effects of shock on gut
absorptive capacity are reversed by ATP-magnesium chloride, heparin or
diltiazem,?8-3° but these effects have not been confirmed by clinical studies.

Altered gut motility

Impaired gastric emptying is common in critically ill patients3! and very
common in those with brain injury.??> Migrating motor complexes originat-
ing from the antrum are inhibited by many of the factors associated with
critical illness (Table 7.2). High sympathetic tone and catecholamine con-
centrations probably contribute to ileus by causing splanchnic hypoperfu-
sion. For example, this appears to be the cause of ileus and other abdominal
complications after cardiac surgery?? and splanchnic ischaemia is common
after isolated neurotrauma®* when delayed gastric emptying is also com-
mon.

Usually the stomach does not have a major role in drug absorption, even
for acidic drugs that are non-ionised and lipid-soluble at normal gastric pH,
because the surface area is very much smaller than that of the small intestine
and gastric emptying is relatively fast (half-time for gastric emptying approx-
imately 30 minutes). However, reduced gastric acidity (see above), delayed

Table 7.2 Factors affecting gut motility.

Peritonitis

Intestinal ischaemia
Retroperitoneal haemorrhage
Laparotomy

Bowel banding or surgery
Trauma

General or spinal anaesthesia
Spinal cord lesion
Hypothyroidism

Electrolyte abnormalities
Drugs: narcotic analgesics, phenothiazines, tricyclic antidepressants, calcium
antagonists, etc.

High sympathetic tone
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gastric emptying, and loss of effective absorptive surface from the small intes-
tine may alter the absorption of drugs in ways that are difficult to predict.

Effect of drugs on gut blood flow

After fluid resuscitation, intestinal perfusion partly recovers® and may
cause reperfusion injury with activation of inflammatory mediators.!! The
effects of sympathiomimetics that may be used to support the circulation
have been less marked than expected in experimental models. For example,
dobutamine, dopamine, dopexamine and noradrenaline have no significant
effect on stomach, small or large intestine blood flow in sheep?® even though
all increase cardiac output. In septic sheep the circulation is less sensitive to
the effects of sympathomimetics.

There may, however, be some interspecies difference because clinical
studies in critically ill patients have shown differences between the effects of
sympathomimetics in their effects on mucosal ischaemia, at least as assessed
by gastric tonometry. Dopamine increased gastric mucosal acidosis in
patients with hyperdynamic sepsis when used to maintain a mean arterial
pressure greater than 75 mmHg, whereas noradrenaline used to maintain
the same arterial pressure decreased mucosal acidosis.?”

In patients with septic shock, who had already had fluid resuscitation and
dopamine 20 micrograms/kg/min, a randomised comparison of adrenaline
versus a combination of noradrenaline and dobutamine?® found adrenaline
tended to worsen gastric mucosal acidosis, whereas noradrenaline—dobuta-
mine tended to return mucosal pH towards normal. In another small study
of six patients with hyperdynamic septic shock,?*® replacing noradrenaline
with phenylephrine reduced splanchnic blood flow and oxygen delivery
without affecting systemic haemodynamics or splanchnic oxygen consump-
tion. It therefore appeared that, at least under the study’s conditions, exoge-
nous P-adrenergic stimulation was an important determinant of splanchnic
blood flow.

Some potential insight into the apparently variable effects of low dose
dopamine on splanchnic blood flow is provided by a prospective controlled
trial*® in which dopamine 3 micrograms/kg/min increased splanchnic blood
flow, and also splanchnic oxygen consumption, in patients with septic shock
and a low fractional splanchnic blood flow (less than 30% of cardiac output),
but had no effect when splanchnic blood flow was greater than 30% of the
total. Redistribution of blood flow within the bowel, with diversion away from
the mucosa, might also account for some of the investigational findings.

A review?! of clinical and experimental studies of the effects of vasoactive
agents on gastric intramucosal pH concludes that the effects are unpre-
dictable. While, of the catecholamines, dopamine was the least likely and
dobutamine the most likely to increase mucosal pH. Noradrenaline gener-
ally increased the pH, adrenaline decreased it and the information available
on dopexamine, nitric oxide donors and blockers, pentoxifylline and N-
acetylcysteine was insufficient to reach a conclusion. This review omitted
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consideration of angiotensin-converting enzyme (ACE) inhibitors.
Although these are very rarely introduced in critically ill or shocked
patients, it is known that angiotensin is a potent splanchnic vasoconstrictor
and many patients with hypertension or cardiac failure receive long term
treatment with ACE inhibitors. Most of those widely used now are long-act-
ing. In an experimental study** enalapril prevented the reduction in
splanchnic oxygen delivery induced by acute hypovolaemia and maintained
duodenal function. The angiotensin II type 1 receptor antagonist losartan
improved gut oxygen delivery after an endotoxin challenge but did not pre-
vent ileal mucosal acidosis.*> The clinical relevance of these studies has still
to be confirmed and the benefit of supporting gut blood flow at the poten-
tial expense of other organs is unclear.

The implications of the effects of drugs used in critically ill patients for
drug absorption from the gut are untested, though clearly mucosal blood
flow has a role in drug absorption and mucosal acidosis will affect the
uptake of partially ionised agents.

Effect of drugs on gut motility

Cisapride,?! #* metoclopramide?’ and erthyromycin“® can increase the rate
of gastric emptying in critically ill patients and will therefore tend to accel-
erate drug absorption. Paracetamol, which is only absorbed effectively after
leaving the stomach, has been used in many studies to assess gastric empty-
ing. In a study of 27 intensive care unit patients, the area under the plasma
concentration curve for paracetamol between zero and 60 minutes (AUC
60) after intragastric administration varied widely between the different
patients.*’” Although there was an association between the AUC 60 and
patients’ risk of death predicted from their severity of illness (APACHE II
score 24 hours before the study), this was weak with r2 = 0-25. Of interest,
low dose dopamine 2-5-5 micrograms/kg/min was associated with a signif-
icantly decreased mean rate of gastric emptying, but this finding has still to
be confirmed.

Many of the drugs used for analgesia and sedation, and those with cholin-
ergic effects, reduce gut motility.

Effect of continuous enteral nutrition

Many critically ill patients receive nutritional support by continuous
enteral feeding. While some have advocated the use of intermittent feeds,
the intragastric pH in this patient population tends to be similar whether
feeds are given continuously or intermittently***° so gastric pH should not
be a major factor affecting drug absorption. However, it is known that the
absorption of some drugs, for example phenytoin, is reduced when given
with enteral feeds. In general, if the product information provided with a
drug recommends that it be taken with an empty stomach, enteral feeding
is preferably stopped for a period before and after its administration. With
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phenytoin, for example, we have found stopping the feeds for two hours
before and one hour after the dose enhances absorption and facilitates
obtaining stable plasma concentrations. Concurrent enteral feeding has also
been observed to slow the absorption of carbamazepine.>°

Nevertheless, the enteral route remains an option, even in critically ill
patients, and some drugs can be surprisingly well absorbed. For example, a
case report®! confirms that oral ciprofloxacin can be well absorbed even in
the presence of cardiogenic shock and multiple organ failure.

The major problem is uncertainty about enteral absorption and the lim-
ited information available about the effect of factors such as continuous
enteral feeding on drug absorption. An additional difficulty is the lack of
suitable formulations of many drugs. Relatively few are available as elixirs or
suspensions.

Feeding tube obstruction by medications is one of the most common
complications of enteral nutrition.>? This is because medications are often
crushed before they are flushed down the tube with some of the particles
remaining too large to pass easily. Crushing tablets may also alter their
absorption characteristics, with solutions and suspensions usually being
absorbed more rapidly than capsules or tablets. Clearly some preparations,
such as enteric coated tablets or sustained release formulations, are not
designed for crushing though this may still occur because the implications
are not understood.>?53 Even with standard tablets, crushing will affect their
disintegration and dissolution and therefore their potential bioavailability.
These issues contribute to the relatively high adverse drug event rates in
critically ill patients.>354

Rectal administration

While some drugs are available as suppositories for rectal administration,
few of those commonly needed by critically ill patients come in this form.
Absorption of drugs from the rectum during critical illness is not well doc-
umented. The relatively high frequency of diarrhoea in patients needing
intensive care®® may also cause difficulty with this route.

Conclusion

Critically ill patients are often unable to swallow oral medications and
many of the drugs needed are only available parenterally. Concerns regard-
ing the oral absorption of important medications also inhibit enteral admin-
istration of drugs during intensive care. Complex interactions between the
effects of severe illness on gut motility, blood flow and other factors affect-
ing absorption also make predictions of bioavailability of drugs during the
acute phase of a patient’s illness uncertain. Substantial differences are likely
between patients and within patients over time.

As a patient’s condition improves, gut function also improves and enteral
drug administration should be considered. Enteral formulations are usually
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cheaper, but their suitability for giving through feeding tubes and potential
interaction with continuous feeds should be assessed first.

The rectal route is an alternative which has been under-investigated and
possibly under-used, but few drugs are available in a suitable formulation.
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8: Brain failure
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Introduction

Over the last decade, there has been a rapid development of neuro-
science. This includes the field of neurological critical care, where new
therapeutic strategies and pharmacological agents have been proposed to
manage patients with severe brain trauma, cerebrovascular disease, or
refractory epilepsy. Similarly, a better understanding of brain physiology
and pathophysiological mechanisms has stimulated the development of new
concepts for brain protection.

The pharmacological approach to the patient with acute brain failure
includes three main aspects:

1. When in the ICU, these patients have similar pharmacological require-
ments to other critically ill patients in many aspects of their medical
management. This is particularly true for treatments directed to systems
other than the brain.

2. Specific treatments are prescribed for indications related to brain
diseases (e.g. fibrinolysis in a patient with acute stroke) or to influence
cerebral pathophysiological processes, like intracranial hypertension or
cerebral ischaemia.

3. Other pharmacological treatments, without direct cerebral effect, may
indirectly influence the brain function, via systemic effects, such as
modifications of arterial blood pressure, cardiac output, blood gases, etc.

How brain failure changes the effects of these agents on normal and
abnormal brains is the subject of this chapter. When prescribing any
pharmacological agents to patients with acute brain failure, it is thus imper-
ative to integrate the relevant neurological pathophysiological conditions to
any changes that may be attributed to that drug. For example, before
prescribing a vasodilator in order to reduce systemic vascular resistance
(e.g. nitroglycerine, sodium nitroprusside, calcium antagonist, etc.), it is
imperative to determine the actual condition of the cerebral circulation and
the intracranial pressure (ICP) of the patient, as well as the expected effects
of the different drugs on these variables.
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Physiology and pathophysiology
Cerebral blood flow and perfusion

The adult brain has a very high cerebral blood flow related to its weight:
in normal circumstances, cerebral blood flow (CBF) amounts to 750-850
ml/min (45-65 ml/min per 100 g tissue), corresponding to 15-20% of total
cardiac output, while the brain weighs about 1-5 kg, or 2-3% of the total
body weight. The cerebral metabolic oxygen consumption (CMRO,) is also
high, amounting to about 20% of body oxygen consumption (3-:0-3-6
ml/min per 100 g). In normal circumstances there is a tight coupling
between the CBF and cerebral metabolic rate (or CMRO,). This
flow—metabolic coupling is a complex phenomenon, probably related to
local metabolic mechanisms.

Under normal circumstances, glucose is the main substrate for energy
production since free fatty acids do not cross the blood-brain barrier and
therefore do not constitute a substrate for energy metabolism in the brain.
Each day, about 120 g glucose (4:8-5-5 ml/min per 100 g) is oxidised by
brain cells. In neonates, as well as in adults, during prolonged starvation,
ketone bodies may largely replace glucose for energy production.

It can be calculated that about 40% of the energy consumed by the brain
is used to maintain the cellular membranes and the blood-brain barrier
(BBB) integrity. The other 60% is used to generate electrical influxes and
synthesise neurotransmitters. Owing to its high intrinsic oxygen consump-
tion and to the absence of any significant oxygen reserve, the brain is highly
sensitive to ischaemia and hypoxia. Any interruption of CBF exceeding
8-10 seconds leads to unconsciousness and eventually the development of
coma. In most conditions, irreversible cellular injury occurs after 3-8
minutes, when ATDP reserves and other energy producing mechanisms are
exhausted. The sensitivity of various cerebral areas to hypoxia is not uni-
form: some areas, like the limbic system, Purkinje cells in the cerebellum
and nerve layers of 3, 5 and 6 of the cerebral cortex, are particularly sensi-
tive and prone to develop early injury.

The cerebral perfusion pressure (CPP) is dependent on both the levels of
mean arterial blood pressure (MAP) and intracranial pressure: CPP =
MAP - ICP. In a healthy subject, a CPP value ranging between 50-150
mmHg is adequate to ensure an adequate CBF, while levels below 50
mmHg lead to decreased CBF. When CBF decreases further below the
ischaemic threshold (20-30 ml/min per 100 g), there is slowing of the EEG
waves, followed by flattening and eventually the disappearance of cerebral
electrical activity. This phenomenon, first reversible, becomes irreversible
when cell death occurs.

In normal circumstances, CBF stays constant, despite wide fluctuations
of MAP. This phenomenon, called cerebral autoregulation, is related to
metabolic (adenosine, H*, K* ions), myogenic and neurogenic mechanisms,
and to other factors including nitric oxide (NO). This autoregulation
requires a 30—-120 second delay to be fully effective, during which acute
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changes in MAP induce parallel changes in CBF. In patients with altered
autoregulation (brain injury, anoxia, haemorrhage, tumour, hypercapnia,
hypoxemia, etc.), any marked haemodynamic instability may alter CBF in
the diseased cerebral zone.!

Ischaemia

Cerebral ischaemia induces complex pathophysiological consequences,
often called the ischaemic cascade. The critical reduction of CBF provokes
a cascade of events which will further amplify the cellular consequences of
ischaemia. Reperfusion, which follows transient ischaemia, also participates
in the development of neuronal injury. It is characterised by a biphasic
evolution: there is first a brief period of hyperaemia, followed by a more
prolonged period of relative hypoperfusion. The reduction of energy
production by the cell during ischaemia is associated with a switch to anaer-
obic metabolism, intracellular acidosis, and with a progressive alteration to
the BBB. A few minutes after brain electrical activity stops, there is a pro-
gressive intracellular accumulation of both sodium and calcium ions. The
resulting electrochemical depolarisation leads to the release of excitatory
amino acids such as glutamate and aspartate, which promote calcium entry,
lipid peroxidation, prostanoids and free radical formation. This provokes
further injury to cell membranes and finally induces cell death.?

It is a well known clinical and laboratory phenomenon that hyper-
glycemia and increases in brain glucose worsen cerebral injury after a
period of complete or near complete ischaemia. During ischaemia the brain
anaerobically metabolises glucose to lactic acid. If the ischaemic insult
occurs during a period of elevated brain glucose, lactic acid formation will
be increased creating a pathological acidic intracellular environment. It
appears that ischaemic brain lactate levels must increase to greater than
20 umol/g to produce irreversible brain damage. The molecular basis by
which the increased cellular acid load produces irreversible cell damage is
unknown. Dextrose containing solutions are avoided since the residual free
water can worsen cerebral oedema and because the associated elevations in
blood sugar may worsen outcome.>

Cerebral blood volume, intracranial pressure

The adult brain is composed of 70—-80% water, distributed in the intra-
cellular, interstitial, cerebrospinal fluid and blood compartments. The
remaining 20-30% includes several types of brain cells. The ICP depends
on intracranial tissues and fluid components (CSF, blood) which are con-
tained in a rigid cranial box. In normal conditions, ICP amounts to 0-15
mmHg. When the volume of one of these components increases, this may
initially be compensated by a concomitant decrease in another component.
However, when intracranial volume increases further, this induces a
secondary rise of ICP, owing to the exhaustion of the compensatory mech-
anisms. The characteristic pressure—volume curve in three situations with
different cerebral compliance is schematised in Figure 8.1. The curve
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ICP

Volume

Figure 8.1 Schematic pressure/volume curves. A = normal cerebral compliance;
B: moderate cerebral compliance; C: low cerebral compliance.

clearly shows that when the intracranial content increases over a given value
(corresponding to the elbow of the pressure/volume (P/V) curve), there is a
rapid and disproportionate increase in ICP. This can occur with simple
stimuli, like coughing against the tracheal tube.*

Blood-brain barrier

Drugs have to cross the capillary endothelium to gain access into brain
tissue. In the brain, the capillary endothelium exerts a barrier function,
mainly related to the tight intercellular junctions. The specialised ependyma
of the circumventricular organs exerts similar barrier function. The high
electrical resistance of these membranes makes ion permeability very low:
diffusion across them requires an ATP-dependent pump system. Facilitated
transport exists for glucose, amino acids and several organic non-
electrolytes. Hormones, numerous drugs and other substances bound to
plasma proteins are delivered to sites of BBB where diffusion or carrier-
mediated transfer occurs. Vesicular transporters have been advocated as
another mechanism of transfer through cerebral endothelial cells. Transport
by CBF to the sites of transfer in the BBB can also modify patterns of
penetration for highly permeable drugs such as thiopental and nicotine,
which distribute during the first pass period (<10 seconds) to high flow
areas of the CNS. The diffusion of the unionised and unbound fraction of a
substance depends on its molecular weight, lipid solubility, electrical polar-
ity and protein binding. Water diffusion obeys Starling forces, osmotic
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action as well as tonicity and osmotic reflection. Practically, a large majority
of ionised compounds (electrolytes, muscle relaxants), proteins and high
molecular weight sugars (mannitol) do not cross the BBB in normal
conditions, while glucose crosses readily through it. The BBB is relatively
impermeable to water molecules. This contrasts with the microcirculation
in muscle and viscera, where small particles like mannitol, electrolytes, and
water, readily cross the capillary walls.*

Several conditions may alter BBB integrity and permeability: age,> hyper-
thermia,’ traumatic injury,”® arterial hypertension, hypoxaemia,’ hyper-
capnia,!® and epilepsy.!! In experimental studies, tumour permeability
factor!? and cytokines,!?> prostanoids, polyamines, histamine, bradykinin,
serotonin, glutamate, '#17 and numerous other substances can alter the
permeability of the BBB.!%!° When BBB function is altered, there is an
increased diffusion of drugs and other compounds through the BBB.
Experimental studies have focused on the role of the membrane
P—glycoprotein in cerebral drug elimination, which may have an important
action in preventing the accumulation of several drugs in the brain.?° This
hypothesis is supported by the observation that inhibition of the P—glyco-
protein seems to increase brain toxicity of several drugs.?! In the case of
BBB alterations, active transport of some drugs, like fentanyl, in and out-
side the brain tissue, may also be affected.?? Another mechanism has also
been described: BBB disruption secondary to direct tissue injury. This may
lead to intracerebral mannitol accumulation if used as a therapeutic inter-
vention.?®> Water conductivity is also increased. This tends to increase the
removal of water from diseased tissues by osmotic diuretics.

The relative impermeability of the BBB is one of the mechanisms
explaining the effects of osmotic agents: low molecular molecules that do
not cross BBB are responsible for the development of osmotic forces across
the cerebral capillaries, that can reach an enormous level, thus inducing
secondary water movements.

Cerebral protection and resuscitation

Following ischaemic injury, the central nervous system is limited in its
regenerative ability. The distinction between protection and resuscitation is
made by the time course of the therapeutic intervention.?+25

Brain protection has been defined as the “prevention or amelioration of
neuronal damage evidenced by abnormalities in cerebral metabolism,
histopathology or neurologic function occurring after a hypoxic or an
ischaemic event”?® (that is, treatment that is started before and often
sustained throughout the insult).

Brain resuscitation refers to the treatment of the secondary brain injury or
simply therapy given after the primary insult. The secondary consequences
of ischaemia are those that occur after the cerebral circulation is restored and
this period is usually termed “postischaemic injury or reperfusion injury”.

As mentioned before, the cellular vulnerability depends on the type of
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neuron. For example, the limbic system, the pyramidal cells of the CA, of
the hippocampus, Purkinje cells of the cerebellum, and layers 3, 4, and 6 of
the cortex, are extremely vulnerable to ischaemia. Conversely, the cells in
the spinal cord seem to resist a longer period of oxygen deprivation without
damage.?’

Research has shown that the intracellular events that occur during
ischaemia or after the restoration of circulation and oxygenation con-
tribute to the ultimate neurological damage. Ischaemia produces de-
polarisation of neurones leading to ionic fluxes (Na* and Ca?*) into the
cells, probably because of the release of glutamate and aspartate which
activates the N-methyl-D-aspartate (NMDA) receptors responsible for the
control of the influx of Na* and Ca?*. The eventual depletion of all ATP
stores leads to failure of the energy-dependent ionic pump system with
Na* and Ca?* remaining in the cell. The consequences of this intracellular
ionic overload result in the formation of prostaglandins, free radicals,
mitochondrial respiratory chain paralysis with acidosis, and finally cellular
membrane destruction. Ultimately, the goal is to provide effective
therapeutic measures that will contribute to the reversal of the cascades of
cellular events.

The metabolic requirements of the brain fluctuate and are vitally
dependent on continuous CBF for mitochondrial aerobic oxidation of
metabolic substrate and membrane stability. The magnitude of the reduced
CBF and its duration are the primary determinants of ischaemic injury and
subsequent brain failure. Synaptic function will be affected initially as the
remaining energy is used to maintain cellular homeostasis and limit
interruption of the complex series of biochemical events in the cell.
Neuroprotective agents act by either increasing oxygen delivery, reducing
oxygen demand or modifying pathological processes such as free radical
scavenging, excitatory amino acids (glutamate, aspartate), ionic fluxes, etc.,
which contribute to secondary brain ischaemia (Table 8.1).

Neuroprotective interactions should ideally be started before the onset of
ischaemia. The goal of cerebral protection is to increase the period of time
after which irreversible damage will result (Figure 8.2). For example, any
cerebral protective regimen that extends the brain’s tolerance for anoxia to
10 minutes, would suggest that an ischaemic insult, less than 10 minutes,
should be tolerated. However, it is essential for the protective agent to reach
the penumbra cells in concentrations large enough to prevent further
deterioration, even though the capillary flow is reduced. According to the
vulnerability of the neurons involved in the ischaemic process, the thera-
peutic window for reperfusion of the ischaemic region can be very small
(that is 5-15 minutes).?® It has been shown that if the cerebral tissue is
reperfused early, the therapeutic window can be extended up to 12
hours.?%3% Although studies using the positron emission tomography (PET)
scan have suggested that brain cells exposed to very low flow can remain
viable up to 48 hours, the prognostic clinical significance of this observation
has not been demonstrated.?!
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Table 8.1 Methods proposed as protectants against cerebral ischaemia and brain

failure.
Metabolism Capillary flow Secondary injury Other
Hypothermia Hypertension Glucose control Thrombolysis
Barbiturates > Cardiac Hypothermia Complement
performance cascade
Benzodiazepines Calcium entry
blockers
Haemodilution Vascular
bypass
Isoflurane Excitatory amino acids
EDRF antagonists
Etomidate
Anticoagulation Free radical scavengers
Propofol
Rheologic agents Iron chelation
Lidocaine
Opioid antagonists  Prostaglandin inhibition
Opioid agonists
Steroids
R /
£ 351
o
2 30
g
o 25
= “Penlucida” zone
E 20
2 “Penumbra”
= 159 zone
3
S 101
IS
3 51 Cerebral infarction
[
(@] u T T T -
1 2 3 4 Permanent

Duration of ischaemia (hours)

Figure 8.2 Schematic representation of the possible protective effect associated
with a therapeutic strategy. The effect of the brain protectants pushes the cerebral
infarction zone downward and to the right (black arrows). This suggests that cells in
the “penumbra zone” would support reduction in capillary flow for a longer period
of time. The time and/or the depth of the critical ischaemic threshold should be
modified. However, the earlier the therapy is induced the better the outcome.3?
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Specific treatments in the brain-injured patient

Some of the specific areas of pharmacology used in brain-injured patients
are described below.

Hypnotics and sedatives
Indications

The aims of sedation in patients with neurological diseases differ
significantly from those in other critically ill patients. In addition to general
indications, sedation is a specific part of the medical strategy in the
management of brain failure. Treatment aims to provide favourable condi-
tions for the recovery of the damaged brain, while preventing the healthy
brain from further secondary brain lesions. To achieve this goal, the choice
of sedatives should be limited to drugs that do not interfere with cerebral
physiology, particularly the autoregulation of cerebral blood flow, and do
not induce unfavourable systemic side effects such as arterial hypotension.

An important aspect of sedation in the patient with neurological involve-
ment is the necessity of a rapid reversal, to allow assessment. The gold
standard of neurological monitoring remains the assessment of the level of
consciousness and neurological performance. The level of sedation is highly
dependent on the clinical condition: deep levels are needed in patients with
refractory intracranial hypertension, status epilepticus or suffering from
severe acute respiratory failure, while light levels are needed in many non-
intubated patients or when a continuous and accurate neurological assess-
ment is mandatory. Undersedation is associated with agitation, intracranial
hypertension, stimulation of the sympathetic nervous system, and difficulty
in providing intensive care nursing. By contrast, oversedation disturbs
neurological assessment and favours arterial hypotension.

Ideal sedative

The ideal sedative?? is characterised by several properties:

rapid and smooth onset of action

rapid reversal

no effect on cerebral autoregulation and CO,, reactivity

decrease in ICP

decrease in cerebral O, consumption

maintenance of cerebral metabolic/CBF coupling

absence of significant systemic side effects

favourable pharmacokinetic properties (small initial distribution volume,
high plasma clearance and short elimination half-life, inactive meta-
bolites)

® reasonable cost, taking into account the indirect costs related to drugs
with prolonged sedative action, that is, duration of mechanical
ventilation and ICU length of stay.

In practice, this ideal drug does not exist. However, some of the
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commonly used drugs for neurosedation approach this ideal by several of
their characteristics. In clinical practice, several classes of hypnotic and
sedative drugs are used. Their main effects on the brain and main pharma-
cokinetic properties are summarised in Tables 8.2 and 8.3.

Hypnotics and sedatives are prescribed to patients with brain failure for
four main indications:

® to facilitate mechanical ventilation, induced hypothermia, and other
supportive treatments

® to reduce the effects of nociceptive stimuli on ICP and promote ICP
control

® to depress cerebral metabolic rate

® 1o treat epileptic fits.

Benzodiazepines

Benzodiazepines (BDZ) exert their cerebral effect via activation of
specific high-affinity binding sites on the y-aminobutyric acid (GABA)-
benzodiazepine receptor complex, which facilitates neurotransmission of
GABA. GABA, receptors show multiple subunits (o,By,d,p). Special affin-
ity to different classes of sedative depend on this specific subunit affinity
and presence. o(,-Subunit expression may be involved in benzodiazepine
tolerance and insensitivity.>*»** Inhibition of the GABA-receptors induces
sedation, anxiolysis and amnesia. In addition, benzodiazepines have strong
anticomitral effects (see Table 8.2), reduce CMRO, and CBF by about 30%
but have little effect on ICP. They do not abolish cerebral reactivity to CO,
or autoregulation.?® The cardiovascular and respiratory effects are usually
limited, except in some patients in whom significant arterial hypotension
can be induced by even a small IV dose of BDZ.?¢ There are great differ-
ences in the pharmacokinetics of the various BDZ used in the clinical
practice (Tables 8.2 and 8.3). In clinical practice, it is often noticed that the
cerebral depressive effect of benzodiazepines and other sedatives is rein-
forced in patients with brain failure. Furthermore, the elimination half-lives
of a given BDZ have a great variability according to the patient and to the
clinical circumstances. In clinical practice, midazolam and lorazepam are
the most convenient BDZ for intravenous sedation of patients with neuro-
logical diseases, because of their short elimination half-lives.?” However,
despite favourable pharmacokinetic properties, the time to recovery after
prolonged sedation with these agents is highly variable.?® Diazepam, a long-
acting BDZ, is mainly used for emergency treatment of fits.

Flumazenil is an imidazole benzodiazepine that exerts a competitive
action at the benzodiazepine receptor. It antagonises all the effects of BDZ.
This property makes flumazenil a useful drug in the diagnosis of benzo-
diazepine self-poisoning and in the reversal of benzodiazepine over-
administration. It has also been shown to partly reverse the effects of
hepatic encephalopathy in a small proportion of the patients. However, its
relatively short duration of action (half-life 1 to 2 hours) must be kept in
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mind, since this may limit its clinical usefulness. The abrupt reversal of
BDZ in patients may induce intracranial hypertension in patients with
abnormal cerebral compliance?® and fits in patients after prolonged BDZ
administration. Other side effects include anxiety, agitation, and nausea.

Propofol

Propofol is an intravenous sedative with the shortest duration of action
and fastest recovery time. Recovery is rapid (15-60 minutes), even after
prolonged infusion exceeding 1 week.*? Its mechanism of action is related to
GABA-receptor stimulation. Propofol reduces CMRO, and CBF, without
altering their coupling. Both the cerebral autoregulation and the vascular
response to CO, stay unaltered during propofol infusion.*! In patients with
increased intracranial pressure, propofol reduces ICP, while preserving
CPP, provided arterial hypotension is prevented.*? Propofol depresses EEG
and burst suppression can be obtained. It has strong antiepileptic properties
and has been proposed as an alternative to barbiturates in refractory status
epilepticus.®®> Based on these properties, propofol may be considered to
offer the same degree of cerebral protection as barbiturates during focal
ischaemia.***> In the paediatric population, many reports have described
propofol toxicity (acidosis, rhabdomyolysis, lung and myocardial injury,
convulsions). This contrasts with the adult population, where side effects
of propofol are rather uncommon (mostly cardiovascular depression,
respiratory failure, acute hyperlipidemia).*® The latter has been attributed
to the excessive lipid load associated with high doses of propofol. The use of
propofol 2% solution should decrease lipid load and consequently hyper-
lipidemia.

Barbiturates

The main action of barbiturates on CNS function is related to facilitation
of GABA transmission. They have cerebral protective properties when given
before focal brain ischaemia, but no protective effect in the case of global
ischaemia.*” Among the hypnotics, they produce the greatest reduction of
CBF, CMRO, and ICP in patients with severe brain injury. At high dose,
they produce isoelectric EEG, with burst suppression.*® Because of their
prolonged effect and major systemic side effects (arterial hypotension),
their administration is limited to severe refractory status epilepticus and
refractory intracranial hypertension.?® In clinical practice, barbiturate
dosage is highly variable. Therapy is directed according to the goal. For
example, increasing amounts of barbiturates are administered until
adequate burst suppression is achieved, in case of brain protection, or until
normalisation of ICP; in case of severe head injury.

Oproids
These are often prescribed in combination with short-acting sedatives in

patients with neurological injury requiring mechanical ventilation, to limit
the cerebral and systemic effects of painful stimuli. Opioids have little effect
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on cerebral homeostasis, provided PaCO, changes are prevented by
mechanical ventilation.>°

Neuroleptics

These agents are not widely used owing to their weak sedative effects and
their possible side effects, like dyskinesia, and neuroleptic malignant
syndrome often confounded with the malignant hyperthermia syndrome.
Their use is restricted to patients with acute psychotic syndromes.

Calcium channel antagonists

In addition to the brain injury caused by the initial haemorrhage after a
subarachnoid haemorrhage (SAH) the leading causes of morbidity and
mortality are arterial vasospasm, rebleeding, and the complications of
surgery. The prevention of vasospasm and the reduction of secondary
cerebral ischaemia are key points in the therapeutic strategy of SAH.

Numerous pharmacological agents have been shown to exert favourable
cerebral effects in experimental models of SAH, reducing the incidence of
severe permanent injury due to vasospasm to less than 7%. Pharmacological
agents such as calcium blockers, free radical scavengers and corticosteroids,
fibrinolytic and/or plasminogen activators, endothelium-relaxing factors,
and inhibitors of the complement cascade, have been studied.’! However,
calcium channel antagonists (CCA) are the only agents whose use is
supported by controlled studies in patients with SAH. The CCA inhibit
calcium transport into cells through the voltage-sensitive ion channel. Some
CCA, like nimodipine and nicardipine, act predominantly on cerebral
vessels, while many others have effects mainly on systemic vessels.

Nimodipine has been studied in humans with acute stroke, SAH, and
after cardiac arrest.>2>* In SAH, this agent has been shown to decrease both
mortality and the incidence of delayed ischaemia and to improve neuro-
logical outcome. However, it did not reverse the arterial spasm which per-
sisted on angiography. The most favourable effect was observed in patients
with moderately severe symptoms, while no effect was observed in cases
with severe neurological signs. Favourable outcomes with nimodipine
therapy were also reported after stroke. A significant increase in regional
CBF in the territory of the ischaemic brain was seen. It was concluded
that this perfusion improvement was responsible for an early neurological
recovery.

Excitatory amino acid (EAA) antagonists

While the role of EAA and protection by EAA antagonists have been well
documented in experimental ischaemia, early clinical studies have been dis-
appointing. The prototype non-competitive glutamate antagonist acting at
the N-methyl B-aspartate (NMBA) receptor, Dizocilpine (MK-801), never
reached large scale clinical trials because of fears about hippocampal
neurotoxicity. More recent compounds, either competitive or non-
competitive antagonists, have not proved to be effective in outcome trials.

137



BRAIN FAILURE

Anuioxidants

Animal studies have also suggested a prominent role for oxidants in acute
brain injury and brain protection by antioxidants. However, studies in
humans with pegorgotein and tirilazad have shown no improvement in out-
come in clinical head injury.

Hypothermia

Hypothermia decreases the energy requirements of the brain by decreas-
ing both the activation metabolism required for neuronal function, as
indicated by electroencephalogram (EEG) activity, and the residual
metabolism necessary for the maintenance of cellular integrity. Much
interest has focused on mild to moderate hypothermia (33-36°C) as a
neuroprotective intervention since animal studies demonstrated improved
outcome from cerebral ischaemia.

To date, no large outcome trials have demonstrated benefit from
moderate hypothermia. However it is well recognised that an increase
in temperature worsens outcome following brain injury and that the
prevention of hyperthermia is a highly desirable target in acute brain
injury.

Osmotic agents

In the setting of clinical, radiological or measured evidence of intracranial
hypertension, mannitol (usually as 20%) 0-25—-1-0 gm/kg has traditionally
been used to elevate plasma osmolarity and reduce brain oedema. In
addition to its use as maintenance fluid, hypertonic saline (7-5%), used for
small volume resuscitation, may improve outcome in comatose patients
suffering from multiple trauma.?® Recent reports also highlight the use of
23.4% saline for the treatment of intracranial hypertension.>®

The mechanisms of action of osmotic agents are complex and not yet
completely understood, although several theories have been proposed.

® Osmotic theory. This states that hyperosmolar solutions reduce ICP
before the loss of interstitial fluid within tissues. The osmotic effective-
ness depends on the osmotic reflection coefficient.

® Haemodynamic theory. Osmotic agents reduce CBV and hence ICP by
decreasing blood viscosity, increasing CPP, or by a combined effect. The
resulting reduction of ICP would be maximal if CPP is low and auto-
regulation preserved. If autoregulation produces constriction of cerebral
blood vessels or is severely impaired, limited benefit must be expected
from osmotherapy.

® The diuretic theory. This believes that the reduction of the plasma volume
caused by the osmotic diuresis promotes the jugular venous drainage and
induces a parallel reduction of both central venous pressure (CVP) and
ICP.
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Mannitol may induce cardiovascular side effects: a transient increase in
arterial blood pressure, hypervolemia and worsening of congestive heart
failure. Systemic dehydration and electrolyte alterations can also
complicate mannitol therapy. Because of this, it should be avoided in
patients with hyperosmolar states.’” In patients with compromised renal
function, osmotherapy should be used with caution due to the risk of
hypervolemia.’® Some experimental and human studies suggest that
mannitol may worsen cerebral hyperemia, consequent to an increase in
CBYV, although the practical relevance of this phenomenon is difficult to
evaluate.’® There is little rationale in avoiding mannitol in patients with
midline shift, since brain water content is decreased in the affected
hemisphere as well as in other such circumstances. Since the effects of
osmotic agents on disrupted BBB are difficult to predict, rebound swelling
is possible, and careful neurological monitoring should be used, including
ICP and CT scans when necessary.

Mannitol should be infused through central venous line since it may
rapidly induce venous thrombophlebitis. It exerts little effect when ICP is
normal. When given to patients with high ICP at doses from 0-25 to 1-5 g/kg
(15-30 minutes infusion time), it usually reduces ICP within minutes,
although the maximal effect is seen after 20—40 minutes.

Hypertonic saline infusions (3%—-7.5%-10%) produce strong osmotic
effects. They usually are infused at 100 ml/hour in order to obtain a brain
osmotic effect via an increase in plasma osmolality which should not exceed
320 mosmol/l. Hypertonic saline solutions are also used to correct
symptomatic hyponatremia. In such conditions, they allow a progressive
normalisation of plasma osmolality associated with an expansion of
intravascular volume, which must be carefully assessed in order to avoid the
development of pulmonary oedema. Hypertonic saline must be avoided in
diabetes insipidus and other hyperosmolar states.

Antiepileptic drugs in the management of status epilepticus

Antiepileptic drugs are commonly prescribed in critically ill patients
for epileptic seizure control. Status epilepticus (SE) constitutes a life-
threatening condition needing prompt management. It is defined as a
seizure that persists for a sufficient length of time or is repeated frequently
enough that recovery does not occur between attacks.

The goal of medical treatment for SE is the prompt reversal of seizure
activity. A recent review has summarised the most important practical
aspects of medical management.”® The main drugs that are currently
administered to treat SE include benzodiazepines (midazolam, lorazepam,
clonazepam), phenytoin, barbiturates (phenobarbital). In refractory cases, a
deep anaesthesia with midazolam, propofol or thiopentone, should be
administered.

Midazolam, lorazepam and clonazepam have potent antiepileptic activity
and a rapid effect. They are often prescribed as initial treatment of SE, due
to their limited systemic side effects.
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Phenytoin has not got a rapid effect, due to the time it takes to diffuse
across BBB (20-30 minutes to achieve peak brain concentration). It is
commonly prescribed for prolonged treatment after seizure reversal by
BDZ.

Phenobarbital is not used as a first line drug in SE because of its
prolonged depressant effect on CNS and its significant respiratory and
cardiovascular effects. Both phenytoin and barbiturates exert a marked
induction of the cytochrome P450 system. During prolonged administra-
tion, this increases the requirements of many other drugs metabolised via
the cytochrome P450 system.

Propofol is the most recent drug released for SE treatment.*® Its
circulatory and metabolic effects on the brain are very similar to those of
barbiturates. Its short action is a major advantage, allowing a neurological
assessment to be performed shortly after stopping treatment. However, it
may have proconvulsant properties. Its definite place in the management of
SE is yet unknown. In a recent study performed in epileptic patients under-
going temporal lobe resection, propofol and thiopental administration was
associated with equivalent epileptiform activity recorded with electro-
corticogram during surgery.”® These results suggest that propofol has no
greater proconvulsive effect than thiopental and constitutes a reasonable
alternative treatment for status epilepticus.

Intravenous valproic acid may have a therapeutic effect in patients with
refractory epilepsy. Other agents like lidocaine, paraldehyde and chloreme-
thiazole have also been described to terminate status epilepticus. In patients
with refractory status epilepticus, several antiepileptic drugs must be com-
bined, like midazolam or propofol, phenytoin and phenobarbital.>® Such
combination carries a high probability of drug interaction, due to the effect
on the cytochrome P450 system. The risk can be reduced by frequent
monitoring of the drug plasma level.

Special attention must be directed in patients with brain failure to
systemic drugs with proconvulsant effects. This is particularly the case for
antibiotics like penicillin and carbapenems (thienamycin, meropenem).
When administering such agents, it is imperative to avoid rapid injection,
which leads to an acute increase in plasma and brain concentrations of
these compounds. Attention should be focused on drug level monitoring,
particularly in patients with renal or liver failure.

Steroids

Steroids exert potent physiological and pharmacological effects. They are
ubiquitous physiological regulators, essential for survival in many stressful
situations. The most relevant effects of steroids in patients with neurological
injury include: a potent anti-inflammatory action, suppression of immuno-
logical response, as well as an effect on intermediate metabolism, fluid and
electrolyte balance, and the cardiovascular system. Corticosteroids act on
intracellular receptors and many effects are related to post-transcription
mechanisms. The cerebral effects are multiple and complex, mainly related
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to endothelial cell membrane stabilisation, decreased release of toxins and
cytokines, facilitation of electrolyte shifts favouring transcapillary move-
ment of fluids, enhanced lysosomal activity of cerebral capillaries, and
increased cerebral glucose utilisation, which may improve cerebral function.
In clinical practice, steroids are used to treat cerebral oedema but are not
uniformly effective. The therapeutic efficacy of steroids is well demon-
strated for perifocal oedema surrounding mass lesions, abscesses, subdural
haematoma, bacterial meningitis, and postoperative swelling. They have no
proven effect on cerebral oedema associated with brain injury or hypoxic
damage and in these conditions, steroids may even worsen the neurological
outcome. Steroids decrease CSF formation and facilitate its reabsorption,
although the clinical relevance of this effect is yet to be established. This
therapeutic action could be used to decrease CBV in cases of high ICP in
association with other drugs such as mannitol, diuretics and hyper-
ventilation. The benefits of steroid therapy for cerebral protection in
humans remains unproved and controversial.* Methylprednisolone and
dexamethasone are the most commonly prescribed corticosteroids.

Drugs for cerebral protection

Because of the multifactorial problem involved in cerebral ischaemia,
even to date, there are no absolute proven methods of cerebral protection.
Brain failure remains the ultimate neurological consequence of an
ischaemic insult. The events that take place after the restoration of
circulation and reoxygenation must be better understood to optimise the
therapy. If these secondary consequences of ischaemia do contribute to the
final neurological damage, then therapy must be aimed at preventing these
processes. However, to date, there is still little convincing evidence that
therapy designed to prevent individual processes is efficacious in limiting
cerebral ischaemia and eventually brain failure. Cerebral protection is
meant to block these secondary insults, either by prolonging the time of tol-
erance to ischaemia, or improving capillary flow and oxygenation.
Multifactorial therapy such as maintaining adequate cerebral perfusion and
oxygen delivery, as well as reducing cellular metabolism, seems largely
acceptable to limit the development of brain failure.

Conclusion

Many aspects of brain failure remain unknown, especially when integrity
of the BBB is altered. Because the effects of drug administration in this case
could lead to unexpected effects, careful monitoring of the patient with
brain failure should be performed. This intensive monitoring is based on
clinical, electrophysiological, laboratory, and radiological data.

As a baseline routine attitude, the following medical and physiological
details are required before administering any drugs to patients with acute
neurological disease:
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® Identification of the underlying cerebral pathophysiological mechanisms
and their local consequences. The most important information concerns
the level of consciousness, neurological status, the presence (or risk) of
intracranial hypertension, cerebral ischaemia, and convulsions.

® Identification of the associated systemic disturbances which may
influence cerebral physiology and drug prescription: arterial hypoten-
sion, haemodynamic compromise, abnormal pulmonary gas exchange,
water and electrolyte disorders, renal failure, hepatic failure, thermal
dysregulation.

® Identification of the expected pharmacological effects of drugs on brain
physiology and functions: effects on CBF, CMRO,, CBF/CMRO,
coupling, ICP, autoregulation, reactivity to CO,, cardiovascular and
respiratory effects, effects on conscious level.

® Choice of the appropriate therapeutic strategy: requirement for mechan-
ical ventilation, hypothermia and sedation, intervals for neurological
assessment, target for haemodynamic management, temperature regula-
tion, drugs with specific neurological targets.

® Identification of the appropriate systemic therapeutic strategy: treatment
of infection, requirement for upper gastrointestinal bleeding prophylac-
tics, artificial nutrition, etc.

® Identification of patients requiring monitoring of drug levels in plasma.
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9: Respiratory failure
MAIRE SHELLY

Introduction

Acute respiratory failure is a major factor precipitating admission to an
intensive care unit (ICU) and chronic pulmonary disease is a common
comorbidity in critically ill patients. Alterations in the pharmacokinetics of
drugs can arise because of the pulmonary disease itself and because of asso-
ciated factors such as hypoxia and mechanical ventilation. Other associated
factors may also contribute, for example, cigarette smoking induces certain
enzymes and can in itself alter drug metabolism.! This chapter reviews the
pharmacokinetic consequences of respiratory disease and its treatment.

Respiratory disease

Respiratory disease can alter pharmacokinetics in a number of factors,
including:

hypoxia

hypercapnia

acid—base problems

right ventricular dysfunction
altered regional blood flow
pulmonary alveolar dysfunction.

Often, a combination of these factors will affect the absorption, distribu-
tion, and elimination of drugs.

Absorption

Regional blood flow is altered in respiratory disease for several reasons.
Hypoxaemia will lead to increased blood flow to essential organs whilst
tachypnoea and dyspnoea will increase blood flow to the respiratory mus-
cles. These changes will divert blood flow from areas of drug absorption,
such as the gastrointestinal tract (GIT), rectum, and gluteal muscles, and
will, in turn, reduce drug absorption. Alterations in splanchnic blood flow
can reduce absorption of orally administered bronchodilators. A decreased
absorption of theophylline, salbutamol, and terbutaline has been reported
in patients with respiratory disease after oral administration.?-° This is man-
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ifest as reduced plasma concentrations at night when patients are most at
risk. There is also an increase in trough concentration in the morning as
blood flow to the GIT is stimulated by breakfast with the potential for drug
toxicity. A decrease in gastric emptying and sleeping in the supine position
may contribute to the decreased absorption.

The oral bioavailability of salbutamol and terbutaline is normally low
since there is extensive metabolism of both drugs in the gut wall.” Both
drugs have enantiomers and this metabolic process is stereospecific.® These
drugs are normally given by other routes to avoid any further reduction in
absorption as a result of reduced splanchnic blood flow. When splanchnic
perfusion is reduced, there is an associated reduction in the metabolic
processes of the liver or GIT.° Any drug with significant first-pass metabo-
lism may have an increased bioavailability.

Inhaled drugs

When drugs are administered by the inhaled route, it is necessary for an
adequate amount of drug to reach its site of action, usually the small air-
ways. The amount of drug reaching this site is usually about 15% of the
inhaled dose; the remainder is deposited in large airways and has no clinical
effect.!® Factors that influence the distribution of inhaled particles within
the lung are:

® Particle size. Smaller particles reach further down the airways, larger par-
ticles are deposited in the large airways.

® Speed of inhalation. A rapid flow into the airways will tend to wash parti-
cles further down the large airways where gas flow is laminar. This rela-
tionship is less applicable when gas flow becomes turbulent since
particles may then have more contact with the airway wall.

® Tidal volume. A greater proportion of inhaled particles will reach the alve-
oli with a large tidal volume since alveolar ventilation is greater and dead
space ventilation proportionally reduced.

® Durarion of the inspiratory pause. During the inspiratory pause, alveoli are
recruited for gas exchange. Alveolar ventilation is enhanced and inhaled
particles are more likely to reach the lower airways.

Patients with respiratory disease have altered respiratory dynamics and
often have a poor inhalation technique. One result of this is that more of any
inhaled agent will be deposited in the large airways and be clinically inef-
fective.!’12 An example is sodium chromoglycate. This drug has minimal
absorption from the GIT and inhaled administration is essential.
Absorption from the lungs is related to inspiratory flow rate and can be
increased by manoeuvres to improve lung function.!> Absorption of inhaled
salbutamol is increased in patients with cystic fibrosis. The reason for this is
unclear but may be related to a higher permeability of the chronically
inflamed small and large airways.!*

Pentamidine is used in the management of Preumocystis carinii pneumo-
nia, particularly in patients with acquired immunodeficiency syndrome
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(AIDS). It is poorly absorbed from the GIT and after intravenous infusion,
pharmacokinetics suggest a high tissue uptake!> confirmed by high tissue
concentrations.'® Aerosol administration produces higher concentrations in
bronchoalveolar fluid and these concentrations are maintained for longer.!?
There is wide variation between individuals, and patients undergoing
mechanical ventilation have higher plasma concentrations after an aerosol
dose than do spontaneously breathing subjects.!® This may be because of
reduced drug loss in the breathing system, more effective nebulisation with
smaller particle sizes, or increased uptake through the alveolar capillary
membrane owing to pulmonary disease.

Distribution

The process by which drugs reach their site of action may be altered in
patients with respiratory disease for several reasons.

The volume of distribution of a drug varies with its degree of protein
binding, since only free drug is able to cross membranes. The proteins pre-
dominantly concerned with drug carriage are albumin and o,-acid glyco-
protein, the concentrations of both vary with respiratory disease. o, -acid
glycoprotein is an acute phase protein and its concentration increases in
many inflammatory and infective processes within the lung, specifically
chronic obstructive pulmonary disease (COPD), inflammatory lung dis-
eases, lung cancer, and respiratory infections.!® Propranolol is carried on
o,-acid glycoprotein and unbound propranolol concentrations in elderly
patients with respiratory disease are half that of normal volunteers. This is
attributed to increased o,-acid glycoprotein concentrations.2

Albumin is also important in drug carriage and its concentration is
reduced in critically ill patients. Theophylline binding is linearly related to
albumin concentration and is reduced in critically ill patients compared
with patients with COPD.2!

Drugs with a pK, close to the value of plasma pH have a degree of ioni-
sation sensitive to small changes in plasma pH. This will also change their
volume of distribution. Theophylline protein binding is sensitive to pH;
30% is bound at a plasma pH of 7-0 and 65% at a pH of 7-8.22

Drugs given parenterally or orally need effective distribution to reach
their site of action in the lung. Antibiotics, in particular, need effective pen-
etration from plasma to sputum.?®> This will be affected by the physico-
chemical properties of drug, such as pK, and lipid solubility, as well as the
diffusion gradient for the drug, which will depend on the plasma concen-
tration. Another factor is the integrity of the bronchial mucosa and alveolar
membrane. Penetration of these membranes may be increased in inflamma-
tory lung diseases.?* This has been reported for some antibiotics, including,
ampicillin, amoxycillin, cephalexin and tobramycin but not for others such
as gentamicin. It has been suggested that the sputum concentration of an
antibiotic may be a more relevant measure of effectiveness than serum con-
centration, which is a better measure of toxicity.?>

Patients with cystic fibrosis have altered pharmacokinetics of antibiotics.
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There is a decreased maximum plasma concentration, a decreased area
under the plasma concentration—time curve, and a shorter elimination half-
life than normal. These changes are caused by an increased volume of dis-
tribution and changes in metabolism and elimination.2®

Elimination

The major routes of drug elimination are the liver and kidney. However,
the importance of other routes of elimination, such as the GIT and the lung
itself, is now being realised. There is enormous variability in the rate of drug
clearance in normal subjects. In patients with respiratory disease, this vari-
ability is increased. For example, the variability in theophylline clearance is
increased during an acute respiratory illness in both adults and children.2?728

Hepatic drug clearance depends on liver blood flow, the intrinsic meta-
bolic capacity of the liver and the degree of protein binding. Liver blood
flow may be reduced as a result of reduced splanchnic blood flow or
reduced cardiac output. Cardiac output can be reduced secondary to right
ventricular failure in severe lung pathology or during mechanical ventila-
tion. This is discussed later. The metabolic capacity of the liver is unchanged
in uncomplicated asthma or COPD and there are no clinically important
problems with drug metabolism.?* Problems with metabolic capacity are
often associated with hypoxia (discussed later). Protein-binding changes are
as described in the section on distribution. A greater free-drug fraction will
result in some increase in clearance but the extent of this increase will
depend on the extraction ratio of the drug (see Chapter 2).

Renal elimination of drugs in patients with pulmonary disease has not
been studied. In theory, the main factors which decrease renal elimination
are a decreased cardiac output and renal blood flow secondary to either
right heart failure or mechanical ventilation or a reduced renal extraction.3°
A reduced renal blood flow will reduce clearance of drugs that depend on
glomerular filtration for their clearance. Examples include vancomycin,
aminoglycosides, and digoxin; toxicity may develop for all three if plasma
concentrations are not closely monitored. Drugs that depend on tubular
secretion for their elimination also need an adequate renal blood flow so
that tubular perfusion is maintained. If renal blood flow decreases, their
elimination will also decrease. A further circumstance occurs with drugs
that are reabsorbed in the renal tubules, for instance, aminoglycosides. In
patients with oliguria, the drug concentration in the urine increases and this
in turn increases the gradient for drug reabsorption and less drug is elimi-
nated.

The lungs are involved in the elimination of many drugs and endogenous
substances and are important because they receive the whole cardiac out-
put. Within the lungs, different cell populations appear to be responsible for
different metabolic pathways. Pulmonary clearance is influenced by a num-
ber of factors.?! Cigarette smoking induces several enzyme systems and can
enhance clearance; for example, theophylline clearance is increased in
smokers.32 Pulmonary clearance also varies with changes in cardiac output
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and ventilation/perfusion abnormalities. Plasma pH changes may alter the
ability of the lung to clear circulating substances; for example, the pul-
monary clearance of mescaline is increased in respiratory alkalosis. Another
factor is the integrity of the pulmonary capillary cell. In acute lung injury
there is a decreased removal of endogenous alprostadil and serotonin.333¢

Ventilation

During positive pressure ventilatory support, intrathoracic pressure
becomes positive rather than negative and this has a number of physiologi-
cal consequences?®® as follows:

® decreased cardiac output
decreased stroke volume
decreased ventricular filling
increased pulmonary vascular resistance
decreased myocardial contractility

® decreased hepatic blood flow

® decreased splanchnic blood flow

® decreased renal blood flow
decreased glomerular filtration
decreased sodium excretion
decreased free water clearance
decreased urine output.

Because different modes of ventilation have different effects on intrathor-
acic pressure, the overall effect of ventilation on drug pharmacokinetics will
depend on several factors.

® Tzntilation mode. Generally the higher the intrathoracic pressure, the
more pronounced the physiological consequences. Aggressive positive
pressure ventilation will therefore have more profound effects on phar-
macokinetics than ventilatory modes with pressure limitations.

® Pulmonary pathology. A decrease in lung compliance caused by the respi-
ratory disease process will lead to a greater increase in intrathoracic pres-
sure than usual if the patient requires ventilatory support. This will in
turn cause greater physiological and pharmacokinetic disturbances.

® Drug used. The pharmacokinetics of different drugs will differ in their
sensitivity to the physiological changes produced by mechanical ventila-
tion.

® Haemodynamic status. Effective resuscitation manoeuvres, such as expan-
sion of the intravascular volume or inotropic support, will maintain
haemodynamic stability. This in turn will minimise the physiological and
pharmacokinetic consequences of mechanical ventilation.

As the patient’s condition improves and ventilatory support is weaned,
pharmacokinetic changes may occur with pharmacodynamic conse-
quences.
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Absorption

Since mechanical ventilation reduces splanchnic blood flow, there may be
decreased absorption of drugs given orally. The amount of drug entering
the systemic circulation may be maintained in spite of a decreased absorp-
tion because of a decrease in first-pass metabolism. These changes are sim-
ilar to those seen with respiratory disease. If a patient’s lungs are being
ventilated for respiratory disease, changes in absorption may be more pro-
found.

Distribution

During ventilation, there is an increase in total body water. This is caused
by a reduced glomerular filtration and urine output secondary to a
decreased renal blood flow as well as salt and water retention secondary to
release of antidiuretic hormone and atrial natriuretic factor. The increased
body water leads to a higher volume of distribution of more water-soluble
drugs. For example, patients had a higher volume of distribution of gen-
tamicin while undergoing controlled ventilation after cardiopulmonary
bypass than they did after weaning from ventilatory support. The volume of
distribution of gentamicin was also higher in the group of patients whose
ventilation was supported than in a control group who were breathing spon-
taneously throughout.?> An increased volume of distribution of drugs such
as gentamicin may result in the peak plasma concentrations being subther-
apeutic.

Elimination

Mechanical ventilation by itself has no effect on the intrinsic metabolic
capacity of an organ; in fact, by improving oxygenation, it may increase
metabolic capacity (see later). Protein binding is also unaffected, although
many patients needing ventilatory support will have altered protein concen-
trations. The main effect of mechanical ventilation on drug clearance is as a
result of altered regional perfusion. Therefore, the drugs most likely to be
affected are those whose clearance is dependent on hepatic blood flow.

There are few studies on the effects of ventilation on drug clearance. The
clearance of lignocaine is decreased by 22% in patients whose lungs were
mechanically ventilated compared with its clearance in the same patients
after weaning.3° This is associated with an increase of 35% in the half-life
and of 24% in the serum concentration of lignocaine. There may be changes
to a similar extent in other drugs with a high extraction ratio, for instance,
labetolol, pethidine, and verapamil.

The decreased renal blood flow during ventilation is important in the
clearance of drugs predominantly eliminated by glomerular filtration such
as vancomycin, digoxin, and aminoglycosides. Amikacin clearance has been
shown to be proportional to glomerular filtration rate?” and tobramycin
clearance was increased by 20% when renal perfusion was increased using
a dopamine infusion.38
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Drugs such as digoxin and frusemide, which undergo tubular secretion,
will also be affected by changes in renal blood flow because of secondary
changes in tubular blood flow.3® As well as that, drugs that undergo tubular
reabsorption, such as aminoglycosides and theophylline, will have increased
reabsorption as the urine output decreases and concentration of the drug in
the urine increases. %!

Hypoxaemia

Oxygen is vital for cellular metabolism and is a substrate for many reac-
tions. These are particularly oxygenase reactions involving cytochrome P450
enzymes and oxidase reactions where oxygen is an electron acceptor (see
Chapter 2). Many processes also depend on the state of oxidation of the cell,
the redox state. Hypoxia will, therefore, have profound effects on drug clear-
ance but may also influence absorption and distribution. Respiratory prob-
lems can lead to both simple hypoxia where organ blood flow is maintained
or stagnant hypoxia where organ blood flow is altered in addition.

Absorption

Drug absorption from the gastrointestinal tract may be reduced in
hypoxia. A reduction in oxygen delivery to the GIT may lead to decreased
GIT motility or to atrophy of the absorptive villous mucosa lining the GIT.
As a result, drug absorption will decrease. Hypoxia, for example, leads to a
decreased absorption of paracetamol from the gastrointestinal tract.*>**The
reduced absorption of an orally administered drug may be partly compen-
sated for by reduced first-pass metabolism secondary to hepatic hypoxia
(see below). This may maintain drug bioavailability.

Distribution

Distribution of drugs in the hypoxaemic patient may also be altered.
Reduced oxygen delivery to vital organs results in changes in regional blood
flow and alterations in body water distribution. Both these factors alter the
volume of distribution of a drug. The kidneys are particularly at risk of
hypoxic damage and impaired renal function leads to an increased volume
of distribution of hydrophilic drugs because of water and sodium retention.

Elimination

Some of the most important changes that occur as a result of hypoxia are
those in drug metabolism and elimination. The metabolism of drugs with a
low extraction ratio depends on the metabolic capacity of the metabolising
organ. Hypoxia predominantly affects metabolic capacity although changes
in organ blood flow are important and have already been mentioned.

The liver has an acinar structure based around a vascular axis with peri-
pheral venous drainage. Acinar perfusion is unidirectional so there are gra-
dients of oxygen, glucose, metabolites, and hormones from the centre to the
periphery. The acinus is arbitrarily divided into three zones (Figure 9.1):
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Figure 9.1 The liver acinus is divided into three zones around the arterial supply.
Zone 1 is adjacent to the artery and has the best oxygen supply. Zones 2 and 3 are
peripheral to zone 1 and are more hypoxic, even under normal conditions.
Gradients of substrates and enzymes also occur across the zones.

zone 1 adjacent to the central vascular supply, zone 2 peripheral to this, and
zone 3 the most peripheral. As well as the gradients of substrates, there are
gradients of enzymes and receptors across the zones. For example, sulpha-
tion occurs predominantly in zone 1 whereas the total activity of cytochrome
P450 enzymes increases from zone 1 to zone 3.4 Under hypoxic conditions,
the gradient of oxygen from zone 1 to zone 3 becomes steeper with zones 2
and 3 being increasingly sensitive to hypoxia.*

The cytochrome P450 enzyme system is normally saturated with oxygen;
however, oxidases and oxygenases have a differing dependence on oxygen*°
and their function will be altered differently by differing degrees of hypoxia.
This may reflect the distribution of enzymes within the acinus and different
oxygen concentrations in their normal environment. A substrate binding to
a P450 enzyme alters the spin state of the haem iron from the ferric to the
ferrous form. The ferric form is regenerated by binding oxygen to oxidise
and then releases the drug.> Since both oxygen and substrate share a bind-
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ing site, the nature of the substrate will also affect the affinity of the enzyme
for oxygen and render the reaction sensitive to even mild hypoxia. Where
enzyme reactions are directly sensitive to hypoxia, the term metabolic
hypoxia is used.*’

Conjugation reactions are not directly dependent on oxygen but may be
affected by hypoxia nevertheless. Hypoxia decreases the function of
cytochrome oxidase, which in turn decreases the available energy in the cell
and decreases the rate of energy-dependent drug metabolism.4” Conjugation
reactions require energy in the form of AT and so are affected by hypoxia.
This is termed bioenergetic hypoxia and these reactions are generally less
sensitive to hypoxia than reactions where metabolic hypoxia is important.*’

Reactions with a low affinity for oxygen are affected by hypoxia before
those with a higher affinity.#¢ Thus methylation and sulphation are more
vulnerable to hypoxia than glucuronidation, acetylation, and glutathione
conjugation. The selectivity of response to bioenergetic hypoxia depends on
the relative affinity of the system for ATP. Again, those with the greatest
affinity are relatively spared as hypoxia develops.

In bioenergetic hypoxia, available NAD*, NADPH, NADH, and NADP*
are also reduced. These are cofactors for many reactions including glu-
curonidation reactions. Maintenance of intracellular cofactor balance is
dependent on energy and thus oxygen. The ratios of oxidative and reductive
cofactors are altered in hypoxia and the metabolic processes involving these
cofactors are decreased.*’” Intracellular oxygen gradients may develop under
hypoxic conditions and lead to differing degrees of reduced activity in dif-
ferent enzyme groups.*® A situation where hypoxia has a different effect is
erythropoietin production. Erythropoietin is responsible for red cell pro-
duction and hypoxia is an important stimulus for its release. The gene for
erythropoietin production has an oxygen-sensing system at the level of tran-
scription. This stimulates production of erythropoietin in response to pro-
longed hypoxia rather than acute hypoxia. A similar system has been found
in other mammalian cells which may mediate other responses to hypoxia at
the transcription level.¥® For instance, during the stress response, acute
phase proteins are produced and there is reduced production of other pro-
teins such as some cytochrome P450 enzymes. Since hypoxia and stress are
linked, production of stress proteins may be initiated in a manner similar to
that of erythropoietin.

The metabolism of certain drugs is increased in hypoxia. Misonidazole is
a member of the imidazole group of antifungal agents and is used as a radi-
ation-sensitising agent that binds to hypoxic cells. The clearance of mis-
onidazole increases three- to fourfold in hypoxia and different metabolites
are produced. Hypoxic conditions lead to reductive metabolic pathways
being potentiated to such an extent that they greatly exceed the oxidative
metabolism of misonidazole.* A similar situation has been reported with
omeprazole. Production of the oxidative sulphone metabolite decreased in
parallel with the clearance of the parent drug as the oxygen supply was
progressively decreased. Production of the reductive sulphide metabolite,
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however, increased linearly with increasing hypoxia.5° It is also suggested
that reductive metabolites may have an increased ability to damage cellular
mechanisms.>

Whilst the metabolism of many drugs, such as midazolam, decreases with
hypoxia,>! for others there may be some adaptation to hypoxic conditions
with time. Animals rendered acutely hypoxic have reduced clearance of
hexobarbitone and pentobarbitone. However, if the animals are exposed to
normoxia after five days of hypoxia, clearance of hexobarbitone and pento-
barbitone is increased in comparison with animals maintained in normoxia
throughout.*”-52-5¢ Chronic hypoxia also decreased the glucuronidation and
sulphation of paracetamol to 60—70% of normal, whereas oxygen therapy
increased the concentration of metabolites.>” Conjugation with glutathione
was unchanged from control values and this could contribute to toxicity,
particularly if glutathione levels are reduced by hypoxia in man as they are
in the rat.’® The apparent reversibility of some reactions with hypoxia may
be because the enzyme is rendered inactive rather than destroyed.>® These
studies also suggest that hypoxia can induce at least some drug metabolis-
ing systems®*® and this may account for some of the differences in the
response to acute and chronic hypoxia.

Toxicity may result from oxygen dependence for different reasons.®!
There may be an increase in toxicity as oxygen concentration is increased.
This is usually because of production of a toxic metabolite, for example,
the production of p-benzoquinoneimine from paracetamol, or the produc-
tion of free radicals. Other metabolic products are more toxic under
hypoxic conditions. For example, halogenated hydrocarbon inhalational
anaesthetic agents are more toxic under hypoxic conditions than under
normoxia or anoxia. This is the result of a reductive metabolic step that
requires oxygen and is potentiated by hypoxia. Electron transfer to the
halogenated hydrocarbon causes release of a halide ion and generates a
free radical that initiates cell damage. In the case of midazolam, metabo-
lism is decreased with hypoxia®! and is virtually absent with anoxia.®?
Metabolism of midazolam is also decreased with a combination of hyper-
oxia and propofol.°? The presence of oxygen allows the free radical pro-
duction to be amplified so maximal tissue injury occurs with hypoxia
rather than anoxia. Hyperoxia, however, may lead to other metabolic
pathways so the first metabolic step does not occur and toxicity is
avoided.®! Toxicity may also be produced if hypoxic cells have an
enhanced susceptibility to oxidant injury as a result of suppressed homeo-
static functions.®!

Renal metabolism is affected by hypoxia in an analogous manner.
Oxygen gradients within the kidney are significant.’®> Renal tissue oxygen
levels are considerably less than renal arterial levels, possibly because of
intrarenal shunts and areas of the kidney are at significant risk of hypoxia,
even under normal circumstances.®® The kidney has a variety of enzyme
systems that are sensitive to metabolic and bioenergetic hypoxia but these
systems have not been investigated.
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Other factors

Other factors in the physiology or treatment of respiratory disease may
have an effect on the pharmacokinetics of drugs. These factors have not
been studied but some effect may be predicted.

Management of acute respiratory distress syndrome often includes venti-
lation with nitric oxide and nursing the patient in a prone position to
improve oxygenation. Both these factors will alter the ventilation/perfusion
matching within the lung and therefore could alter absorption of inhaled
agents. Improvements in oxygenation may increase clearance and any
reduction in ventilatory pressures may improve splanchnic blood flow.
Significant changes in pharmacokinetics could result. The medical treat-
ment of respiratory disease is growing rapidly and many patients receive
more than one agent for their illness. The interactions of different drugs is
outside the remit of this chapter but may cause problems.

Conclusion

Patients with chronic pulmonary disease often have little pharmacoki-
netic abnormality as a result. This may be because of adaptations, particu-
larly in drug clearance over time. However, patients with an acute
respiratory problem may have significantly altered pharmacokinetics of
drugs given to treat their illness. This is particularly the case if the patient
requires mechanical ventilation or is hypoxic. In this situation it is often dif-
ficult to separate the respiratory problem from other organ dysfunction as a
result of hypoxia. The effects of respiratory disease on drug pharmacokine-
tics are variable and different patients behave in very different ways. It is
therefore essential to monitor the effect of any drug given and, if toxicity is
a risk, to obtain plasma concentrations.
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10: Children

ROBERT C TASKER

The aim of drug therapy in children is to produce a desired and predictable
pharmacological response, while also minimising the occurrence of
unwanted side effects. It is not possible to achieve this goal by merely
extrapolating pharmacokinetic and pharmacodynamic data from adults to
children: there is more to development than a change in mass and volume.
In Chapter 2 the effect of underlying disease, stress, temperature, level of
nutrition, and organ-system dysfunction on drug absorption, distribution,
metabolism, and elimination were described with particular reference to
intensive care practice. An added dimension, however, is the significance of
ageing and what effect this factor may have on pharmacology. In this con-
text, much of what we know is derived from healthy adult volunteers, which
— as already stated — may not be appropriate when considering treatment at
the extremes of age. This chapter therefore highlights one aspect of the
problem: the young and the effect of postnatal development and infancy on
pharmacokinetics, specifically drug absorption, distribution, metabolism,
and excretion.

Age and drug absorption

Development, or age, may influence the extent or rate at which a drug is
absorbed into the systemic circulation. For oral or nasogastric drug admin-
istration such age-related factors include: changes in anatomy, for example,
the surface area available for absorption; changes in functional state, for
example, gastric and duodenal pH; changes in physiology, for example, gas-
tric emptying time, bile salt pool size; and changes due to extrauterine
adaptation, for example, bacterial colonisation of the gastrointestinal
tract.’:2 When treating the very young, the potential influence of each of
these factors needs to be considered. However, surprisingly, adult values in
gastric pH and emptying,3>-> and in pancreatic exocrine function®’ may be
achieved at quite a young age (Table 10.1).

Age and drug distribution

After a drug is absorbed into the systemic circulation it can be distributed
throughout the whole body. The magnitude of a drug’s apparent volume of

158



CHILDREN

Table 10.1 Development and factors affecting absorption of orally administered
drugs.

Factor Age when adult values
are reached

Gastric acid secretion 3 months
The neonate has relative achlorhydria which
results in increased bioavailability of basic drugs

Gastric emptying 6—8 months
Prolonged emptying in the infant, particularly
when stressed, will reduce or delay the peak
concentration of orally administered drugs

Exocrine pancreatic function 9—12 months
Relative insufficiency in infancy will decrease
the bioavailability of oral agents where intra-luminal
hydrolysis is required before absorption of the parent drug

distribution (V,) provides some information on where the drug is distrib-
uted as well as on what might be the optimal dosage regimen for achieving
a specific therapeutic concentration (see Chapter 2). Several factors such as
plasma protein concentration and tissue binding will affect the V,, where
the relationship is expressed by the equation:

Vd = I/b + I/t(fB/fT)

where V is blood volume, V, is tissue volume, f, is fraction of unbound
drug in the blood, and f. is the fraction of unbound drug in tissue.? Since
age influences the composition and size of the body’s compartments, as well
as any drug-protein binding characteristics, it can be concluded that a
drug’s V, is age dependent.

Body compartments and age

The absolute amount of body water and fat depend on age.’° Major
changes in the body’s water content and its compartments occur in the first
year of life; thereafter these values approach adult proportions (Table 10.2).
During the first year of life there is a rapid decrease in the relative volumes
of total body water and of extracellular water. Afterwards, there is a smaller
decrease in the volume of extracellular water. With regard to body fat, the
percentage of body weight that is composed of fat is approximately 15% at
birth, and then 20% at six months of age, before it begins to fall gradually
to adolescent proportions over the following years.

Protein binding and age

Drug binding to plasma proteins depends on a number of age-related
variables:!? first, the absolute quantity of protein available; second, the
number of available protein-binding sites; and third, the affinity constant of
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Table 10.2 The ontogeny of water distribution.

% total body weight

Age TBW ECF ICF
Birth 75 35-45 33
6 months 60 ~25 37
12 months 60 25-30 40
Puberty 60 ~20 40
Adult 50-60 ~20 40

ECF, extracellular fluid; ICF, intracellular fluid; TBW, total body water.
Adapted from?2.

the drug for the proteins. Changes in all of these factors will have significant
bearing on the design of optimal dosage regimens. (They also indicate the
folly of applying adult-defined serum concentration—effect relationships to
pharmacotherapy in young infants.) For example, there are important dif-
ferences in the binding of ampicillin, benzylpenicillin, phenobarbitone, and
phenytoin to plasma proteins in neonatal plasma when compared with the
binding in adult plasma.!! Greater concentrations of free drug are to be
found in the blood samples from infants.!? In this context, it should also be
noted that, at any age, a drug’s V, and clearance will be influenced by the
extent to which it is bound to albumin, o,-acid glycoprotein, or lipoprotein.
The serum albumin and total protein concentration are decreased during
infancy, and they only approach adult values by the age of 10—12 months.!!
Similarly, the level of o, -acid glycoprotein undergoes an ontogeny: adult
levels are reached by 12 months of age, from a level at birth which is about
one-third of that found in adults.

Age and drug metabolism

The overall rate of drug removal from the body is comprised of its meta-
bolic biotransformation in the liver, its elimination in stool or urine, and its
exhalation via the lungs. This section addresses the ontogenic aspects of
hepatic drug clearance, which is perhaps the most significant, developmen-
tally, of all the above routes of clearance, although, of course, age-related
changes in respiratory rate, tidal volume, and minute ventilation should not
be underestimated, particularly when administering inhalational anaesthetics.

The liver is a major organ even in the infant: the relative weight of the
liver as a proportion of total body weight at birth and in adulthood is 5%
and 2%, respectively.!®> Hepatic drug clearance depends on hepatic blood
flow, free-drug concentration, hepatic uptake and metabolism, and biliary
excretion. The hepatic clearance of a drug can be expressed as:

fyx Cl

nt

Cl =
Ox 0+ (fyxClL)

where CI, is hepatic clearance, Q is hepatic blood flow, f; is the fraction of
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free drug, and CI_ is the free intrinsic clearance, which is a measure of
hepatocellular metabolism.? From the equation it is evident that drugs
mainly cleared from the body by the liver can be flow or capacity limited,
that is, they depend on the degree of hepatic uptake and metabolism. Flow-
limited drugs have a high extraction ratio and a high CI_ in relation to
hepatic blood flow. By contrast, capacity-limited drugs have a low extrac-
tion ratio and low CI_. Also, it is apparent that hepatic clearance of
capacity-limited drugs may be influenced, in some instances, by protein
binding: for drugs that have extraction ratios which approach free-drug
concentration, hepatic clearance will be increased by a decrease in the
extent of protein binding. For drugs that have extraction ratios that are
much less than the free-drug concentration, this phenomenon will not
occur: hepatic clearance will remain a function of C/_. From this descrip-
tion, one can infer how age or maturity might influence developmental
differences in drug metabolism. For example, the ontogeny of hepatic blood
flow, protein-binding characteristics, and hepatocellular drug-metabolising
enzyme activities. In regard to the latter, there are significant changes which
are discussed below.

Drug biotransformation: genotype and development

As already described in Chapter 2, the hepatic biotransformation reac-
tions are classified into two main types: phase I and phase II. The phase I
reactions, which include oxidation, reduction, or hydrolysis, introduce or
reveal a functional group within the drug. The phase II reaction results in a
further increase in the polarity of this metabolic intermediate by conjuga-
tion with endogenous sulphate, acetate, glucuronic acid, glutathione, or
glycine (a physicochemical step essential for renal excretion). With regard to
the relationship between development and drug biotransformation, it
should be noted that many of the enzymes responsible for drug biotransfor-
mation are polymorphically expressed.!%!> This phenomenon would mean
that, genetically, adults may be anywhere on a spectrum which ranges from
fast to slow metabolisers. At birth, infants may be phenotypically slow
metabolisers for certain drug-metabolising pathways, only acquiring a phe-
notype consistent with their genotype, at a later time, on maturity.

Inhuman drug metabolism, the mostimportant of the phase  haem-thiolate
P450s (cytochromes P450s) are found in the CYP 1, CYP 2,and CYP 3 gene
families. With regard to the phase II enzymes, several are polymorphically
expressed, including glutathione S-transferase W,'° arylamine N-acetyl-
transferases (NAT 1 and NAT 2),!7 catechol O-methyltransferase,!® and
thiopurine S-methyltransferase (TPMT);!° and of these, in children, NAT 2
and TPMT are particularly important. When considering the ontogeny of
drug-metabolising activity, there are, however, more complex issues, besides
individual enzyme activity, which may be at play. For example, specific enzyme
activity can follow a specific developmental pattern (Table 10.3), but overall
drug biotransformation capacity may, in fact, represent a composite or com-
bination of these individual drug-metabolising enzyme activities.!4
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Table 10.3 The ontogeny of drug-metabolising enzymes.

Enzyme Substrate examples Ontogeny of activity
Phase 1
CYP 1A2 Caffeine, theophylline 4 months: adult value

1-2 years: >adult value
Puberty: adult competence

CYP 2C19 Diazepam, phenytoin, 1 week: low value
propranolol 6 months: adult value
3—4 years: 1-5—1-8 times adult
Puberty: adult competence

CYP 2C9 Phenytoin, diclofenac 1 week: low value
6 months: adult value
3—4 years: 1-5—1-8 times adult
Puberty: adult competence

CYP 2D6 Flecanide, propranolol 1 week: present
ondansetron, cisapride, 1 month: 20% adult value
dextromethorphan 3-5 years: adult competence

CYP 3A4 Midazolam, cyclosporin, 1 month: low activity
tacrolimus, nifedipine, 6—12 months: adult value
carbamazepine, cisapride 1-4 years: >adult value

Puberty: adult competence
Phase II

NAT 2 Clonazepam, spironolactone, 2 months: slow phenotype

sulphamethoxazole 4—6 months: adult phenotype
1-3 years: adult competence

TMPT Captopril, Birth: >adult value

azathioprine 7-9 years: adult competence

Adapted from!*.

By way of illustration of this phenomenon, the developmental aspects of
various phase I and phase II enzymes are now discussed. Much of this
information has been derived from studies using drugs as “probes” to reveal
age-dependent differences. For example, first, for cytochrome P450 1A2,
using caffeine 3-demethylation as the probe, activity is very low in neonates
and matures to adult values by about 4 months of postnatal age.2° Second,
for cytochrome P450 2D6 activity, using dextromethorphan O-demethyla-
tion to dextrorphan as the probe, 2—9% of children are poor metabolis-
ers,2122 which is similar to adults,?> and by the age of 10 years, adult
catalytic activity is present.?2 Third, for cytochrome P450 2C19, using the
4’-hydroxylation of the S-enantiomer of mephenytoin as the probe,?* 3-5%
of whites and 20% of Asians have mephenytoin hydroxylase deficiency;??
and, using phenytoin disposition, activity comparable to adults is reached
by six months of age. Higher than adult activity is present between 3 and 4
years of age, but this activity then declines to adult values by the end of
puberty.?> Fourth, for cytochrome P450 2C9, using phenytoin biotransfor-
mation to the parahydroxide metabolite, adult activity is gained by six
months of age, with levels above this value by 3—-10 years of age, which
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then, like cytochrome P450 2C19 activity, declines back to the adult value
by the completion of puberty.?> Last, for cytochrome P450 3A4, using the
biotransformation of carbamazepine to its 10,11-epoxide metabolite as the
probe, children have higher activity which subsequently declines gradually
to adult values.?%%7

The phase II enzymes also have varying ontogenies with different devel-
opmental profiles. For example, dependent on race, 5-90% of the adult
population are phenotypically slow metabolisers with regard to NAT 2
activity.?>28 Ontogenetically, using oral caffeine administration and quan-
tification of the 1-methylxanthine ratio in urine as the probe, all infants
between 1 and 2 months of age are phenotypically slow acetylators, by 4—8
months of age 50% are fast acetylators, and by 8 months to 1 year of age
62% are fast acetylators.?® Adult-like population proportions in NAT 2
activity are fully expressed by 3 years of age.?! TPMT activity is high in
almost 90% of the population and intermediate in just over 10%.3°
Developmentally, peripheral blood TPMT activity in infants is higher than
that found in adults, with adult activity being reached between 7 and 9 years
of age.31:32

Age and drug excretion

Renal function is vital for the excretion of many drugs and their water-
soluble metabolites. The factors which are important in this process are
glomerular filtration rate (GFR), renal blood flow, and the extent of drug
protein binding. Each of these is influenced by growth and development.
For example, although there may be some variation attributable to matura-
tion at birth,?* GFR is 2—4 ml/min in full-term infants, 8—20 ml/min in 3-
day-old infants, and approaches adult values by 3—5 months of age.3334
With regard to renal blood flow, there are increases occurring with age
which may be due to maturation, or changes in cardiac output, or a reduc-
tion in peripheral vascular resistance.?>3 At birth, the kidneys receive only
5% of the cardiac output compared with 15-20% seen in adults. This trans-
lates into a renal blood flow of about 12 ml/min in infancy, with adult val-
ues being attained by 1 year of age.!3¢ Last, protein binding effects the
amount of drug filtered: the amount filtered is inversely related to the
degree of protein binding. Developmental aspects of drug—protein interac-
tion have been discussed above.

Conclusion

The above review hopefully exemplifies the importance of considering
drug administration in the developing human as distinct from the charac-
teristics of administration in adults. When planning treatment, children
cannot be thought of as small adults. In fact, there are major developmen-
tal changes which means that when dealing with children one should ask
what is the impact of age and development on:
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absorption of oral or nasogastric administered drug

body compartment size and proportions

drug—protein binding

the amount and activity of constitutively expressed metabolising
enzymes

renal function.

Taken together, it is clear that if a new drug is to be used in critically ill
children, then paediatric-specific pharmacokinetic and pharmacodynamic
data should be a prerequisite of such practice.
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11: Safe drug prescribing

in the critically ill
ROBIN JWHITE, GILBERT PARK

A doctor’s responsibilities when prescribing for a critically ill patient are no
different from those when prescribing for ordinary patients. In its introduc-
tion, the British National Formulary advises doctors that: “Medicines
should only be prescribed when they are necessary, and in all cases the ben-
efits of administering the medicine should be considered in relation to the
risk involved.”! The aim of this chapter is to summarise many of the points
raised elsewhere in the book, and to offer some advice on how the risks of
drug prescription can be minimised in this group of patients.

Under normal circumstances, a doctor would be expected to be in pos-
session of a full medical history, the results of clinical examination and
appropriate laboratory investigations. In the critically ill, full information
may not be available. Drug allergy is another area in which vital information
may not be available in emergency situations. All treatment except that
which is immediately necessary should be delayed until further information
can be obtained from relatives, general practitioners, or previous medical
notes. Questions to be considered before prescribing a drug would include:

® Is it really necessary?

® What are the indications, contraindications, and side effects of the pro-
posed treatment?

® Are there any safer, cheaper, or alternative treatments available for this
condition?

® If treatment is not urgent, can further information be obtained before
prescribing which would make the prescription safer?

Critically ill patients differ from other patients in terms of both their
pharmacodynamic responses to drugs and their pharmacokinetic handling
of drugs. An understanding of these differences will enable doctors to pre-
scribe more appropriately, and more safely, for this group of patients.

Is drug treatment really necessary?

For many doctors, the initial response to illness is to prescribe. After all,
it is what the patients, their relatives, and their attendants often expect. But
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there are many situations in which non-drug treatments should be consid-
ered in the first instance, for example, resuscitation of a patient who has col-
lapsed with a supraventricular tachycardia. The following drug treatments
might be considered:

® verapamil — is this patient is taking B-blockers? If so, the result could be
an irretrievable asystolic arrest.3

® adenosine — is this patient asthmatic? Adenosine may precipitate severe

acute asthma.?3

The following non-drug treatments might also be considered:

carotid massage*

ocular massage® — although this may cause retinal damage

forced expiration against a closed glottis (Valsalva manoeuvre)?>

synchronised DC cardioversion®

stopping drug treatments that might be causing the arrhythmia, such as

dopamine.

In circumstances where the patient’s medical and drug history is
unknown, the use of non-pharmacological interventions can avoid the risks
of pharmacological treatment. If these manoeuvres fail, and the patient
remains hypotensive, the relative risk of drug treatment decreases as the risk
of not treating increases.

What are the indications?

In most countries, each drug has a list of licensed indications. If drugs are
administered outside these indications, any complications which arise from
the use of that drug will not be the liability of the manufacturer, but usually
of the doctor.

Before prescribing any drug, a doctor has to be satisfied that the drug
is both necessary and appropriate. For any doctor to know the detailed
pharmacokinetics and pharmacodynamics of every drug likely to be pre-
scribed is unrealistic. To simplify and standardise treatment, many ICUs
have produced treatment algorithms and guidelines for the commonly
encountered conditions. Algorithms are defined as sets of rules used for
problem solving. They usually start with a diagnosis being made. The
doctor is then guided through stepwise decisions to arrive finally at the
recommended therapeutic treatment for the set of circumstances cur-
rently faced.

Treatment guidelines are usually didactic, based on “If the diagnosis is X,
the treatment is Y and Z.” One produced for use internationally is shown in
Figure 11.1, whilst a more local one takes the form of a list of instructions
as shown in Box 11.1.
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Basic life support

Precordial thump
(if appropriate)

t +/- check pulse I
VF /VT Non-VF / VT
During CPR
correct reversible causes
Defibrillate x3 | Check  Electrode/paddie
ositions and contact .
as necessary P 3 minutes
‘ Attempt/verify CPR (1 minute
Airway and Oxygen if immediately
CPR IV access after defibrillation)
1 minute
Give Epinephrine (adrenaline)
l every 3 minutes

Consider Buffers,
antiarrhythmics,

Lo C5= 1y 0

Figure 11.1 Adult advanced life support algorithms. Guidelines for the manage-
ment of life-threatening arrhythmias.!
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Box 11.1 Guidelines for terminal weaning on an intensive care unit

Aim: To ensure that terminally ill patients receiving mechanical ventila-
tion die with dignity and without suffering.

Guidelines:

1.

10.
11.

The patient’s condition is reviewed by the referring clinician and the
available ICU consultants. They must all agree that further treat-
ment is hopeless. The nursing staff are involved in these discussions.
An Intensive Care consultant and a nurse will discuss the patient’s
prognosis with the relatives. Normally the fact that the patient is hope-
lessly ill is introduced to them over one or more days. This gives rela-
tives time to come to terms with the situation. The consultant and the
nurse will also explain the way in which treatment will be withdrawn.
The Intensive Care consultant records the decision to withdraw
treatment in the patient’s notes. He also documents:
® his discussion with the family
® specific instructions for terminal care.
The nurse will separately record all discussions and decisions in the
nursing notes.
The patient is sedated to ensure that he/she is comfortable.
Analgesia is given if necessary to ensure that the patient is pain free.
Infusions of vasoactive drugs are stopped. All other prescriptions,
e.g. antibiotics, are cancelled.
Respiratory support is withdrawn:
® Providing muscle relaxants have not been given to the patient,
the ventilator mode is changed to SIMV and the SIMV rate is
halved every 30 minutes.
® If the patient is able to breathe spontaneously, the trachea is
extubated.
Appropriate monitoring of the patient will continue. This may
include measurement of arterial blood gases or plasma concentra-
tions of potassium. This may allow more accurate predictions to be
made about when the patient may die.
The patient’s family is given as much privacy as possible. It may be
appropriate to transfer the dying patient to a side room, or possibly
a general ward if he/she is likely to survive for more than 24 hours.
It is usually preferable to allow the patient to die in the ICU where
the family can be offered support by familiar members of staff. The
support of religious and/or cultural organisations may be sought.
All nursing and medical actions are carefully recorded.
Staff may find terminal care of patients with whom they have been
closely associated stressful and distressing. It is important to seek
support and guidance of colleagues and other professionals such as
the hospital chaplain.
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Local guidelines directing prescribing usually result from senior staff
looking at all the available evidence, and producing a consensus view.
Clearly, such views will vary from unit to unit. They provide a means by
which senior staff can guide the care delivered by their junior and nursing
staff without having to be personally present on the unit 24 hours a day.

In a similar way, guidelines and algorithms may be produced nationally.
Some algorithms, such as the life support algorithms published by the
Resuscitation Council (UK), which are based on the ILCOR Advisory
Statement, are adopted in most hospitals. Nationwide adoption of such
algorithms allows direct comparison of the results of different units. It also
generates data on a large number of patients, which is turn allows better
assessment of the algorithm, and facilitates subsequent changes to it if evi-
dence becomes available which changes the consensus view. Some people
would argue, however, that the use of algorithms and protocols take much
of the intellectual challenge out of medicine, and make it harder for new
innovations to come about. Fear that deviation from the accepted protocols
will leave an individual doctor open to criticism from others should their
therapies prove to be less effective than those prescribed in algorithms and
protocols already in use may deter the development of novel therapeutic
strategies and the development of new drugs.

Guidelines and protocols

Guidelines are produced to guide prescribing or treatment and, as such,
are only guidelines. They are there to guide those with less experience.
Practitioners with sufficient knowledge and experience can make their own
alternative decisions provided they can justify their decisions. Protocols,
however, tend to be stricter and allow less freedom. They are pre-prescribed
interventions for a particular condition or set of circumstances. In such cir-
cumstances, failure to follow recognised protocols leaves a doctor or nurse
open to criticism. Protocols have the advantage that everyone knows what is
expected of them. They are usually the result of detailed study, are the rec-
ommendations of leading experts, and are generally accepted as current
best advice on the situations that they cover. However, it has been argued
that the issuing of such didactic statements deters individuals from trying
novel therapies and interventions because of the fear of criticism should
their attempt be unsuccessful.

What are the contraindications and side effects?

These two headings will be dealt with together because they are both
based around pharmacokinetic and pharmacodynamic considerations. An
understanding of these two basic building blocks of pharmacology will
allow careful consideration of each prescription, and thereby minimise the
potential for harm because of inappropriate drug use in critically ill patient
groups.
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Absorption

The first important point to remember is that formulation is important.
This refers to the physical form in which the drug is presented. Many drugs
are available in short-acting and slow-release formulations. These are
potentially dangerous in the critically ill because they are so unpredictable.
They may be labelled Continus, CR, LA, MR, SA, SR, or XL.. Drugs avail-
able in the United Kingdom in this format include:

® antihypertensive agents such as Inderal-LA® and Betaloc SA®

® antianginal drugs such as Tildiem-LLA®, Cardene SR®, Syscor MR®

® bronchodilator therapies including Bricanyl SA®, Nuelin SA® and
Phyllocontin Continus®.

It is important to note that if a drug intended to be given as a once-a day
slow-release preparation is given in the same dose of a standard, shorter-
acting preparation, the likely result is overdosage. This is because absorp-
tion of the slow-release preparation is spread over many hours. Although
the same total dose is administered, the peak plasma concentration will be
many times higher if the entire dose is available for absorption at a single
point in time.

There are also advantages of slow-release preparations that must not be
overlooked, for example, the use of transdermal glyceryl trinitrate (GTN)
patches provides effective therapy and can reduce the risks inherent in the
intravenous route of administration.

Drug interactions also need to be considered when looking at absorption.
There are instances where the presence of one substance in the stomach or
gastrointestinal tract will affect the absorption of a second, often unrelated
drug. For example, the absorption of oral flucloxacillin is reduced by the
presence of food in the gastrointestinal tract. Flucloxacillin should therefore
be given at least 30 minutes before ingestion of food.!7 Alcohol taken with
benzodiazepines will enhance the absorption of benzodiazepines from the
gastrointestinal tract and reduce their rate of metabolism, an important fact
to know when there is concomitant ingestion of these two substances in
attempted suicide and parasuicide.?

Another important factor to consider relating to drug absorption is
pathophysiological conditions of the gastrointestinal tract. Many drugs
taken enterally are absorbed from the upper gastrointestinal tract, and
undergo significant first-pass metabolism in the liver, which significantly
reduces the amount of the drug reaching the systemic circulation. Any dis-
ease process which reduces hepatic blood flow, or the liver’s metabolic
capacity, will affect the bioavailability of these drugs, which include propra-
nolol,® opioids, local anaesthetics, and benzodiazepines.® Another impor-
tant consideration is the administration of drugs that alter the pH of the
gastrointestinal tract, particularly the stomach. A low pH will facilitate
absorption of neutral and acidic drugs, while inhibiting the uptake of basic
drugs.® Because of this, changes in gastric pH due to pathology or pharma-
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cological manipulation can have important effects on drug absorption,
bioavailability, and the clinical effect. For these reasons, most drugs are
given intravenously to the critically ill.

Distribution

There are two important factors to consider about drug distribution in
the critically ill. First, some drugs have a distribution which is pH depen-
dent, and second, with some drugs, changes in protein binding are signifi-
cant.

Drug penetration of the blood-brain barrier is pH dependent. Ionised
molecules are lipophobic, and as such cannot penetrate the phospholipid
bilayer. Drugs that are weak acids, such as salicylate® and phenobarbi-
tone, are more than 50% ionised at normal blood pH, and hence their
penetration of the central nervous system is limited. However, in acidosis,
the non-ionised proportion of these drugs increases. This increases pene-
tration of the blood-brain barrier, and central nervous system toxicity
becomes a risk.

The free-drug concentration of substances that are more than 90%
bound to plasma proteins, or drugs with very small volumes of distribution,
are susceptible to changes in critically ill patients. Such drugs include peni-
cillins, cephalosporins, sulphonamides, non-steroidal anti-inflammatory
drugs, propranolol, and anticoagulants.!® Usually, the increase in free drug
results in greater clearance. This restores the free-drug concentration to
normal. However, if the ability to eliminate is reduced, either by renal or
hepatic impairment, then the increased concentration will persist. Factors
that might change protein binding include:

® changes in albumin and al-acid glycoprotein concentration, secondary
to catabolism and the acute phase response, reducing the binding capac-
ity of the circulation, and hence increasing the concentration of free drug
in the plasma (for example, phenytoin,!! sodium valproate, and warfarin)

® uraemia, when molecules of urea compete for drug binding sites, result-
ing in increased plasma concentrations of free drugs (for example, war-
farin!? and sodium valproate)!3

® changes in free-drug concentration resulting in changes in serum levels
of drugs frequently measured in the laboratory. For example, consider a
patient who has therapeutic plasma concentrations of phenytoin when
taking 100 mg 8-hourly. If that patient then becomes critically ill, the
plasma albumin levels decrease. Less drug is then protein bound, and a
greater free fraction leads to enhanced metabolism and excretion. The
measured plasma concentration of phenytoin will decrease. However, the
free-drug concentration (the clinically active part), changes very little. In
this situation, total serum concentrations of phenytoin will be reduced,
but its clinical effectiveness will remain unaltered. In such circum-
stances, drug monitoring must be carefully interpreted in the light of the
clinical circumstances.
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Elimination

Metabolism

The majority of drugs used to treat the critically ill undergo either hepatic
metabolism, renal excretion, or both. Any changes in the functional capac-
ity of the liver or kidneys will have consequences on drug metabolism (see
Figure 11.2) and excretion. One of the roles of the liver is to convert
lipophilic molecules into a more hydrophilic form to facilitate urinary
excretion.

Another sometimes forgotten role of the liver is the conversion of inactive
precursor drugs into their active form (for example, chloral hydrate and
enalapril), or the conversion of drugs with some pharmacological activity
into metabolites with even greater activity. Clobazam, whose half-life is 18
hours, has metabolites with half-lives of up to 50 hours.!* For other drugs,
accumulation of toxic metabolites, which are not excreted, can present its
own problems, such as the fits caused by accumulation of the main metabo-
lite of pethidine, norpethidine.

Aminophylline has important interactions because of its narrow
therapeutic index. Patients taking oral theophylline must not be given the
usual intravenous loading dose of 5 mg/kg over the first 20 minutes.
Administration of such a loading dose would risk making the patient toxic,
resulting in convulsions and arrhythmias.? In those with congestive cardiac
failure, the half-life of aminophylline is increased, whilst in smokers the
half-life is reduced.? Because smokers and those with a history of heart fail-
ure are commonly those in whom aminophylline therapy is considered,
detailed medical histories and a working knowledge of the pharmacokinet-
ics of the drug are essential to ensure safe prescribing.

Drugs themselves are sometimes responsible for alterations in the meta-
bolic processes, which bring about their own inactivation. These include

Drugs Inducers Inhibitors
l \ / / Oxygen
Liver

blood —» | Drug-metabolising

/ flow / enzymes

Disease/injury

-«-—— Food

Chronic
disease

Inflammatory
mediators

Figure 11.2 Some of the influences on drug-metabolising enzymes.
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enzyme induction, particularly of the cytochromes P450. Epileptics on
long-term barbiturate therapy or phenytoin, and alcoholics have high levels
of some cytochromes, and may rapidly metabolise drugs such as digoxin,
cortisol, phenobarbitone, phenytoin, and oral anticoagulants. The result is
reduced plasma concentrations, with the need for higher doses to achieve
the desired therapeutic effect.1?

The cytochrome P450 system can also be inhibited by drugs, including
cimetidine, chlorpromazine, prednisolone, the oral contraceptive pill, and
oral anticoagulants.!* The reduced metabolism of drugs including pethi-
dine, warfarin, and theophylline, will require their doses to be reduced.

Excretion

The renal tubules filter molecules with a molecular weight of less than
40 000 Da, and so excrete many drugs. If more than 40% of a drug is
excreted unchanged in the urine, then changes in renal perfusion and func-
tion will result in changes in elimination of the drug, such that doses may
need to be adjusted (see Chapter 4).

Active processes are also important in the way the kidneys handle drugs.
Digoxin is actively secreted in the distal nephron.!> This process is also used
for excretion of verapamil, spironolactone, and quinidine, which means that
coadministration of any of these drugs will reduce excretion of digoxin, and
predispose to digoxin toxicity.

Passive processes can also be affected in the critically ill. There is a pas-
sive reabsorption of non-ionised drugs from the urine in the collecting
ducts. Changes in urinary pH will thus affect drug reabsorption and serum
concentrations of many drugs. For weak acids, an acidic urine promotes
reabsorption from the collecting duct, and for weak bases, the same hap-
pens with an alkaline urine. Drug abusers have exploited this phenomenon
for many years. Amphetamine, a weak base, is mixed with baking soda. This
alkalinises the urine, resulting in greater reabsorption of the drug from the
urine, and a prolonged high from the one dose, thereby maximising the
effects and minimising the cost.!?

The same principle can be used to enhance excretion in drug overdoses.
The best example of this is the alkalinisation of urine to trap acid molecules
such as salicylate and phenobarbitone.

Unexpected drug effects

As many as 20% of patients in hospital suffer an adverse reaction to a
drug, and about 5% of hospital admissions are precipitated by drug reac-
tions. One in every 1000 medical inpatient deaths can be directly attribut-
able to a drug reaction.?

Many unexpected drug reactions in medicine are merely classified as an
“allergy” to the drug. But allergy is a specific term, with a very precise def-
inition: an allergy is “a specifically induced increased reactivity”.> Allergies
have been classified into four distinct categories. Type I reactions are ana-
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phylaxis, type II are cytotoxic, type III are immune complex mediated, and
type IV are delayed-hypersensitivity reactions. In critically ill patients, when
immune function is often deranged, anaphylaxis is very rare, and proven
allergic reactions are rare. Many patients, when critically ill, will get a rash
with drugs that they have taken previously without ill effect, and take again
once recovered from their illness without any untoward effects. Thus, in
critical illness, there appears to be a loss of discrimination between allergic
and non-allergic phenomena.

For many drugs, there is a list of well-known, common side effects that is
familiar to most doctors. However, many commonly used drugs have effects
that, although much less widely known about, can be of great significance
in the care of the critically ill patient. Examples might include the lung dam-
age that can be a result of newer selective serotonin re-uptake inhibitor
(SSRI) antidepressant therapy, or coma and fitting as a result of inappro-
priate antidiuretic hormone (ADH) secretion, which can follow administra-
tion of the same class of drugs. Although rare when considered in terms of
the total numbers of patients taking these drugs, these causes must be con-
sidered when patients present with unusual histories, symptoms, signs, or
investigations.

Even drugs commonly used in the ICU, such as opioids, have unexpected
effects. Common, widely known side effects, known to the majority of doc-
tors, would include nausea and vomiting, constipation, respiratory depres-
sion, and urinary retention. Less well known effects of opiods include:

® Muscle rigidity, which can, on occasions, interfere with mechanical ven-
tilation.

® Bradycardia and hypotension, despite their use in cardiac surgery being
based on their cardiovascular stability.

® Morphine which may exacerbate asthma, causing bronchoconstriction
and tachycardia as a result of histamine release.

® Fentanyl causing irritation and pruritus, particularly around the nasal
region. It is also taken up by the lungs, and as much as 75% of an initial
dose undergoes first-pass pulmonary uptake. Saturation of the lungs’
storage capacity will result in a change of the pharmacokinetic profile of
the drug, and analgesia and respiratory depression may be prolonged.!®

® Metabolites accumulating in patients receiving infusions. These can
cause respiratory depression for up to 7 days after the infusion has been
stopped.!” Other metabolites may also accumulate, but be biologically
inactive.!8

® Pancreatitis.

® Opioids have been shown to have significant effects on the immune
system. Chronic morphine administration is often used to induce
immunosuppression in laboratory animals. Opioids decrease the
proliferation of stimulated lymphocytes, and reduce the production of
interferon-o and B.!° Immune changes vary according to the duration of
exposure to opioids. Chronic exposure causes desensitisation of the
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hypothalamic—pituitary—adrenal axis to the cytokine interleukin-12° via
central opioid receptors, which can be blocked by naloxone. It has also
been shown that interleukin-1, released as part of the stress response,
induces opioid receptor expression on endothelial cells, confirming the
important interactions of both these systems with the immune system.
Acute exposure results in immune suppression mediated by peripheral
mechanisms involving the sympathetic nervous system.2! At a cellular
level, morphine has been shown to reduce the amount of growth hor-
mone receptor mRNA in human cultured lymphocytes, and to reduce
the binding of 125I-labelled growth hormone to these cells.??

® L opioid receptor stimulation inhibiting tissue protein synthesis. This is
attributed to changes in pH and oxygenation secondary to respiratory
depression.??

® QOpioids, which have been shown to affect the secretion of growth hor-
mone from the anterior pituitary,?* via an action at the hypothalamic level,
from where pulsatile growth hormone secretion is regulated.?> The exact
nature of this effect is dependent on the activating opioid compound.?®

® Tolerance to morphine in part appears due to one of its metabolites,
morphine-3-glucuronide, which has been shown to antagonise the venti-
latory depressant and analgesic effects of both morphine and morphine-
6-glucuronide. It is also believed that morphine-3-glucuronide is
responsible for the hyperalgesia, allodynia, and myoclonus seen following
high-dose morphine administration.?’

® Morphine pharmacokinetics which are altered in the critically ill. A
reduced volume of distribution for both morphine and lignocaine has
been demonstrated. Lignocaine clearance was found to be normal in
these patients, while morphine clearance was reduced, suggesting that
alterations in hepatic blood flow were not responsible for the reduction
in morphine clearance as had previously been believed.28

The examples given above are of predictable drug actions. But what of
the unpredictable drug actions? These are actions that are unrelated to the
known pharmacology of the drug, not related to drug tissue concentrations,
and that carry a higher mortality risk than predictable reactions. Examples
might include electrolyte and fluid balance abnormalities after carba-
mazepine therapy, pulmonary fibrosis secondary to practolol, aplastic
anaemia with chlorpromazine treatment, and hepatitis induced by non-
steroidal anti-inflammatory drugs.

Practicalities of patient care in the critically ill

Simple measures, such as the adequate labelling of intravenous infusion
pumps, syringes, and lines, can reduce the risks of inadvertent errors of
drug administration, particularly in emergency situations. Critically ill
patients often have a multitude of infusion pumps and lines, and it is all too
easy to adjust the rate of the wrong infusion pump, or mix incompatible
infusions through the same line. Many units employ standard dilutions of
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drugs used frequently, including inotropes, which again reduces the risks of
errors of drug calculation and dosage.

Most ICUs cover arterial lines with a labelled dressing, and use colour-
coded pressure-transducing lines with a single, coloured, three-way tap for
sampling, to reduce the risk of inadvertent intra-arterial injection of drugs.
Inclusion of more than one three-way tap in an arterial circuit not only
results in damping of the trace, but it also increases the risks of intra-arter-
ial drug administration with all its attendant complications.

No matter how detailed the knowledge about drugs, unless doctors can
communicate their intended prescription to colleagues clearly, drug errors
will be made, and patients will suffer the consequences. The earliest
recorded written prescription is contained in the Ebers Papyrus,?® an
Egyptian medical compendium dating back to about 1550 Bc. Ever since
then, prescribing has been fraught with many dangers and pitfalls. To
reduce the risks of mistakes with drug administrations:

® Prescriptions should be written legibly, in block capital letters, using
approved drug names.

® All prescriptions should include the date the treatment is prescribed.

® All prescriptions should be reviewed each day — patient circumstances
change, and what were appropriate treatments and doses yesterday may
be inappropriate today.

® Drug doses should be carefully considered for the circumstances of each
individual patient.

® All treatment charts should include, in a prominent place, a statement of
any known drug allergies to be completed and signed by the doctor ini-
tiating drug treatment. If there are no known drug allergies, this state-
ment should be included and signed.

® For treatments of a specified duration, a stop date should always be
entered in the drug chart. This is especially important for antibiotics,
where the prescription should also include the indication for the antibi-
otic, for example, chest infection, urinary tract infection.

® Where intravenous drugs are to be administered as a bolus, they should
be given through peripheral venous access, to minimise the potential risk
of introducing infection via the central venous access by repeated con-
nection and disconnection of syringes and infusion-giving sets.

® For all drug infusions, it must be confirmed that the drug and its
intended carrier solution are compatible.

® All possible routes of drug administration should be considered. It is
important to remember that gastrointestinal absorption in the critically
ill can be very variable, and that subcutaneous and intramuscular routes
have variable absorption in hypoperfusional states. The rectal route is
often overlooked, but usually offers rapid and predictable absorption.
Other routes of drug administration, including transdermal, transbuccal,
inhalational, epidural, and spinal, should not be overlooked, particularly
in the case of analgesic prescriptions.
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® No prescription should be altered in any way. If changes need to be
made, the original prescription should be crossed off, with a signature,
and the new prescription written out again in full.

® Where available, information about possible drug interactions should be
sought before initiating any new therapy. Sources could include a phar-
macist, a computer programme, a National Formulary, or the Internet.

® Finally, if you are still in any doubt, don’t prescribe without asking.
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