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Preface

“An intellectual is a man
who takes more words than necessary
to tell more than he knows.”
Dwight D. Eisenhower (1890-1969)

In 1932 J & A Churchill Ltd published the first edition of Recent Advances
in Anaesthesia and Analgesia (Including Oxygen Therapy). Nearly 70 years
later we commented in the Preface to the Millennium (21st) edition of Recent
Advances in Anaesthesia and Analgesia that the pace of advances in anaes-
thesia showed no sign of abating. Although 2 years further on this statement
remains true, change has now affected the title as well. Harcourt Publishers
Ltd has transferred the title from Churchill Livingstone to Greenwich
Medical Media Ltd. Coincident with the transfer it was decided to include
more Intensive Care Medicine topics and consequently the title has been
changed to Recent Advances in Anaesthesia and Intensive Care. In association
with this change, we are pleased that Dr Michael Grounds has joined the
editorial team.

The range of topics covered in this issue represent all aspects of anaesthesia
from basic science to clinical practice, from training the anaesthetists of
the future to relevant medical conditions, from optimization of patients to
resuscitation of patients. As always, the editors are grateful to the many
distinguished colleagues who have contributed to Recent Advances in Anaes-
thesia and Intensive Care — 22. The first three chapters present developments
in pharmacology. It is now appreciated that there are two related, but unique
isoforms, of the cyclo-oxygenase (COX) enzyme, which play important
but different physiological and pathophysiological roles. An understanding
of the differences between COX-1 and COX-2 is necessary for the logical
development of new anti-inflammatory drugs. In their chapter on The COX
Enzyme System, Dr Bishop-Bailey and Prof. Warner clearly elucidate these
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differences and their significance. Over recent years, drug stereochemistry
has become a topic of considerable interest, with much discussion on the
relative merits of using single isomer versus racemic mixtures of chiral drugs.
Advances in chiral technology permit the commercial synthesis of single-
isomer compounds. Dr Hutt considers the relevance of drug chirality to
anaesthesia. With all of this interest in drug stereochemistry it is probably no
surprise that chirality has been important in the development of new local
anaesthetic agents. In his chapter on New Local Anaesthetics, Dr McLeod
describes in detail recent advances in molecular biology with respect to nerve
conduction as well as concepts of the method of action of local anaesthetics;
he discusses both levobupivacaine and ropivacaine in detail.

The prevalence of asthma in society has increased dramatically over the
past 30 years and at the same time the death rate has also been increasing
alarmingly. Drs Cormican and Rees suggest that the reasons for the increase
in the prevalence of atopy are still poorly understood, although a number of
explanations have been proposed. They describe current understanding with
regard to the epidemiology, genetics and immunopathology of asthma as
well as discussing the implication of asthma for anaesthetists. In his chapter
on reducing mortality and complications in high-risk surgical patients,
Dr Grounds emphasizes that over the last quarter of a century the incidence
of death following surgery, that is directly attributable to anaesthesia, has
fallen. He suggests that deaths and complications after operation can never-
theless be reduced further in high-risk patients by the implementation of
early aggressive goal-directed therapy aimed at temporarily improving the
cardiovascular performance of these patients.

In the next chapter on an intensive care medicine topic, Prof. Gattinoni with
Drs Chiumello and Pelosi argue the merits of prone position lung ventilation
in patients with acute lung injury or the adult respiratory distress syndrome.
They review the pathophysiology related to the prone position, the mechanisms
for improving gas exchange and the existing clinical data on the use of prone
position ventilation in patients with this spectrum of lung damage. Antibiotic
resistance is a source of increasing concern, particularly among patients in the
intensive care unit. In their chapter on Antibiotics and Nosocomial Infection in
the Intensive Care Unit, Prof. Chastre and Dr Trouillet point out that the excess
hospital costs due to antimicrobial resistance may reach tens of billions of
dollars a year in the United States of America. They discuss the root cause of
the problem and the core issues and suggest that apparently adequate control
strategies are unlikely to succeed without clear strategic objectives.

Neuropathic Pain, as Drs Petrenko, Yamakura, Baba and Prof. Shimoji
point out, is a formidable syndrome that complicates a variety of disease
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states. They describe the current understanding of the pathophysiology of
neuropathic pain, in particular ectopic hyperexcitability and abnormal sodium
channels, as well as central sensitization and NMDA receptor activation.
Dr Petrenko and colleagues then consider in detail the clinical presentations
and treatment of neuropathic pain states.

In Managing Medical Mishaps: Learning lessons from industry, Drs Parker
and Lawton outline the factors that influence the likelihood of medical failure
and how other safety-critical high-risk industries have tackled the problem of
error. They stress the importance of moving from a person-centred approach
towards a systems approach encompassing the basic premise that human
beings are fallible and that errors will always be made. Nevertheless as
Ms Hallinan and Dr Davies point out, anaesthesia today is remarkably safe,
probably as a result of the high standards of training and of equipment. In
their chapter on Legal Issues in Anaesthesia and Intensive Care, the principles
behind legal actions for clinical negligence are reviewed together with a
discussion of the issues of consent and criminal liability. Anaesthetists are
involved in education and training both at an undergraduate and at a post-
graduate level. As educational concepts continue to evolve, Drs Stanley and
Cashman have reviewed the objectives and strategy for training anaesthetists
for the future, and the objective of ensuring life-long learning within the
profession. Finally, we make no apology for returning to the fast evolving
subject of resuscitation. Not many years ago, the Royal College of Physicians
of London stated that all persons involved in direct patient contact should be
familiar with the latest resuscitation techniques. Drs Binns and Rowland have
compiled a comprehensive review of the latest in resuscitation technology,
including the most recent evidence on the beneficial effect of hypothermia in
improving outcome after cardiac arrest.

Recent Advances in Anaesthesia and Intensive Care is committed to keeping
anaesthetists abreast of the very latest developments in our specialty. The
editors trust that the reader will find the chapters in this issue as stimulating
and interesting as they themselves have done.

London APA
September 2002 J.N.C
R.M.G
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CHAPTER

D. Bishop-Bailey T.D. Warner 1

The COX enzyme system

The cyclo-oxygenase (COX) enzymes are the target for inhibition by non-
steroidal anti-inflammatory drugs (NSAIDs), such as aspirin, ibuprofen and
indomethacin. By acting on COX enzymes, NSAIDs block the production of
prostanoids, a large family of lipid mediators with diverse biological roles and
activities. The inhibition of COX is known to account for both the majority
of beneficial effects of NSAIDs, i.e. the anti-inflammatory and anti-pyretic
actions, and their detrimental side-effects i.e. gastrointestinal toxicity. It is
now established that COX exists in two distinct isoforms, a ‘constitutive’
COX-1 present in all tissues, and an ‘inducible’ COX-2, that is highly regu-
lated upon cellular stress, and found at high levels within cells at inflamma-
tory sites. For this reason, since its discovery, there has been a great impetus
to discover groups of NSAIDs that selectively inhibit COX-2, thereby selec-
tively blocking the inflammatory production of prostanoids without causing
deleterious side-effects. This chapter aims to give an up to date review of the
COX pathway, and its relevance to current NSAID therapies.

COX Enzymes
COX: the catalyst of prostaglandin and thromboxane production

COX catalyses the production of the unstable prostaglandin (PG) H,, via
initial production of PGG, (fig. 1). For this reason COX is also commonly
termed PGH synthase, PGG/H synthase or prostaglandin endoperoxide
synthase. PGH, is the precursor to all prostanoids, PGD,, PGE,, PGF,,, PGI,
(prostacyclin), and thromboxane (TX) A,, being the most commonly produced
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PLA, Arachidonic acid

/ Prostacyclin
v\A Thromboxane

PGH2 —*  PGD;

Endoplasmic
reticulum

Free radical initiator \ PGFy,,

PGE,

Figure 1 COX catalyses the formation of PGH,, the precursor of all prostanoids, from
arachidonic acid.

in the body. COX is a particulate enzyme found in the microsomal fraction of
all tissue types.! It is localised mainly in the endoplasmic reticulum, but is also
found in the nuclear envelope and plasma membrane.>* The catalytic site of
COX is located in the cytosolic region of the protein.* Although COX can use
the free fatty acids 8,11,14-eicosatrienoic acid and 5,8,11,14,17-eicosapenta-
enoic acid as substrates, arachidonic acid (5,8,11,14-eicosatrienoic acid) is
preferentially metabolised.* COX has two main catalytic components.®’
The first is a bis-oxygenase (a COX), which inserts two molecules of oxygen
into the C20 carbon skeleton at C11 and C15 (forming a hydroperoxide
group) of the arachidonic acid molecule. The resulting molecule, PGG,, is a
cyclopentane with an endoperoxide bridge. The second step, forming PGH,,
involves a hydroperoxidase, which reduces the C15-hydroperoxyl group to a
hydroxyl. The bis-oxygenase and hydroperoxidase activities are distinct, but
are catalysed by the same protein.? Both enzymic activities require the presence
of a haem group (Fe?"), and oxygen. Physiological inactivation of COX
appears to be by two separate mechanisms:

a) the ‘suicide’ inactivation of the bis-oxygenase, and

b) inactivation of both enzymic activities by hydroperoxides.

Hydroperoxides, although required for COX activity, inactivate both catalytic
centres, most likely through binding amino acids leading to conformational
changes in the protein tertiary structure.’

Formation of Arachidonic Acid

Arachidonic acid is an unsaturated 20 carbon chain (20 C: 4 double bonds)
lipid usually found at the 2-acyl position of the membrane phospholipid.
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Its liberation involves the activation of phospholipases,'®!" mostly by

direct action of phospholipase A, on phosphatidylcholine or phos-
phatidylethanolamine. However, arachidonic acid can also be formed through
phospholipase D, or through phospholipase C and diacylglycerol lipase.'? The
free arachidonic acid can then either be utilised by a variety of metabolis-
ing enzymes, including COX, lipoxygenase or epoxygenase enzymes, Or
re-esterified back into the membrane lipids.'? Phospholipase A, is considered
the rate limiting enzyme for arachidonic acid and prostanoid production,'* as
well as another potent lipid mediator, platelet-activating factor.’ Similar to
COX, phospholipase A, exists in multiple isoforms (10 currently identified),
which can be loosely classified into low molecular weight (14-18 kDa) secretory
phospholipase A,, high molecular weight (31-110kDa) cytosolic phospho-
lipase A, (cPLA,)'® and high molecular weight cytosolic calcium independent
phospholipase A,.!'” cPLA, isoenzymes are ubiquitously expressed, and pref-
erentially cleave arachidonic acid containing phospholipids.'® Moreover
cPLA, have a lower requirement for Ca?* (uwM) than phospholipase A,
(mM)." Phospholipase A, are induced by cytokines such as interleukin-1
(IL-1),2%2! and are mainly considered to act extracellularly.?? cPLA, due to its
low Ca?* requirements, its cytosolic location, and arachidonic acid substrate
specificity has been considered the isoform that is most likely to link phos-
pholipids to COX activity, under ‘physiological’ conditions.!® Much less is
known about the role of phospholipase A,, though recent evidence suggests it
may be involved in membrane phospholipid remodelling.!”

Glucocorticoid steroids, such as dexamethasone, are potent anti-inflammatory
agents that inhibit the actions of phospholipase A,, and therefore inhibit
eicosanoid/prostanoid production.?? Glucocorticoids induce the synthesis of
lipocortin-1, a Ca?*/lipid binding protein that prevents the access of phospho-
lipase A, to substrate phospholipids.*

COX Exists in Constitutive and Inducible Isoforms

The hypothesis that multiple isoforms existed in the COX pathway was
initially suggested by Flower and Vane.?> In different organ homogenates
they observed that the formation of prostanoids had different sensitivities to
inhibition by NSAIDs, and acetaminophen (paracetamol). Further investiga-
tion into enzyme turnover rates also suggested the existence of different
‘pools’ of COX,?¢ although not distinguished into structurally different
isoforms.

COX-1 was first purified from sheep vesicular glands,® and was subse-
quently shown in the denatured state to have a molecular weight of approx-
imately 70 kDa. The COX-1 protein from this tissue was not cloned and
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Table 1 Inducers of COX-2

Cell Type Reference Inducers
Fibroblast (Chicken embryo) 28 rous sarcoma virus
Fibroblast (Swiss 3T3) 29 IL-1

Human umbilical vein endothelial cells (HUVEC) 27 IL-1
Monocyte (human) 31 IL-1
Epithelial (lung human) 32 IL-1
Smooth muscle (human vascular) 33 IL-1
Smooth muscle (rat aorta) 34 PDGF, TGF-B, IL-1
Mast cell (Mmmc-34) 35 IgG/antigen

expressed until 12 years later.! The cDNA encoded a 2.8 kb mRNA which
translated a protein with an approximate molecular weight of 66kDa.
Little is still known of how COX-1 is regulated, although small changes in
mRNA levels (approximately three fold increase) was seen in phorbol

12-myrostrate 13-acetate-treated human umbilical vein endothelial cells
(HUVEC).?”

Soon after the cloning and expressing of COX-1, a novel lipopolysac-
charide/cytokine-inducible isoform of COX (COX-2) was described,?®?* which
unlike its constitutive (constitutive COX: COX-1) counterpart, is regulated
by glucocorticoids.?® Table 1 gives an example of the cell types expressing
COX-2 and agents that induce its activity.

Agents that have now been demonstrated to induce COX-2 also include
tumour growth factor-B (TGF-B), forskolin, colony stimulating factor-1,3
hormones such as progesterone, or luteinising hormone (rat granulosa
cells®”), bacterial lipopolysaccharide (macrophage®), phorbol ester (rat
intestinal epithelial®®), endothelin-1 (rat mesangial*’), 5-HT (rat mesan-
gial*!), lysophosphatidylcholine (human umbilical vein endothelial cells*?)
and laminar shear stress (human umbilical vein endothelial cells*}). In fact,
almost without exception it is possible to induce COX-2 with at least one
stimulus in any nucleated cell.

Comparison of COX-2 vs. COX-1

The COX-2 gene is an immediate-early response gene,** a type of gene asso-
ciated with control of the cell growth cycle. The COX-2 gene was identified
in chicken embryo fibroblasts transformed by rous sarcoma virus (initially
termed CEF-147%%), and as an already discovered gene product (initially
termed TIS10 early response gene) in phorbol ester treated Swiss 3T3 fibro-
blasts.?’ The cDNA for CEF-147 and TIS10 coded 4.1kb and 3.9 kb mRNA



The COX Enzyme System 5

products, respectively. The coding and expression of cDNA for a functional
COX-2 has now been shown in mouse fibroblasts, human monocytes?! and
human umbilical vein endothelial cells.?” COX-1 and COX-2 show about
60% homology at both the cDNA and amino acid level, the structural and
enzymic components being the most highly conserved. The main difference
in polypeptide structures is a longer N-terminal sequence of COX-1%7, and a
18 amino acid cassette in the C-terminus of COX-2.272° However it is not
clear, whether these differences serve any functional purpose.

The crystal structures of COX-1 and COX-2 indicate that they are virtually
superimposable.** The genomic DNA and cDNA for COX-1 and COX-2
have now been isolated. COX-1 has 11 exons while COX-2 has only 10. The
main differences occur in the 5’ flanking promoter region, which confer regu-
latory elements including binding sites for CAAT/enhancer binding protein,
a TATA box, two activation protein-2 sites, three nuclear factor (NF)kB sites,
cyclic adenosine monophosphate (cAMP) response element and FEts-1.%
Furthermore, the gene encodes a large number of AU repeats in the 3’ untrans-
lated region giving rise to the characteristic instability of the mRNA, seen with
other early response genes.*® Indeed, part of the mechanism of induction by
IL-1ac and IL-1B is considered to be stabilisation of the COX-2 mRNA,*’
while one of the actions of the glucocorticosteroids such as dexamethasone
may be to reduce COX-2 protein expression by destabilising mRNA.*

Although the catalytic actions* and substrate use*” of COX-1 and COX-2
are virtually identical, several differences have been demonstrated in
substrate requirement and product formation. For example, COX-2 requires
10-fold less hydroperoxide activator for function.’® In this respect, in a
system where both COX-1 and COX-2 are present, it is possible that only
COX-2 may be active.>°

Prostanoid Biosynthesis

PGH, is an unstable moiety, and is further converted enzymically and non-
enzymically into the family of prostanoids. The main bioactive
prostanoids produced are PGL,, PGE,, PGF,,, PGD, and TXA,, the actions
of which are summarised in table 2. The release of specific prostanoid
metabolites from individual cell types depends on the relative abundance
of their respective synthases; the actions of which are summarised in the
following sections.

PGl, biosynthesis
PGI, was discovered in 1976, as a factor isolated from bovine aorta, with
smooth muscle relaxant and anti-platelet properties.’’ Although produced in



Table 2 Bioactivity of the prostanoids

Metabolite PGl, PGE, PGF,, TXA, PGD,
Vascular Vasodilation Vasodilation Vasoconstriction Vasoconstriction
or vasodilation

Decrease blood pressure Decrease blood pressure Increase BP
Platelet Anti-aggregation Anti-aggregation Platelet aggregation Anti-aggregation
Lung Bronchodilation Bronchodilation Bronchoconstriction
Pain Hyperalgesia Hyperalgesia Nociception
Others Decrease gastric secretion ~ Decrease gastric secretion  Constriction of gut Lymphocyte proliferation Hypothermia

Cytoprotection
Decrease cell proliferation
Anti-lipidaemic

Cytoprotection
Decrease cell proliferation
Anti-lipidaemic

and uterine smooth
muscle

Luteolysis
ACh release

Increase cell profileration

Anti-convulsive
Sleep induction
Decrease LH release
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The COX Enzyme System 7

the smooth muscle, the majority of PGI, production is endothelium derived,
due to the high levels of COX and PGI, synthase in this tissue. PGI, has a
physiological half-life of 2-3 min’? due to rapid hydrolysis to 6-keto PGF,,,
a more stable product with very little biological activity, often used as an
index for PGI, release.

PGE, biosynthesis

PGE, can be synthesised via both enzymic and non-enzymic pathways,'? both
of which having degrees of glutathione dependency. Rat liver glutathione-
S-transferases has PGE synthase activity,’> while distinct PGH-PGE isomerases
have also been isolated in bovine’* and ovine vesicular glands.>> However, high
concentrations of glutathione alone can also cause the isomerisation from
PGH, to PGE, non-enzymically. Recently a cytokine-inducible, glutathione-
dependent, particulate PGE synthase has been identified, which may be func-
tionally coupled to the induction of COX-2.5¢

PGF,, biosynthesis

PGF synthase'? has two active sites, converting PGH, and PGD, to PGF,,
and 11-epi-PGF,, respectively. The reaction is a reduction process requiring
NADPH for the catalysis.

PGD, biosynthesis

There appears to be atleast three different proteins capable of PGD synthase
activity, which have been purified from the soluble fractions of rat spleen, liver
and brain.'? The enzymes purified from spleen’” and liver’3 show glutathione-
S-transferase activity, the catalysis of PGD, also being glutathione-dependent.
The PGD, synthase purified from rat brain®® (often also referred to as B-trace)
is glutathione-independent, the ¢cDNA codes for a 20kDa protein with
sequence homology to a set of transporter proteins, the lipocalin family.>

TXA, biosynthesis

TXA, synthase has been purified®® and cloned,®! and like PGI, synthase is a
cytochrome P-450 enzyme. TXA, is the major COX metabolite in platelets,
where it was initially discovered.®? It has a relatively short physiological half-
life of approximately 30s, and like PGL, is rapidly hydrolysed to a stable
inactive metabolite, TXB,.63-64

Prostanoid receptors and second messenger systems

Molecular characterisation indicates that these receptors all belong to the
family of seven transmembrane domain linked G-protein receptors. Table 3 is
a brief summary of the classification of prostanoid receptors modified from the
International Union of Pharmacology Classification of Prostanoid Receptors:
Properties, Distribution, and Structure of the receptors and their subtypes.®’



Table 3 Characterisation of prostanoid receptors

Agonists Distribution 2nd messenger
EP; PGE,, iloprost, sulprostone smooth muscle, myometrium Increase in intracellular Ca?* via G411, and
phosphoinositol turnover
EP, PGE,, butaprost, misoprostol Smooth muscle, epithelial cells (non acid cAMP through stimulation of adenyl cyclase
secretions), mast cells, basophils, through Gg
sensory afferent neurons
EP; PGE,, enprostil, sulprostone, Smooth muscle, autonomic nerves, At least six splice variants of EP; receptors have
misoprostol adipocytes, gastric mucosa (acid been identified linked to either inhibition (G;,) or
secretion), renal medulla (water activation (Gg) of adenyl cyclase, and increase in
reabsorption) intracellular Ca®* via Gy/15, involving Pl turnover
EP, PGE; (other agonists weak), Piglet saphenous vein smooth muscle cAMP through stimulation of adenyl cyclase

recently discovered and very
little information available

IP PGl,, iloprost, cicaprost

EP, TXA,, STA,, 46619

FP receptors PGF,,, fluprostenol

DP receptors PGD,, 9-deoxy-A®-PGD,

(rabbit saphenous and jugular veins,
rat trachea, and hamster uterus

platelets, vascular smooth muscle,
sensory afferent neurones

platelets, arterial and venous vascular
smooth muscle, airway smooth muscle,
gastrointestinal epithelial cells,
mesangial cells, myofibroblasts

corpus luteum, iris, myometrium

Platelets, vascular smooth muscle,
non-vascular smooth muscle, CNS

through Gg

cAMP through stimulation of adenyl cyclase
through Gg

Increase in intracellular Ca®* via G4, involving
activation of PLC and phosphoinositol
turnover

increase in intracellular Ca?* via Gy/11, involving
PLC activation and phosphoinositol turnover

cAMP through stimulation of adenyl cyclase
through Gg

22 @leD eAISUBIU| pue BISBYISeBUY Ul SSOUBAPY JU80eY
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Peroxisome proliferator activated receptors (PPAR)

Peroxisome proliferator activated receptors are a family of three nuclear
receptor/transcription factors termed PPARa, PPARS(B), and PPARy.
Recently, the PGD, dehydration product 15-deoxy-A'>!*-PGJ, was shown to
activate the nuclear receptor PPARYy, promoting differentiation of fibroblasts
into adipocytes,®®¢7
pathway on which COX- metabolites may exert their effects.®® Subsequently,
15-deoxy-A'>'*-PGJ, and PGI, have been shown to activate PPARa, and
PPARS.%8

indicating the possibility of a new intracellular receptor

Functional Studies

The roles of COX enzymes have been studied by a variety of methods.
Outlined below are examples from animal studies using genetic knockout
experiments, and animal and clinical studies using pharmacological
inhibitors.

Studies with Knockout Mice

In mice it is possible to selectively remove genes by a process called homolo-
gous recombination. This gene ‘knockout’ procedure can give extremely
important information on the role of the particular gene studied. Both COX-1
and COX-2 have been successfully disrupted in mice. COX-1 knockout
mice appear normal apart from their ability to produce viable offspring.
The genetic disruption of COX-2 in mice appears to have more severe conse-
quences, with effects being noted on the formation of nephrons, the heart,
and female fertility (see table 4).

Table 4 Summary of the major findings in studies describing COX-1%° and COX-27%""
knockout mice

COX-1 knockout

COX-2 knockout

Good survival
No gastro-pathology

Reduced indomethacin induced gastric
ulceration

Reduced platelet aggregation
Decreased inflammatory response to AA
No viable offspring

Poor neonatal survival
Chronic nephropathology

Poorly developing nephrons
Peritonitis

No reduction in TPA induced ear swelling
Responses to AA unchanged

Females largely infertile

Myocardial fibrosis

Decreased TNF induced hepatocyte
Necrosis
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Inhibition of Prostanoid Biosynthesis: NSAIDs and COX-2
Inhibitors

The main therapeutic uses of the NSAID inhibitors of prostanoid biosyn-
thesis are in inflammation and mild-to-moderate pain.”? Elevated concentra-
tions of prostanoids have been observed in almost all forms of human acute
and chronic inflammatory conditions studied. PGE,and PGI, at physiological
levels do not appear to directly cause oedema formation and pain, but
strongly synergise with directly acting pro-inflammatory mediators, such as
bradykinin and histamine to cause plasma exudation’® and pain.”* Further-
more, PGE, is also a potent pyrogenic factor.”®

NSAIDs — Non-selective COX Inhibitors

In 1971, Vane showed that aspirin, indomethacin and salicylate all inhibited
COX activity.”® Since then, three different mechanisms of inhibition have
been described for the action of NSAIDs on COX:

1. aspirin is unique, as it irreversibly inhibits COX by acetylation of
hydroxyl groups on serine residues, Serss, — acetylation results in
inactivation of the bis-oxygenase activity.”” Aspirin is also metabolised
to the anti-inflammatory salicylate;

2. compounds including ibuprofen and salicylate act as reversible
competitive inhibitors of the arachidonic acid binding site of COX;”®
while

3. compounds, including indomethacin-like drugs, non-competitively
inhibit COX in a time-dependent manner, without covalent modification
of the enzyme.”®

It is also very important to note that the NSAIDs are of different chemical
classes, and even within the same class can have different structures and
properties; so in clinical usage one must also consider these physico-chemical
properties (e.g. many NSAIDs are acidic), pharmacodynamic factors, which
give rise to vastly different plasma half lives, binding to plasma proteins,
plasma clearance and routes of excretion.

The COX-2 Inhibitor Hypothesis

Most of the traditionally used NSAIDs are considered relatively safe drugs.
The most common adverse reactions for NSAID users are gastrointestinal
complications ranging from dyspepsia (at least 10-20%), to severe gastroin-
testinal complications (approximately 1%), of which there is a mortality rate
of 4-10% per year.”” However, due to the vast usage of these compounds
throughout the world (the equivalent of 120 billion 300 mg doses of aspirin
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alone are consumed each year) this low incidence of severe events still
equates to a very large amount of affected people.

Though the acidic chemical nature of many of the NSAIDs may account for
some of the damaging effects seen®® it is likely that most adverse events of
NSAIDs occur through inhibition of COX activity. At best the traditional
NSAIDs are equipotent inhibitors of COX-1 and COX-2 but many show
selectivity towards the inhibition of COX-1.81-83 Since COX-2 is thought to
be responsible for prostanoid production associated with deleterious events
in pathology, and COX-1 products for beneficial ‘house-keeping’ roles, most
effort has centred on the development of COX-2 selective inhibitors for the
treatment of musculoskeletal disorders such as osteoarthritis (OA) and
rheumatoid arthritis (RA), as well as pain.

Selective COX-2 inhibitors: experimental findings

A number of selective COX-2 inhibitors have been described over the last 10
years. It is important to note that the degree of selectivity for COX-2 vastly
varies upon the assay system used,?* making it difficult to state unequivocally
what relative effects these drugs have on COX-1 and COX-2 in vivo.
However what is generally common to all the assay systems tested, is that
when comparing the relative selectivities of compounds between assays the
rank orders of selectivities usually look very similar.

Mechanistically the actions of the inhibitors displaying selectivity towards
COX-2 fall into two groups.

e The ‘coxib’ class which act in a manner similar to that of indomethacin,
causing competitive, time-dependent inhibition of COX-2.84-8¢ The
mechanism by which these compounds work is by utilising their ability to
access the hydrophobic arachidonic binding site of COX-2 due to the
amino acid difference of isoleucinesyy (COX-1) to valinesyy (COX-287).

* Meloxicam which is a competitive inhibitor of COX-2. Meloxicam
modelled by crystal structure analysis within COX-2 fits within an
additional flexible extra space created by the change at isoleucine,s4
(COX-1) to valineyz4 (COX-2), allowing it longer-term access. Other
common NSAID/arachidonic acid binding sites such as Arg;,,, near the
mouth of the entrance into the active catalytic centre are not different
between COX-1 and COX-2.%8

Some of the earliest generated selective COX-2 inhibitors, such as NS-398,8%%
L-745,337°" and SC58125%2 were used for laboratory based studies and shown
in various models to be anti-inflammatory without causing gastrointestinal
lesions. This research led to the discovery of a number of compounds with
COX-2 selectivity suitable for clinical use, e.g. celecoxib (Celebrex®), and
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rofecoxib (Vioxx®). Other compounds such as meloxicam (Mobic®), which
also displays COX-2 selectivity, was discovered in earlier times through the
pharmacological pursuit of compounds displaying anti-inflammatory activity
but a reduced ability to promote gastrointestinal damage.

Clinical use of NSAIDs

Experience following the clinical use of NSAIDs and COX-2 inhibitors
together with experimental animal and cell culture studies, has given us a
great deal of information about the functional roles of COX-1 and COX-2
within the human body. Clinically traditional NSAIDs and COX-2-selective
inhibitors are most widely used for the treatment of inflammation and pain.
Use of NSAIDs, and to a lesser extent COX-2-selective inhibitors, is most
commonly associated with gastrointestinal and cardiovascular side-effects,
and less commonly with renal and reproductive complications. The functions
of the COX-1 and COX-2 enzymes that may explain these drugs’ beneficial
and detrimental effects are discussed in detail below.

Roles of COX Enzymes
Inflammation and pain — experimental perspective

The classical signs of inflammation are heat (calor), redness (rubor), swelling
(tumour) and pain (dolor) and loss of function. Prostaglandins can contribute
to all these stages of the inflammatory response. Indeed, PGE, has been
implicated as one of the major mediators in inflammation;”* PGE, promotes
local vasodilation within the microcirculation and so promotes oedema and
erythema (calor, rubor, tumor), and although not directly pain-producing it also
causes hyperalgesia (dolor). PGE, is also a potent pyrogenic mediator. Although
NSAIDs have little effect on the allergic responses PGD, is also released periph-
erally by mast cells, and may therefore contribute to the inflammatory milieu of
hypersensitivity type reactions.

Although COX-1 is likely to be involved in acute inflammatory responses,
COX-2 is the major enzyme responsible for the production of chronic
inflammatory prostanoids. Inflammatory mediators induce high levels of
COX-2 protein, and prostanoid release, while COX-1 concentrations remain
relatively stable. Furthermore, COX-2 is expressed in chronic inflammatory
lesions in both animal models and human beings.”*

Inflammation and pain: clinical perspective

NSAIDs are clinically efficacious for the symptomatic treatment of
osteoarthritis, rheumatoid arthritis and pain. The choice of NSAID is
commonly a matter of patient preference due to tolerance, rather than any



The COX Enzyme System 13

generalised comparative efficacy. Clinical trials have been performed to
establish the efficacy of COX-2-selective inhibitors in osteoarthritis, rheuma-
toid arthritis and pain (tooth extraction).”

Inflammation

Patients with osteoarthritis or rheumatoid arthritis are commonly recruited
into these clinical trials after a flared response following withdrawal of their
usual NSAID therapy. In osteoarthritis studies the patient or patient/phys-
ician assessment of global arthritis and/or level of pain shows that COX-2
inhibitors celecoxib (vs. naproxen®®), rofecoxib (vs. ibuprofen®’), or
meloxicam (vs. diclofenac®®) are as efficacious as compared with NSAIDs (in
parentheses). Similar results have also been reported in trials of rheumatoid
arthritis patients.

Pain

A common clinical model to test the analgesic activity of these agents is their
ability to reduce the pain following molar extraction. Analogous to the inflam-
mation studies, celecoxib (vs. ibuprofen®), and rofecoxib (vs. ibuprofen®-11)
are found to be at least as efficacious as traditional NSAIDs in time-to-effect,
duration of effect, and overall analgesic effect.

Fever

For fever studies, patients included were those with fever from a naturally
occurring viral associated illness. Similar to previous discussed studies rofe-
coxib was as equi-active to ibuprofen when determining both time to effect
or duration of reduction in the febrile response.!??

Thus, many studies have now shown that COX-2 inhibitors are efficacious
in the treatment of inflammation, pain and fever. The studies cited here were
selected from this body of literature as they were all designed to allow
comparisons between COX-2-selective inhibitors, and currently used non-
selective NSAIDs, and a placebo. Currently in the USA rofecoxib is licensed
for use in osteoarthritis and acute pain, celecoxib is licensed for osteoarthritis
and rheumatoid arthritis, and meloxicam is licensed for osteoarthritis. It is
clear that the new generation of COX-2-selective compounds are as effica-
cious as traditional NSAIDs on their therapeutic target areas.

Gastrointestinal tract: experimental perspective

PGE, and PGlI, released in the gastrointestinal tract reduce gastrointestinal
gastric acid secretion, cause vasodilation of the gastric mucosa microcircula-
tion, and stimulate protective mucus and bicarbonate secretion.'® It is well
established that traditional NSAIDs cause gastrointestinal damage, and this
effect is often attributed to inhibition of PG production. COX-1 is found at
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high concentrations throughout the gastrointestinal tract, although there is
now evidence for some expression of COX-2 in human gastric mucosa,'®*
and so it is commonly held that it is inhibition of COX-1 that underlies the
gastrointestinal toxicity of traditional NSAIDs. Indeed, there is generally a
direct correlation between the selectivity of an NSAID for COX-1 and its
ability to induce gastrointestinal damage.®?

There are now several lines of evidence suggesting that although COX-1 is
the most important isoform in gastrointestinal tract protection, it is a combin-
ation of inhibition of COX-1 and COX-2 that promotes damage. For
example, in COX-1 deficient mice, in which gastric PGE, levels are decreased
by 99%, no spontaneous ulcers were observed.®® Moreover, if rats are treated
with a selective COX-1 inhibitor no gastric damage is observed until the
co-administration of a COX-2-selective inhibitor.!®> These observations
suggest, in animal models at least, that in tissues such as the gastrointestinal
tract where prostaglandins have protective effects it is not important which
isoform of COX is responsible for their production. It may even be that inhib-
ition of COX-1 promotes the expression of COX-2 to compensate for the
lost prostanoids. Further evidence supports this idea of a protective role for
COX-2 in the gastrointestinal tract, as COX-2 is also found at sites of gastric
ulceration where it aids in the healing response. Similarly the administration
of COX-2 inhibitors slows ulcer healing in animal models.!%6-108

Gastrointestinal tract: clinical perspective

The most common side-effects of NSAIDs are dyspepsia, and injury to the
gastrointestinal mucosa. This injury in most patients is superficial, self-
resolving, and goes mostly unnoticed. However, a number of serious adverse
events can occur in a limited number of patients with NSAID use, these range
from drug induced oesophagitis, small bowel ulceration, exacerbation of
inflammatory bowel disease, and the formation or exacerbation of peptic
ulcers, that may lead to perforation. Indeed, patients that have chronic
arthritis, on long-term NSAIDs usage have 5-15 times the prevalence of
gastric and duodenal ulcers compared to an age-matched healthy popula-
tion.”” The major risk factors associated with NSAID-induced gastropathy
are increasing age, predisposition to ulcers, use of corticosteroids that also
inhibit prostanoids production, dosage (i.e. the level of COX inhibition),
concomitant use of anti-coagulants, and serious systemic disorders; possible
other additive risks include, H. pylori infection, smoking, and alcohol
consumption.””!% Additional therapies can be used concomitantly to prevent
NSAID-induced gastropathy, including histamine H,-receptor antagonists,
proton-pump inhibitors, or the administration of a stable PGE, mimetic,
misoprostol. The advantages of using a single COX-2-selective inhibitor
rather than a traditional NSAID plus a gastrointestinal protective drug are
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apparently clear. For example, as it is a single drug one should expect
reduced side-effects compared to polypharmacy. Indeed, additional drugs
though protecting the gastrointestinal tract can have their own adverse
events associated.

As would be expected from the pre-clinical findings COX-2-selective inhibitors
have appeared very promising in clinical use. All the COX-2 inhibitors tested
at therapeutic dosing have been found not to affect gastric mucosal PG
synthesis.!'%1"! Similarly, very high dose of the COX-2 inhibitors rofecoxib or
celecoxib do not cause a significant increase in acute mucosal injury compared
to placebo.!>'3 Meloxicam caused slight mucosal injury, but was signifi-
cantly lower than the comparator NSAID piroxicam."'! In the majority of
endoscopy and outcome trials rofecoxib and celecoxib have had significantly
reduced occurrence of GI events including ulcers. The largest of these were the
VIGOR (Vioxx Gastrointestinal Outcomes Research Study) and CLASS
(Celecoxib Long-term Arthritis Safety Study) trials, the findings of which are
summarised below.

The VIGOR and CLASS Studies

The VIGOR trial''* included 8,067 rheumatoid arthritis patients to study
clinically significant or complicated GI events with rofecoxib compared to
naproxen. Concomitant use of aspirin was not allowed. Rofecoxib and
naproxen had similar efficacy against rheumatoid arthritis. During a median
follow-up of 9.0 months, 2.1 confirmed gastrointestinal events per 100
patient-years occurred with rofecoxib, as compared with 4.5 per 100 patient-
years with naproxen. The rates of complicated confirmed events (perfora-
tion, obstruction, and severe upper gastrointestinal bleeding) were 0.6 per
100 patient-years for rofecoxib compared to 1.4 per 100 patient-years for
naproxen.

The CLASS trial'™ included 8,059 osteoarthritis or rheumatoid arthritis
patients to study the incidence of symptomatic upper gastrointestinal ulcers
and complications (bleeding, perforation, and obstruction) and other adverse
effects. Aspirin was allowed for cardiovascular prophylaxis (325 mg/day),
and diclofenac or ibuprofen used for comparison. For all patients, the annu-
alised incidence rates of upper gastrointestinal ulcer complications alone and
combined with symptomatic ulcers for celecoxib compared to diclofenac and
ibuprofen were 0.76% (celecoxib), and 1.45% (diclofenac and ibuprofen).
For patients not taking aspirin, the annualised incidence rates of upper
gastrointestinal ulcer complications alone and combined with symptomatic
ulcers for celecoxib compared to diclofenac and ibuprofen were 0.44% (cele-
coxib) and 1.27% (diclofenac and ibuprofen). For patients taking aspirin,
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the annualised incidence rates of upper gastrointestinal ulcer complications
alone and combined with symptomatic ulcers for celecoxib to diclofenac and
ibuprofen were 2.01% (celecoxib) and 2.12% (diclofenac and ibuprofen).
Fewer celecoxib-treated patients than diclofenac and ibuprofen treated
patients experienced chronic blood loss from the gastrointestinal tract,
gastrointestinal intolerance, hepatotoxicity, or renal toxicity. No difference
was noted in the incidence of cardiovascular events between celecoxib and
NSAIDs, irrespective of aspirin use.

In these studies, rofecoxib and celecoxib use was associated with a lower inci-
dence of ulcers and ulcer complications, compared with standard NSAIDs
therapy. Interestingly in the CLASS trial where ‘low-dose’ aspirin use was
allowed there was an increase in upper gastrointestinal toxicity. At least in
terms of gastrointestinal toxicity, the concomitant prophylactic use of aspirin
as an anti-platelet therapy may blunt the usefulness of COX-2 inhibitors as
gastro-sparing NSAIDs. There were also problems to note from each of these
trials. In the VIGOR trial a significant increase in severe cardiovascular events
was observed with rofecoxib compared to naproxen. There has been a great
deal of debate regarding this finding with rofecoxib and how this relates to
findings with celecoxib, that showed no difference to its comparator NSAIDs.
Currently this issue has not been resolved, and is likely that large-scale clinical
trials are needed to address this issue. In the CLASS trial, although 6 month
data on gastrointestinal events was strong, there was no difference between
celecoxib and comparator NSAIDs at 12 months.''® Whether this is a true
effect again is uncertain, and may well be an artefact of the clinical trial design.

Cardiovascular system

Endothelial cell COX-1 is thought to be beneficial, contributing to the normal
functioning of the cardiovascular system, via the release of PGL,. PGl, is a
vasodilator, with potent inhibitory actions on platelet function.’"!!” Indeed,
PGI, analogues are one of the only clinical treatments for primary pulmonary
hypertension. COX-2 becomes induced in animal arterial vessels after phys-
ical damage or exposure to pro-inflammatory cytokines.?»'%1"° Human
vessels or vascular smooth muscle iz vitro,3? can be induced to express COX-2,
and COX-2 can be found in human atherosclerotic lesions. The induction
of COX-2 in human vascular smooth muscle cells and the subsequent release
of PGE, and PGI, has protective functions. COX-2 expressed in the smooth
muscle influences cell proliferation, cytokine release and adhesion receptor
expression.?3 These observations strongly suggest that COX-2 can function as
a protective pathway in human cardiovascular disease.??

In the VIGOR trial the incidence of myocardial infarction was lower among
patients in the naproxen group than among those in the rofecoxib group
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(0.1% vs. 0.4%; relative risk, 0.2). Recently, the group of Fitzgerald showed
that, celecoxib!'?’ and rofecoxib'?! reduce circulating concentrations of
prostacyclin in healthy human volunteers. This data suggests that COX-2 is
a feature of the human cardiovascular system under physiological conditions,
although it is not yet obvious where this COX-2 is expressed, as there
appears little protein in the vessels of healthy individuals. One should also be
cautious with these studies as the index for direct actions of COX-1 was
platelet thromboxane production, and not the endothelial cell COX-1, ori-
ginally considered responsible for the majority of circulating PGI,.

TXA, synthesis by platelets is mediated by COX-1 and this is largely
untouched by COX-2 inhibitors meaning that they have no anti-thrombotic
effects. This can be contrasted with aspirin that irreversibly inhibits COX-1
in platelets via acetylation. As the platelets have no nuclei and cannot express
replacement protein aspirin completely blocks TXA, production from
platelets for their circulating lifetime. This explains the common use of
aspirin as a prophylactic anti-thrombotic therapy for stroke.

Kidney

PGE, is the major prostanoid product of kidney collecting tubule cells, regu-
lating water absorption.'?? The formation of PGs generally only become
important when the kidney is ‘stressed’, following for instance volume deple-
tion, and PGI, in particular becomes essential to sustaining renal vasodilata-
tion and blood flow. In animal kidneys COX-1 and COX-2 are co-localized
in the macula densa,'?® while in man COX-2 appears most associated with
podocytes. In addition, COX-2 has been identified in a subset of thick
ascending limb cells, where it has been suggested to be involved in the
handling of ions.!?* In rats, both selective and non-selective COX inhibitors
decrease plasma renin activity.'2%126

In human beings NSAIDs use leads to an increased risk of renal side-effects,
though the incidence is much lower than gastrointestinal side-effects.!?” Inter-
estingly, it appears that COX-2 is constitutively expressed in the kidney and
influences salt and fluid resorption. This may well explain why clinical trials
of COX-2-selective inhibitors have suggested at high dose a tendency to fluid
retention and hypertension. Furthermore, in salt-depleted individuals cele-
coxib can cause sodium and potassium retention, leading to the conclusion
that COX-2 selectivity does not spare the kidney under all circumstances. '

Central nervous system

In the Central nervous system (CNS), PGE, promotes wakefulness, an effect
apparently functionally antagonistic to PGD, in the sleep-wake regulation
cycle.'? PGD, seems to be the major COX metabolite in the brain, where in
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addition to the sleep-wake cycle it is known to be involved in homoeostatic
temperature balance.'?” COX-1 and COX-2 are both localised in the brain
and spinal cord. COX-2 is mainly expressed in the cortex, hypothalamus and
hippocampus,'3%13! while COX-1 is expressed throughout the CNS, though
it is particularly highly localised in the forebrain.!3? COX-2 appears also to
be induced within the brain or the endothelium of brain blood vessels by
pyrogens leading to a marked increase in PGE, production. This appears
central to the fever response. For example, in experimental animals endotoxin-
induced pyresis is strongly inhibited by COX-2-selective inhibitors or by
COX-2 gene disruption.

There is now evidence that COX-2 in the CNS also plays a role in the gener-
ation of secondary hyperalgesia, i.e. sensitivity in the uninjured tissue
surrounding an area of damage. Secondary hyperalgesia results from increased
neuronal excitability in the spinal cord and is associated with widespread
induction of COX-2 expression in spinal cord neurons and other regions
of the CNS, and elevated prostaglandin E, levels in the cerebrospinal fluid.
The intraspinal administration of COX-2 inhibitors decreased both the
inflammation-induced central prostaglandin E, levels and mechanical,'?? or
thermal'3* hyperalgesia. In contrast COX-1 inhibitors were only effective
systemically and not when injected intraspinally.

Alzheimer’s disease

Epidemiological evidence has suggested that patients taking NSAIDs have a
reduced risk of developing Alzheimer’s disease.!® The protective effects of
NSAIDs in this setting are most likely related to reduction of inflammation
as acetaminophen (paracetamol) is without effect.!3® COX-2 expression is
increased in the frontal cortex,’” and COX-1 and COX-2 is increased in
the temporal cortex'’® in Alzheimer’s disease. The link between the
prostaglandins and Alzheimer’s disease is not completely understood, and it
is possible that the epidemiological data showing that NSAIDs reduce
Alzheimer’s disease may have nothing to do with COX-2 inhibition. Indeed,
the anti-platelet properties of NSAIDs may also relieve or prevent Alzheimer’s

disease.!??

Cancer

The regular use of NSAIDs is associated with a reduction in the incidence of
colon cancer. A retrospective study revealed that patients taking relatively
low doses of aspirin, only 600-900 mg per week, over long periods of time
had substantially reduced risks of developing colon cancer.!*’ It is not
entirely clear how this protective effect of NSAIDs is exerted. However,
adenocarcinomas in human subjects display marked increases in COX-2

expression'*! and evidence from studies with isolated cells in culture!** or
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animal models'* similarly points to COX-2 being the level at which the

beneficial effects of NSAIDs are exerted. The process underlying these
effects is thought to be the ability of prostaglandins produced by COX-2 to
slow down the rate of apoptosis in cancerous cells. In addition, recent
evidence suggests that both COX-1 and COX-2 may produce mediators that
regulate the angiogenic process.!* The effect of COX-2-selective inhibitors
on the development of colon cancer in man is currently being investigated
following the observation that celecoxib slows the development of polyp in
familial polyposis. Since these earlier studies into colon cancer, COX-2 has
now been identified in a number of other cancers including, oesophageal,'*
gastric,'*® and pancreatic'’ cancer. Whether or not COX-2 inhibitors can
provide some level of protection in these forms of cancer remains to be

established.

Reproduction

Physiologically, PGF,, is the main product of the uterine endometrium, and
has been extensively studied in the utero-genital tract, being implicated in
reproduction and induction of labour and parturition.'*%14’ There is strong
evidence from receptor knockout studies in the mouse that PGE, and PGF,,,
and their respective E prostaglandin (EP) and F prostaglandin (FP) receptors
mediated events during reproduction. EP2 receptor knockout mice have
impaired ovulation and fertilisation, and impaired expansion of cumulus
oophorus,’? while in contrast EP4 receptor knockout mice have a patent
ductus arteriosus that is not sensitive to closure by indomethacin insensitive
unlike wild type animals.'>! FP receptor knockout mice have a normal early
pregnancy and oestrous cycle. Interestingly, PGF,, induces luteolysis in wild
type animals, so again there seems to be mechanisms to compensate for the
loss of this pathway. However in FP knockout mice there is no parturition,
as there is no diminished progesterone at this stage.!’?

Therefore prostaglandins appear to be important throughout the stages of
pregnancy.'®® Expression studies show a peak of COX-2 protein in
pre-ovulatory follicles and endometrium prior to ovulation in the rat.!>*
In COX-2 knockout mice there are severe ovulatory problems, with failure
to induce follicle rupture prior to ovulation and a failure of fertilisation
of ova.

During implantation there is up-regulation of COX-2 expression in the
luminal epithelium and the subendothelial stromal cells in mice, rats, ewes
and baboons. Blastocyte implantation is defective in COX-2 knockout mice
but normal in COX-1 knockout mice. However, there is a complete failure
of implantation when COX-1 deficient mice are treated with a selective
COX-2 inhibitor.
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COX-2-derived products may also influence development.’>> For instance,
administration of a selective COX-2 inhibitor throughout and until weaning
impaired renal cortex development and reduced glomerular volume in mice
and rats, identical to that observed in COX-2 knockout mice. The period
where these effects were most pronounced was the postnatal period when
superficial nephrons begin developing and COX-2 expression peaks. This
period of nephrogenesis in mice roughly corresponds to gestational weeks
24-32 in human beings, identified as critical time relating to NSAID-induced
dysgenesis.

COX-2 activity is induced in foetal membranes prior to and during labour in
rats, ewes, baboons as well as humans. Indomethacin delays delivery, but
produces fetal side-effects, including closure of the ductus arteriosus, and
impairment of renal development and function. However, in human beings it
is still not clear whether ductus arteriosus patency is regulated by COX-1 or
COX-2.

Summary

COX enzymes play important roles in physiological and patho-physiological
states in human beings. Prostanoid analogues can be used clinically in a
limited number of clinical settings, such as to promote gastric ulcer, limit
primary pulmonary hypertension, and induce labour. Importantly, however,
for a number of years NSAID inhibitors of the COX pathway have been
widely used clinically for the treatment of inflammation and pain, and
aspirin as a prophylaxis for thrombosis. Recent findings suggest that NSAIDs
may also be effective in limiting the development of Alzheimer’s disease and
various forms of cancer. However, a small proportion of the people taking
NSAIDs can experience severe side-effects, and this is a major problem when
one takes into account the extraordinarily large number of people world-
wide who commonly take these drugs. The recent finding that COX exists in
distinct isoforms generally associated with either a beneficial ‘house-keeping’
role (COX-1), or found at high levels in patho-physiological states (COX-2)
provided the drive to find COX-2- selective inhibitors that could be anti-
inflammatory without producing gastrointestinal side-effects. These COX-2-
selective inhibitors are now in clinical use, and show much promise. The
development of these selective COX-2 inhibitors has also highlighted benefi-
cial roles of COX-2 in the body. In general we can say that where prostanoids
are protective or detrimental it does not matter which isoform of COX
underlies their production. However, in general apart from some particular
tissues such as the reproductive and gastrointestinal tracts, COX-1 is present
physiologically producing beneficial prostanoids, and COX-2 is present at
high levels during patho-physiological processes.
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CHAPTER

A.J]. Hutt

Drug chirality: stereoselectivity
in the action and disposition of
anaesthetic agents

Drug stereochemistry, particularly drug chirality, has become a topical subject
being discussed not only in the popular medical’* and scientific literature®=
but also within the ‘quality’ lay press.®” This interest in stereochemistry has
arisen as a result of advances in chemical technology associated with the
synthesis, separation and analysis of stereoisomers, together with an
increasing realisation of the potential significance of the differential biological
properties of the enantiomers of chiral drugs administered as racemic
mixtures. Such mixtures, a racemate being an equal parts mixture of a pair of
enantiomers, account for approximately 25% of all prescribed drugs®
including many agents used in anaesthetic practice. The use of such mixtures
may present problems particularly if the adverse effects of the drug mixture
are associated with the less active enantiomer or do not show stereoselectivity.

To the physician the complexities of stereochemistry and the intricacies of the
associated terminology are of little interest. A not unreasonable attitude as
they could expect the pharmaceutical industry and the regulatory agencies to
provide them with the most appropriate material irrespective of stereochem-
ical considerations. However, it is important that physicians are aware of the
nature of the material they are prescribing, mixture or single chemical entity,
particularly with the advent of the Chiral Switch® (see below) and the possi-
bility that both racemate and single stereoisomer products of some agents
either are, or will be, available at the same time.

The aims of this chapter are to provide the reader with a brief background
to stereochemistry with respect to the terminology and nomenclature
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employed, to illustrate the significance of stereochemical considerations in
pharmacology with a particular emphasis on anaesthetic agents, and the
current regulatory position with respect to chiral pharmaceuticals.

Stereochemical Terminology and Nomenclature

Stereoisomers are compounds which differ in the three-dimensional spatial
arrangement of their constituent atoms and may be divided into two groups,
namely enantiomers and diastereoisomers. Enantiomers are stereoisomers
which are non-superimposable mirror images of one another and are pairs
of compounds related as an object to its mirror image, in the same way that
an individual’s left and right hands (or feet, or ears) are related. Such mole-
cules are said to be chiral, from the Greek chiros meaning handed. Stereoiso-
mers of this type are also referred to as optical isomers due to their ability to
rotate the plane of plane polarized light, which is equal in magnitude but
opposite in direction. In terms of the majority of drug molecules the most
frequent, but not the only, cause of chirality arises due to the presence of a
tetrahedral atom in a molecule to which four different atoms or groups are
bonded (fig. 1). Such atoms are referred to as centres of chirality or asym-
metry. The presence of one such centre in a molecule gives rise to a pair of
enantiomers, the presence of n such different centres yields 2" stereoisomers
and half that number of pairs of enantiomers. Those stereoisomers which
are not enantiomeric, i.e. are not mirror image related, are diastereomeric
(fig. 2).

The fundamental distinction between enantiomers and diastereoisomers is that
in a pair of enantiomers the intramolecular distances between non-bonded

Figure 1 Structural representation of a pair of enantiomers. This diagram depicts a
tetrahedral atom to which four different groups are bonded, the structure on the right being
a non-superimposable mirror image of that on the left. The chemical bonds represented by
the wedge project above the plane of the paper (towards the reader), those drawn as
dashed lines project below the plane (away from the reader), whereas the solid lines
represent bonds in the plane of the paper.
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Figure 2 Stereoisomers of propoxyphene. Propoxyphene contains two centres of chirality

in its structure and four stereoisomers, i.e. two pairs of enantiomers are possible. In this
diagram those compounds related horizontally (the upper and lower pairs) are enantiomeric,
whereas those related vertically are diastereomeric. In the case of propoxyphene the upper
enantiomeric pair are used therapeutically. The compound on the left, the 1S, 2R-sterecisomer
is dextrorotatory and is the analgesic dextropropoxyphene, that on the right is laevorotatory
(1R, 2S-stereoisomer) and is the antitussive levopropoxyphene. In this case the biological
activity of the two enantiomers is such that both are marketed with different therapeutic
indications. The trade names of the two agents Darvon and Novrad for the analgesic and
antitussive respectively are also mirror-image related.

atoms are identical, whereas in a pair of diastereoisomers they are not. Thus
the physicochemical properties, other than the direction of rotation of the
plane of plane polarized light, e.g. solubility, melting/boiling point, ionization
constant, partition coefficient etc., of a pair of enantiomers are identical. As a
result the separation, or resolution, of enantiomers was, until relatively
recently, fairly difficult. In contrast diastereoisomers differ in their physico-
chemical properties and, in principle at least, may be separated relatively easily.

As enantiomers differ in the direction of rotation of the plane of plane polar-
ized light this property is frequently used in their designation and nomenclat-
ure. Those enantiomers which rotate light to the right are said to be
dextrorotatory, indicated by either a (+)-sign or lower case italized d- before
their name, or alternatively the prefix ‘dex’ or ‘dextro’ to the drug name.
Enantiomers which rotate light to the left are termed laevorotatory indicated
by a (—)-sign or lower case italized /- before the name, or the prefix ‘lev’ or
‘levo’. A racemic mixture, an equal parts mixture of enantiomers being
indicated by (=*)- or d,I- before the name or, in some instances, the prefix ‘rac’.
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It is important to appreciate that this form of nomenclature provides infor-
mation concerning a physical property and indicates the stereochemical
composition, i.e. single enantiomer or racemic mixture, of the material.
Considerable care is required when using the direction of rotation as a
stereochemical descriptor as both the magnitude and direction of rotation
may vary with experimental conditions.!%!® This approach to nomenclature
does not provide information with respect to the three-dimensional struc-
ture, or absolute configuration, of the stereoisomer which is the important
feature with respect to the pharmacological activity of the compound. Once
the three-dimensional structure of a stereoisomer has been determined, by
for example, X-ray crystallography, then the spatial arrangement, or
absolute configuration may be indicated by the use of a prefix letter to the
name of the compound. Two systems are currently in use, the Cahn-Ingold-
Prelog'* Sequence Rule or R/S (Rectus/Sinister) designation and the older
D/L notation.

The D/L notation relates the stereochemistry of a molecule to that of a
standard reference compound either the carbohydrate D-glyceraldehyde or
the amino acid L-serine. A particular stereoisomer being designated as a
member of either the D- or L-series and the racemate as D,L-. The use of
this system has lead to ambiguities, particularly in molecules with two, or
more, centres of chirality in their structures where the configuration at one
centre can be related to the D-series and that at the other to the L-series.
Additional confusion also occurs as the upper case letters are used to indicate
the configuration and the lower case the direction of rotation of light. Prob-
lems also arise in the literature as journal editors frequently alter the lower
case letters to upper case in the titles of articles and thus a defined, correct
physicochemical property is transformed into a configurational designation
which may be incorrect. This system should now be restricted in use for the
designation of the stereoisomers of the carbohydrates and amino acids.

The alternative Sequence Rule system uses a ‘ranking’ approach for the desig-
nation of configuration.'* The substituent atoms bonded to the centre of
chirality are placed in an order of priority based upon their atomic number,
the higher the atomic number the greater the priority. The molecule is then
‘viewed’ from the side opposite the group of lowest priority and if the three
remaining highest to lowest priorities are in a clockwise direction (to the
right) the stereoisomer is assigned the Rectus configuration and if anticlock-
wise (to the left) the Sinister configuration. The designatory prefix letters
being R- and S-, or R,S- for the individual enantiomers and racemate,
respectively. In cases where two, or more, centres of chirality are present in
a molecule each centre is defined and indicated by an appropriate number
based on standard chemical nomenclature (fig. 2).
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As pointed out above, the prefix terms ‘dex’, or ‘dextro’, and ‘lev’ or ‘levo’
have been used for a number of years to indicate the stereochemical nature
of some agents, e.g. dextropropoxyphene, levodopa, and a number of agents
are listed in the most recent British National Formulary (BNF 43; March
2002). This approach has also been used where both single enantiomer and
racemic mixture preparations are, or were, available at the same time, e.g.
dexfenfluramine/fenfluramine, dexketoprofen/ketoprofen, levobupivacaine/
bupivacaine. More recently the configurational designation of the single
enantiomer has been incorporated into the nomenclature of the agent, e.g.
the S-enantiomers of the proton pump inhibitor omeprazole and the selective
serotonin reuptake inhibitor citalopram have been named esomeprazole and
escitalopram respectively.

Discrimination of Stereoisomers in Biological Systems

That the individual enantiomers of a chiral drug could exhibit different
pharmacological properties has been known since the early years of the last
century'® when the British pharmacologist Cushny'® demonstrated differ-
ences in the activity of atropine (racemic hyoscyamine) and (—)-hyoscyamine
and naturally occurring (—)-epinephrine and its (+)-enantiomer. Such differ-
ences in biological activity should not be surprising as many of the endogen-
ous substrates or ligands of drug targets, i.e. receptors and enzyme active
sites, are chiral single stereoisomer molecules, e.g. endogenous opioids,
hormones, neurotransmitters, etc.

Differences between enantiomers are under normal circumstances difficult
to detect, however when placed in a chiral environment such differences
become more marked. Biological systems at a molecular level are intensely
chiral environments being composed of ‘handed’ biopolymers (proteins,
glycolipids, polynucleotides) from the chiral building blocks of D-series
carbohydrates and L-series amino acids. Additionally the macromolecular
helical structures of some of these biopolymers exhibit chirality, e.g. the
protein a-helix and DNA double-helix, in the same way that a spiral stair-
case, or corkscrew, may be left handed or right handed. In the case of the
above examples both have a right handed turn.

The interaction between a drug and its target is associated with bonding
interactions between the functionalities of the drug and complementary sites
on the biological macromolecule, enzyme or receptor. The relative orienta-
tion, spatial arrangement, of the functionalities in the drug structure being
of considerable significance. This situation, with respect to a pair of enan-
tiomers, is illustrated in figure 3. This model was originally proposed by
Easson and Stedman!” in the 1930s in order to rationalize the differential
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Figure 3 Stereochemical discrimination on interaction of a pair of enantiomers with a
biological macromolecule. The stereoisomer on the left is involved with three bonding
interactions with complementary sites on the macromolecular surface whereas its enantiomer
(on the right) can interact at two sites only. Alternative orientations of the enantiomer on right
to the target are possible but only two interactions may take place at any time.

biological activity of drug enantiomers. In this model the ‘more’ active enan-
tiomer is involved in a minimum of three simultaneous bonding interactions
with the receptor, whereas the ‘less’ active, or ‘inactive’ enantiomer may take
part in two such interactions. Thus, the ‘fit’ of the enantiomers to the target
surface differs as does their energy of interaction. This model is a useful, if
relatively simplistic, representation of the drug-target interaction since it is
assumed that the drug adopts a particular orientation in relation to the
biological target. In addition, conformational changes in both the drug and
target macromolecule may take place during the interaction such that the
final ‘model’ may be fairly complex. The chiral recognition process continues
to be a topic of considerable interest and alternative models and refinements
to existing models have been proposed.'®!’

The differential biological activity of drug enantiomers has also resulted in
additional terminology, the stereoisomer with the greater affinity, or activity,
being termed the Eutomer and that with the lower affinity, or activity, the
Distomer. The ratio of activities, essentially a measure of the stereoselectivity
of the system under examination, is known as the Eudismic Ratio.?%?' The
magnitude of the eudismic ratio varies with the compound and biological
system under examination, but values of 100 to 1000 are not uncommon and
eudismic ratios of greater than one million have been reported, i.e. stereo-
specificity rather than stereoselectivity.

The above terminology refers to a single activity of a drug and for a dual
action compound the eutomer for one activity may be the distomer for the
other, or the stereoisomers may be of equal potency. For example in the case



Drug Chirality 37

of the anaesthetic ketamine the anaesthetic-analgesic activity resides predom-
inantly in the S-enantiomer, whereas (R)-ketamine is associated with central
stimulation?? and their action on nicotinic acetylcholine receptors shows no
stereoselectivity.??

Differentiation between stereoisomers may also occur during drug disposition
and is of significance for those processes which depend upon a direct inter-
action with a chiral biological macromolecule, e.g. enzyme systems involved
in drug metabolism,**?* transporter systems during absorption, distribution
and/or renal excretion, and binding to plasma or tissue proteins.?®”

The magnitude of the differences between enantiomers observed in their
pharmacokinetic parameters, generally 1-3 fold, tend to be much smaller
than those observed in their pharmacodynamic effects.?® This is particularly
the case for parameters such as systemic clearance, volume of distribution
and half-life, which represent the whole body level of organization.?” Differ-
ences between enantiomers tend to increase as the organizational level that
the parameters represent decreases from the whole body to organ and macro-
molecular, e.g. hepatic and renal clearance at the organ level and intrinsic
metabolite formation clearance at the macromolecular level. Pharmacokin-
etic parameters representing the whole body level of organization being
determined by multiple organ parameters, which in turn are determined by
multiple macromolecular interactions, which may show opposite stereoselect-
ivities. Thus, stereoselectivity may be either amplified or attenuated with
each organizational level.?”

As a result of stereoselectivity in the processes of drug disposition the plasma
profiles of the enantiomers of a drug administered as a racemate frequently
differ and an evaluation of plasma-concentration-effect relationships or
calculation of pharmacokinetic parameters based on ‘total’ drug present in
biological samples is of limited value and potentially misleading.?%%’

Pharmacological Complexity

That a pair of enantiomers are different compounds rather than different
forms of the same compound, and that in some instances a racemate may
be regarded as a third ‘compound’, is emphasized on examination of their
biological properties. There are relatively few examples of drugs in which
the pharmacodynamic activity is restricted to a single enantiomer, the other
being totally devoid of activity. In the majority of instances a pair of enan-
tiomers will differ either quantitatively or qualitatively in terms of their
biological activity and the idealized examples where the beneficial, or
required, activity resides in one enantiomer with the adverse effects, or
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toxicity, residing in the other are rare. In the case of drugs administered as
racemates, interactions between enantiomers may occur such that the
observed pharmacodynamic profile is not simply the product of the activities
of the individual enantiomers.

Evaluation of the biological properties of a pair of enantiomers may give rise
to a number of different situations with respect to their activity as follows:

e The required activity resides in a single enantiomer, e.g. the
antihypertensive agent (S)-a-methyldopa.

¢ The individual enantiomers have similar pharmacodynamic activity,
e.g. the antihistamine promethazine.

e The activity of the enantiomers differs such that they are both marketed
with different therapeutic indications, e.g. the analgesics
dextropropoxyphene and levomethorphan and their enantiomers the
antitussives levopropoxyphene (fig. 2) and dextromethorphan.

® The enantiomers have opposite effects at the same biological target, e.g.
picenadol, the (+)- and (—)-enantiomers being an agonist and antagonist
respectively at the w-receptor, the racemate being a partial agonist due to
the greater potency of the (+)-enantiomer.

e The activity of one enantiomer may antagonize the side effects of the
other, e.g. the loop diuretic indacrinone, the diuretic and natriuretic
activity residing predominantly in the R-enantiomer with the uricosuric
activity in (S)-indacrinone.

e The required activity is predominantly associated with one enantiomer
the adverse effects being predominantly associated with the other, e.g. the
intravenous anaesthetic-analgesic ketamine (see later).

e The activity of the individual enantiomers is such that the use of the
racemate has advantages over either of the individual enantiomers, e.g. the
inotropic sympathomimetic agent dobutamine.

In addition to the examples cited above relatively little is known regarding
the influence of route of administration, formulation, drug interactions,
disease state, age, gender and pharmacogenetics on the action and dispos-
ition of a number of agents currently administered as racemates. Further
discussion of the possibilities which may arise, together with their conse-
quences may be found in references 30-35.

Drug Chirality and Anaesthesia

A number of agents used in anaesthetic practice are either natural products,
or are derived from natural sources, e.g. (—)-morphine, (+)-tubocurarine,
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(—)-cocaine etc., and as nature frequently produces a particular isomer these
agents have always been used as single stereoisomer products. The signifi-
cance of molecular geometry in the action of opioid analgesics has been
appreciated for 50 years and the application of stereochemical probes both
agonists and antagonists, of the opioid receptors, to our ideas and concepts
of analgesic action cannot be over emphasized, particularly as many of these
investigations were carried out before the isolation and identification of
the natural receptor ligands.>* More recently stereochemical considerations
have focused towards the differentiation of the anti-inflammatory and
analgesic actions of the nonsteroidal anti-inflammatory drugs (NSAIDs).
Examination of the differential pharmacological activity of some of these
agents is complicated as the less active, or inactive, enantiomers undergo
metabolic inversion of chirality in a number of species, including man.37~4
However, pharmacological evaluation has indicated that in the case of the
2-arylpropionic acid NSAIDs the anti-inflammatory activity, inhibition of
cyclo-oxygenase (COX) mediated prostaglandin synthesis, resides in the
enantiomers of the S-configuration,®®*? whereas the antinociceptive activity
of some agents, e.g. flurbiprofen, resides in both enantiomers.*'™** While the
analgesic potency of the S-enantiomer may be greater, the adverse effect
profile, particularly with respect to gastrointestinal effects***” could be used as
an argument for the use of the single R-enantiomer for its analgesic properties.

Although the stereochemical nature, and in some instances the differential
pharmacological properties, of many chiral anaesthetic agents has been
appreciated for a number of years only relatively recently have such consid-
erations become significant in practice, due to the marketing of single enan-
tiomer versions of ketamine and bupivacaine in some countries. Additionally,
the availability of highly purified enantiomers of the volatile liquid agents
and their biological evaluation will provide insight into their mechanisms of
action and molecular theories of anaesthesia. The biological properties of the
enantiomers of these agents will be addressed in the following sections.

Intravenous Anaesthetics
Etomidate

Etomidate (fig. 4) is the only intravenous agent currently listed in the BNF
which is used as a single stereoisomer, the R-enantiomer, (S)-etomidate being
reported to be ‘devoid of hypnotic activity’.*® The site of action of etomidate
is thought to be the gamma-aminobutyric acid, (GABA,) receptor*’ and both
enantiomers potentiate GABA-induced PA3 cells expressing the GABA,
receptor. However, the potentiation was stereoselective with the R-enantiomer

being considerably more potent than (S)-etomidate and the eudismic ratio
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Figure 4 Structures of the intravenous anaesthetic agents (R)-etomidate, (S)-ketamine and
thiopental.

increased with drug concentration from a value of ca. 5 to 10 at concentrations
of 1 and 10 pM respectively.’® Such increases in eudismic ratio with concen-
tration are unusual, but may be rationalized as being due to a modification
of the binding site via drug induced allosteric conformational changes. Using
loss-of-righting reflex in tadpoles as an indicator of anaesthetic potency the
R-enantiomer was found to be 15 fold more potent than (S)-etomidate.’®

Ketamine

Ketamine (fig. 4) is an anaesthetic-analgesic agent the action of which is asso-
ciated with non-competitive inhibition of N-methyl-D-aspartate (NMDA)
receptors.’! The drug is used, with the exception of Germany, as the racemate
even though the S-enantiomer is 3-4 fold more potent than (R)-ketamine.??
The use of the drug is complicated by postanaesthesia emergence reactions,
including hallucinations, vivid dreams and agitation, it is also the subject
of abuse.’?’3 The emergence reactions are reported to be more common
following the administration of the R-enantiomer.?>>

Stereoselectivity in the pharmacological activity of the enantiomers of keta-
mine has been known since the 1970s when the greater analgesic (ca. 3 fold)
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and hypnotic (ca. 1.5 fold) activity and reduced locomotor activity of
the S-enantiomer was shown following administration of the individual
enantiomers to rats and mice.’*3¢ In addition the therapeutic index, ratio of
LD;, to EDj, (hypnosis) determined in the rat, yielded values of 10, 6.25
and 4 for (S)-, (R,S)- and (R)-ketamine respectively.’* Similarly, studies
in dogs have indicated a eudismic ratio (S/R) in anaesthetic potency of
ca. 3.57:%8

Ketamine interacts with multiple binding sites including NMDA and non-
NMDA glutamate receptors, nicotinic and muscarinic cholinergic, monoamin-
ergic and opioid receptors.’® The NMDA receptor, considered to be the main
site of action, shows stereoselectivity with (S)-ketamine having a 3 fold
greater affinity for the phencyclidine binding site than the R-enantiomer.>?
In vitro studies have also shown that the S-enantiomer is twice as potent
as (R)-ketamine in the blockade of NMDA receptor currents in cultured
neurons.’” Similarly the enantiomeric binding to the - and k-opioid recep-
tors shows a 2-4 fold selectivity for (S)-ketamine, but with a 10-20 fold
reduction in affinity compared to the NMDA receptor.®® However, not all
the actions of the drug exhibit stereoselectivity, e.g. inhibition of calcium
channels,®! and inhibition of neuronal nicotinic?* and muscarinic cholinergic
receptors.®? In the latter case the enantiomers exhibited synergy in action, the
inhibitory concentration (ICs,) of the racemate being significantly lower than

that of the individual enantiomers.®?

Initial studies in surgical patients, following administration of equianaesthetic
doses of the enantiomers of ketamine indicated a reduced dose requirement
(2.4 mg/kg) of the S-enantiomer compared to 8.5mg/kg of (R)-ketamine)
and lower plasma concentrations at the termination of anaesthesia for the
S- compared (0.5 pg/ml) to the R-enantiomer (1.7 pg/ml) associated with a
potency ratio (S/R) of 3.4.2> The S-enantiomer was judged to produce more
effective anaesthesia, less emergence reactions and agitated behaviour than
either racemic or (R)-ketamine.?” Pharmacodynamic modelling, monitoring
electroencephalographic (EEG) median frequency, following infusion of the
racemic drug and individual enantiomers to healthy volunteers has also
shown differences between the enantiomers.®* The maximal decrease (E,..)
resulting from the central nervous system (CNS) depressant effects attained
was significantly greater following administration of the S-enantiomer and the
racemate compared to (R)-ketamine. The inhibitory concentration (ICs)
values obtained for (S)-ketamine (0.8 = 0.4 ug/ml) were significantly lower
than that of the R-enantiomer (1.8 = 0.5 wg/ml) or the racemate (2.0 =
0.5 pg/ml). These data were interpreted as indicating partial agonist activity
of (R)-ketamine in comparison to the S-enantiomer, and partial antagonism
following administration of the racemate.®*
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The principle metabolite of ketamine, the N-demethylated product norketa-
mine, is also pharmacologically active. Studies in mice indicate a longer
duration of action and reduced spontaneous locomotor activity following
administration of (S)- compared to (R)-norketamine.®® Enantioselectivity in
the tissue distribution of both ketamine and norketamine has been reported
following drug administration to rats, the plasma and tissue concentrations
of (R)-ketamine and (R)-norketamine exceeding those of the S-enantiomers
in the majority of tissues examined. The metabolite also binds stereoselect-
ively to the NMDA receptor the Ki values being 1.7 and 13 uM for (S)- and
(R)-norketamine respectively.®”

Ketamine has recently undergone the Chiral Switch process (see below) and
has been marketed in Germany as the single S-enantiomer® with the potential
advantages of a reduction in dose and more rapid recovery with fewer
psychotomimetic emergence reactions as compared with racemate. The greater
clinical use of the single enantiomer will allow evaluation of the relative thera-
peutic merits of the drug compared to the racemate in man.

Thiopental

Stereoselectivity in the action and toxicity of the barbiturates has been
known for a number of years,®® the (+)-enantiomers of some of these agents
being excitatory whereas the (—)-enantiomers are depressant.®® For example
in the case of N-methyl-5-propyl-5-phenylbarbiturate’ and 5-(1,3-dimethyl-
butyl)-5-ethylbarbituric acid (DMBB) the (+)-enantiomers are convulsants
whereas the anaesthetic properties reside in the (—)-enantiomers. In addition
(—)-DMBB is an antagonist of the convulsant effects of (+)- DMBB”' which
is ca. 24 fold more toxic, as measured by the LDy, in mice, compared to
the (—)-enantiomer. Similarly differences in the pharmacokinetic properties
of the enantiomers of some of these agents have been reported in man, the
extent of which appears to depend on age,”>”? sex” and interactions with
other drugs.”

Thiopental (fig. 4) exhibits a biphasic activation/depression concentration
effect relationship following administration to both animals ¢ and man.””>”®
Although differences in the potency and toxicity of the enantiomers of
thiopental have been known since the 1970s only recently have EEG studies
in rats indicated that both enantiomers, and the racemate, cause an initial
EEG activation followed by depression, the extent of the latter response
being significantly less for the R-enantiomer and the racemate compared to
(S)-thiopental.” Such investigations are obviously of significance because as
a result of potential stereoselectivity in action the two effects may have been
associated with the individual enantiomers.
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Barbiturates exert their sedative and anaesthetic effects primarily by potenti-
ation of the GABA response at GABA, receptors via an increase in the dur-
ation of the chloride ion channel open-time. They are also able to directly
activate GABA, receptors and at high concentrations the chloride channel
may be blocked. The enantioselectivity of action of thiopental on the potent-
iation of the GABA response has been investigated®® using Xenopus laevis
oocytes expressing human GABA, receptor subtype oy B, 7,, thought to be
the major human receptor subunit combination in vivo. The S-enantiomer
was found to be approximately 2 fold more potent than (R)-thiopental, the
mean effective concentration 50% (ECs) being 26.0, 52.5 and 35.9 uM for
(S)-, (R)- and (R,S)-thiopental respectively,®’ a potency ratio in good agree-
ment with that observed for anaesthetic doses in laboratory animals.®®

Studies combining pharmacodynamic activity and drug distribution
following administration of the three stereoisomeric forms of thiopental
to rats confirmed the greater potency and lower therapeutic index of the
S-enantiomer (S > R,S > R) in terms of both administered dose or arterial
plasma concentration (table 1). Examination of tissue to plasma distribution
coefficients of the individual enantiomers following administration of the
racemate indicated a modest, ca. 10%, excess of the R-enantiomer in the
majority of CNS and peripheral tissues. However, following administration
of the individual enantiomers significantly greater ratios were observed for
the R-enantiomer in the CNS but not in peripheral tissues, possibly indi-
cating an enantiomeric interaction following administration of the racemate.
Comparison of heart to brain ratios yielded a rank order of S > R,S > R.
Based on these data Mather et al.?! presented arguments for the possible use
of (R)-thiopental as a single enantiomer drug as a result of the greater safety
margin, higher distribution coefficient for CNS penetration, lower heart to
brain ratio and minimal pharmacokinetic differences in man (see below).

There is also evidence that the enantiomeric distribution of thiopental in the
rat is influenced by the chiral volatile anaesthetic halothane.®? Following
infusion of racemic thiopental to either conscious or halothane anaesthetized
rats the plasma concentrations and tissue distribution coefficients were found
to be lower in the halothane treated group, the effect being slightly greater
on (R)-thiopental. It was concluded that halothane reduces the relative
uptake of the drug into the brain but the mechanism of the reduction is by
no means clear.®?

The systemic and cerebral pharmacokinetics of the enantiomers of thiopental
have been reported following administration of the racemate to sheep.?® The
cerebral parameters were determined by comparison of the concentration
differences between arterial and superior sagittal sinus plasma. No significant



Table 1 Anaesthetic and lethal doses, corresponding arterial plasma concentrations and therapeutic index of thiopental enantiomers following intravenous

infusion to rats

Stereoisomeric form Dose (mg/kg) Plasma concentration (pg/ml) Therapeutic index
Anaesthesia Lethality Anaesthesia Lethality Dose Concentration

R 55.8 + 2.4 176.2 + 11.2 66.3 = 4.5 89.8 £ 5.2 3.16 1.37

S 356 19 742 =52 55.0 £ 1.9 64.1 £ 238 2.10 1.17

R,S 39.3+21 97.5 + 3.9 56.7 = 2.0 77.8 =28 2.52 1.32

Data expressed as mean + SEM, n = 7.8
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differences were observed in the cerebral pharmacokinetic properties of
the enantiomers of thiopental and no evidence was found for the faster
brain uptake of either enantiomer. In contrast, the systemic clearance of
the R-enantiomer was found to be significantly greater (17%) than that of
(S)-thiopental %3

Differences in the pharmacokinetic properties of the enantiomers of
thiopental following their individual administration to man were initially
investigated in 1976 by Mark et al.®* who reported a shorter half-life of the
R-enantiomer. In spite of subsequent studies with related agents, e.g. pento-
barbital,®* hexobarbital’”>’* and mephobarbital,”® indicating stereoselective
pharmacokinetics in man the enantiomeric disposition of thiopental was not
examined again until the mid-1990s, when Nguyen et al.%¢ investigated the
stereoselective disposition of the drug following intravenous bolus and infu-
sion administration of the racemate to patients. These authors reported small,
but statistically significant differences in the clearance, volume of distribution
at steady state and fraction unbound between the enantiomers, the values for
(R)-thiopental being greater than those of the S-enantiomer. When the pharma-
cokinetic parameters were based on unbound plasma concentrations no
differences were observed between the enantiomers (table 2). Following intra-
venous infusion no differences in plasma concentrations, either total or free,
for either the enantiomers of thiopental, or the metabolic oxidation product,
pentobarbital were observed.3¢

Similar observations were reported following intravenous bolus administration
of the racemate by Cordato et al.,*” clearance and volume of distribution at
steady state showing a trend towards higher values for (R)- compared to
(S)-thiopental, which disappeared when unbound concentrations were taken
into account (table 2). The free fraction of (R)-thiopental, was found to be
significantly greater than that of the S-enantiomer and the 24 h urinary recovery
of unchanged drug was also significantly greater for the R-enantiomer, but at
less than 1% of the dose this is unlikely to be of significance. In one patient drug
enantiomer concentrations were determined in cerebrospinal fluid (CSF): the
values were ca. 20% of the corresponding plasma concentrations, with the
R-enantiomer in excess. Taking protein binding into account these data are
indicative of passive diffusion into the CSE.

Thiopental is also used in high doses for prolonged periods for treatment of
intracranial hypertension and neuroprotection in head-injured patients. Under
such conditions the drug shows nonlinear pharmacokinetics at total plasma
concentrations of approximately 30mg/L. Cordalo et al.%® have examined
the enantiomeric disposition of the drug under these conditions. Small, but
statistically significant differences (10-20%) in the steady-state clearance and



Table 2 Pharmacokinetic parameters of the enantiomers of thiopental following intravenous administration of the racemic drug to patients

Method of administration
Number (sex)

Age (years)

Dose (g)

Duration (h)

Pharmacokinetic parameters
Clearance (L/min)

Volume of central compartment (L)
Volume of distribution at steady-state (L)
Half-life (h)

Fraction unbound

Unbound clearance (L/min)

Unbound volume of distribution at
steady-state (L)

Steady-state concentration (mg/L)
Pentobarbital steady-state concentration

(mg/L)
Reference

Bolus
7 (M6, F1)
43-72
0.25-0.50

R 0.295 * 0.132*
S 0.230 = 0.104
R20x11
S18*x11

R 139 *+ 38*

S 114 = 47
R9.6 £54
S9.0*+45

R 0.124 + 0.006*
S 0.100 + 0.010
R 2.39 = 1.07

S 231 *1.04

R 1126 = 311

S 1145 = 476

86

Bolus
12 (M7, F5)
38-82
0.125-0.50

R 0.59 * 0.23
S 0.56 = 0.20
R 20.2 = 9.7
S188 7.9
R 91 = 53

S 80 x 37

R 0.165 (n = 6)
S 0.156
R4.8+ 2.3
S53+ 16

R 680 + 585

S 684 + 464

87

Infusion
7 (M5, F2)
37-73
0.750-1.125
1.75-3

R 2.29 = 0.99

S2.76 = 0.81

R0.28 = 0.13°

S 0.27 = 0.16
86

Infusion
5 (M4, F1)
20-47
26.1-54.5
31-92

R 0.022-0.160
S 0.021-0.156

87

Infusion**
20 (M13, F7)
15-69
12.5-86.9

31-285

R 0.10 = 0.05*
S 0.08 = 0.04

R 313 * 145*
S 273 + 115

R146 7.0
S147+72

R 0.20 * 0.05* (n = 7)
S0.18 + 0.04

88

*Significant difference between enantiomers. *Protein binding determined using plasma samples obtained from six healthy volunteers.
'Pentobarbital detected in samples obtained from four patients. **Following administration of high doses of thiopental nonlinearity in the

pharmacokinetics of the drug is observed and the following parameters were calculated in the study by Cordato et al.®®

Kn (Mg/L): R 20 = 19, S 24 *+ 23; Via (Mg/L/h): R 0.86 £ 0.54, S 1.01 + 0.69*; clearance (L/min) at pseudo steady state: R 0.108 = 0.05,

S 0.096 =+ 0.04*; unbound clearance (L/min) at pseudo steady state: R 0.582 = 0.26, S 0.588 = 0.25.
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Figure 5 S-Enantiomers of chiral amide derivative local anaesthetic agents.

volume of distribution between enantiomers were observed (R > §) and in
Vmax but not K, (table 2), both enantiomers showing saturation.

In summary, only modest differences in the pharmacokinetic parameters of
the enantiomers of thiopental are observed following either bolus or
prolonged intravenous infusion of the racemate which are unlikely to be of
clinical significance as compared with the pharmacodynamic differences.

Local Anaesthetics

A number of commercially available local anaesthetics, e.g. prilocaine, mepi-
vacaine, ropivacaine, bupivacaine, etidocaine (fig. 5) are chiral®?° and while
the majority are marketed as racemates single enantiomers, e.g. ropivacaine,’!
or in the case of bupivacaine both the racemate and single (—)-S-enantiomer,
levobupivacaine,’>”3 are available.

That the enantiomers of these agents may differ in their duration of action,
disposition and acute toxicity following intravenous infusion or subcutaneous
injection to experimental animals has been known since the late 1960s.74°7
As the individual enantiomers differ in their effects on local blood flow these
differences in duration of action may be accounted for by differences in rates
of systemic absorption.”**® For example, following intradermal injection of
the enantiomers of bupivacaine to healthy volunteers both enantiomers
caused vasodilation at the highest concentrations examined but only the
S-enantiomer showed a vasoconstrictor effect and consequently a longer dur-
ation of action.”® Thus the pharmacodynamic activity of the drug indirectly
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influences the stereoselectivity of absorption. A more recent investigation,
concerned with an evaluation of the cutaneous analgesia following subcuta-
neous injection of the enantiomers of bupivacaine to rats, indicated that the
addition of low concentrations of epinephrine results in vasoconstriction
such that the duration of action of (R)-bupivacaine is similar to that of the
S-enantiomer.”” In addition the permeability of the individual enantiomers
of bupivacaine through meningeal tissue in vitro has been shown to be
equivalent confirming that the differences arise as a result of pharmacody-
namic properties rather than differences in absorption.'”

Local anaesthetics block voltage-gated sodium channels and their potency is
modulated by channel state, open and inactivated states being favoured over
resting states. The enantiomers of bupivacaine show modest stereoselectivity
(eudismic ratio R/S of 1.5) for sodium channel blockade using a sciatic nerve
preparation isolated from Xenopus laevis. The activity being determined by
the decrease in sodium ion current at low-depolarization frequencies, which
is associated with drug binding to the channel resting state and inactivated
states at rest.!’! Blockade of inactivated sodium channels in guinea pig
ventricular myocytes shows a similar stereoselectivity with a eudismic ratio
of 1.7.192 In contrast to the above bupivacaine shows marked stereoselect-
ivity on the flicker potassium ion channel with a eudismic ratio (R/S) of 73
which appears to be predominantly associated with drug dissociation from
the binding site, the enantiomeric ratio of the dissociation rate constants
being R/S 64.101

Bupivacaine cardiotoxicity is associated with the R-enantiomer which presum-
ably relates to its greater potency in blocking cardiac sodium and potassium
channels. Stereoselectivity of blockade has been shown in hKv 1.5 channels,
with the R-enantiomer being 7 fold more potent than (S)-bupivacaine as
measured by the ratio of the apparent affinity constants,'® but not Kv 2.1 or
Kv 4.3 channels.'®!'% Bupivacaine has also been shown to inhibit L-type
calcium ion channels in isolated cardiac myocytes but not stereoselectively.'

A number of studies have compared the clinical efficacy and dose response
of (S)-bupivacaine and the racemate. The majority of which have indicated
that sensory block and the clinical profile resulting from administration of
the single enantiomer is essentially the same as that following the racem-
ate.”%92107:108 Eor example following comparison of the two forms of the
drug for epidural analgesia in labour the minimum ratio of local analgesic
concentration was S/R,S 0.98.19%110 Ag the clinical profile of the single enan-
tiomer and racemate are similar the relative merits of the different forms of
the drug are essentially associated with toxicity. Serious CNS and cardiovas-
cular adverse reactions, including deaths, following accidental intravenous
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injection of local anaesthetics have been reported.!''-11* The cardiovascular
effects of (S)- and (R,S)-bupivacaine have been investigated following
intravenous infusion to healthy volunteers.!'* The negative inotropic effect,
as measured by stroke index, acceleration index and ejection fraction, was
found to be significantly less, approximately half, following the single enan-
tiomer compared to racemic bupivacaine.''* Both agents caused small
increases in PR and QTc intervals which were greater following the racem-
ate, but the differences did not achieve statistical significance.

In vitro studies using heart muscle preparations have reported smaller conduc-
tion changes with levobupivacaine as compared with the R-enantiomer or the
racemate,''7 and a study comparing the S-enantiomer with the racemic drug
in vivo in sheep has indicated the greater margin of safety following the single
enantiomer.''® Taken together these data indicate that the single enantiomer is
a potentially safer agent in comparison to the racemate.

Evidence associated with the greater risk of cardiotoxicity occurring
following administration of bupivacaine compared to shorter acting drugs,
together with the stereoselectivity of the adverse effect, resulted in the devel-
opment of ropivacaine, the N-propyl analogue of bupivacaine (fig. 5) as a
single enantiomer.%%>?!

Bupivacaine also undergoes stereoselective disposition following administra-
tion to man.!'12% Following intravenous administration of the racemate the
systemic clearance, volume of distribution at steady-state and half-life of
(R)-bupivacaine are greater than that of the S-enantiomer (table 3). However,
stereoselectivity was also observed in plasma protein binding, the free frac-
tion of the R-enantiomer being greater than that of (S)-bupivacaine, and

Table 3 Pharmacokinetic parameters of the enantiomers of bupivacaine following
intravenous administration to man

Parameter (units) Enantiomer
R S

Clearance (L/min) 0.395 0.317*
Volume of distribution at steady-state (L) 84 54*
Half-life (h) 3.5 2.6*
Fraction unbound 0.066 0.045*
Unbound clearance (L/min) 7.26 8.71
Unbound volume of distribution at steady-state (L) 1576 1498

*Significant difference between enantiomers; mean data following drug administration
to 10 male volunteers. Data from Burm et al.*®
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when binding is taken into account there were no differences between the
enantiomers in unbound volume of distribution but the unbound clearance
of the S-enantiomer was greater than that of (R)-bupivacaine.'” Stereo-
selectivity in the metabolism of bupivacaine has been reported following
epidural infusion of the racemate to five patients. The urinary recovery
of the R-enantiomer was, in the majority of cases, greater than that of
(S)-bupivacaine with R/S ratios varying between 1.0 and 4.3. Examination
of the stereochemical composition of the urinary metabolites, 4-hydroxy-,
3-hydroxy- and desbutylbupivacaine indicated considerable stereo- and
regioselectivity with the excretion of (R)-4-hydroxybupivacaine exceeding
that of the S-enantiomer in all subjects, whereas in the case of the other two
products considerable variability in stereoselectivity was observed.!?® Such
studies are of significance as investigations in animals®”>'?? have indicated that
the desbutyl metabolite may contribute to the toxicity of the drug, which may
also show stereoselectivity.

Prilocaine (fig. 5), as a result of its high metabolic clearance, has a relatively
low potential for CNS toxicity, but its use is limited due to a metabolic
association with methaemoglobinaemia. Following the report of Akerman
and Ross’® of lower plasma concentrations and increased rate of methaemo-
globin production following intravenous administration of the R-enantiomer
compared to either (S)- or racemic prilocaine to cats, it was suggested that
the therapeutic use of the S-enantiomer would result in a safer product.
However, the original report indicates that the rate, but not the extent of
methaemoglobinaemia differs following administration of the three forms of
the drug.”® An examination of the plasma concentrations of the individual
enantiomers following brachial plexus injection of the racemate to man indi-
cated similar plasma profiles and areas under the plasma-concentration-time
curves, with an enantiomeric ratio S/R of 1.06.!>? In contrast following oral
drug administration the enantiomeric ratio (S/R) was at least eight with the
concentrations of the R-enantiomer being close to the analytical limit of
detection.!??

Inhalational Anaesthetics: Volatile Liquids

The pharmacological effects of the volatile liquid anaesthetics have been
extensively examined but their mechanism of action has remained a matter
of controversy as a result of the traditional view that they act by some
non-specific perturbation of lipid membranes. That they ultimately act on
neuronal ion channels is generally accepted'?? but whether this results via
drug—protein interactions rather than as a secondary effect arising from
drug-lipid interactions has been a matter of debate.!?*
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Five volatile liquid anaesthetic agents are listed in the current BNF (No. 43)
of which four are chiral compounds and the fifth, sevoflurane, is achiral
(fig. 6). Initial investigations concerned with the possible stereoselectivity of
action of these agents were carried out in the early 1970s using enantiomer-
ically enriched samples of halothane.!?>12¢ However, no selectivity in action
was detected with what were relatively stereochemically impure compounds,
the enantiomeric compositions being approximately 1:3 in each case.!?%12
However, in the early 1990s the enantiomers of halothane, enflurane and
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isoflurane were resolved by enantioselective gas chromatography using a
chiral stationary phase!?” and Franks and Lieb!'?* were able to demonstrate
the stereoselectivity of action of the enantiomers of isoflurane on potassium
channels in neurones of the molluscan CNS. The (+)-enantiomer was found
to be ca. 2 fold more potent than (—)-isoflurane in activation of the anaesthetic-
activated potassium current Ig(A,), and inhibition of the inward cur-
rent mediated by neuronal nicotinic acetylcholine receptors. However, the
(—)-enantiomer was slightly more potent than (+)-isoflurane in the inhib-
ition of the less sensitive transient potassium current I,.'4

Although in the context of the molecular mechanism of general anaesthesia
stereoselective interactions with the chiral components of lipid bilayers
cannot be ruled out, previous investigations have demonstrated little chiral
discrimination by phospholipids!*® and both isoflurane enantiomers are
equally soluble in lipid bilayers.'” In addition, both enantiomers have
identical effects on the shift of the chain-melting phase transition temperature
of dipalmitoyl lecithin (dipalmitoyl-L-a-phosphatidyl choline) a test of bilayer
disruption.'?*

Initial i1 vivo studies with isoflurane were carried out following intraperi-
toneal administration of the individual enantiomers to mice and determin-
ation of sleeping time. Both enantiomers produced a dose-dependent increase
in sleeping time with (+)-isoflurane being significantly more potent than the
(—)-enantiomer.’3 Subsequent reports on the stereoselectivity of action
of isoflurane have provided contradictory data. Lysko et al.'3! showed the
(+)-S-enantiomer to be ca. 50% more potent than (—)-(R)-isoflurane with
respect to minimum alveolar concentration (MAC) in rats, but others
have found no significant differences between the enantiomers.'3? Whereas
examination of loss in righting reflex and sleeping time in rats indicated the
(+)-S-enantiomer to be 40-50% more potent than (—)-(R)-isoflurane.!33
Interestingly the racemic drug showed a potency similar to that of the
(—)-enantiomer for loss of righting reflex.!3?

The stereoselectivity of isoflurane on the preservation of ATP concentrations
in anoxic rat hepatocytes has also been examined.'** The (—)-R-enantiomer
was found to be approximately 2.5 fold greater in potency compared to
(+)-(S)-isoflurane, thus the anaesthetic and biochemical effects of the two
enantiomers are opposite which imply that the effects are independent of one
another.'3*

As indicated above the majority of the available data on the stereoselectivity
of action of these agents is derived from studies on isoflurane. However, some
investigations have been carried out with the enantiomers of halothane.!?’
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Using the immobilization of the nematode Caenorhabditis elegans as a model
of anaesthetic action Sedensky et al.'3’ have shown genetic differences with
respect to the stereoselectivity of the action of halothane, the (+)-R-enantiomer
being ca. 3 fold more potent than (—)-(S)-halothane in some genetic mutants,

whereas in others the differences between the enantiomers were minimal.'?

The stereoselectivity of disposition of some of these agents has been investi-
gated following their administration to either animals or man. Following
exposure of rats to racemic halothane in a constant volume chamber the drug
concentration, and enantiomeric composition, were determined in the chamber
atmosphere with time, providing an indirect estimation of the whole body
pharmacokinetics of the drug.'3® The chamber drug concentrations decreased
in a biphasic manner with an essentially constant enantiomeric ratio of one,
indicative of minimal stereoselectivity in drug disposition. Similarly, the
enantiomeric composition of isoflurane in rat brain, following intravenous
administration of the racemate, was essentially unity.'* The enantiomeric
disposition of isoflurane has also been examined following administration to
patients.'37138 The enantiomeric composition S:R of the drug in blood varied
between 51:49 to 54:46 in samples collected up to 8 days following admin-
istration,'3”>'3% indicating a lack of stereoselective distribution.

The oxidative metabolism of these agents, mediated by cytochrome P450
(CYP), involves formation of reactive acylhalide intermediates which bind
covalently to liver protein and are associated with hepatotoxicity. In the
case of halothane approximately 20% of patients experience mild liver
dysfunction. In order to examine a possible association between halothane
stereochemistry and hepatotoxicity the individual enantiomers and racemic
drug were administered intraperitoneally to mice. Using immunoblotting
techniques (R)-halothane was found to yield two to three times more
covalently bound adducts than either the S-enantiomer or the racemate.'’
Similarly the metabolism of enflurane to difluoromethoxydifluoroacetic acid,
the end product of the oxidative transformation, has been examined in vitro
using both human liver microsomal preparations and microsomes containing
cDNA-expressed human CYP2ET1. The rate of formation of the acid from the
R-enantiomer was approximately 2 fold that from (S)-enflurane, with the
racemate yielding an intermediate value.'** While these are obviously prelim-
inary observations if the stereoselectivity of metabolism of these agents is
associated with hepatotoxicity and there are relatively minor differences in
anaesthetic potency then an argument could be made for the use of the single
S-enantiomers of these drugs.'’

While from the available literature there appears to be little argument for
the use of single enantiomers of the volatile liquid anaesthetics from a
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pharmacodynamic viewpoint examination of their selectivity of action does
contribute to our understanding of their mechanism of action. Such stereo-
selectivity in action should be viewed in the context of Lehman’s statement
that “the stereoselectivity displayed by pharmacological systems constitutes
the best evidence that receptors exist and that they incorporate concrete
molecular entities as integral components of their active sites.”?!

Chiral Drugs and Regulation

The increased appreciation of the potential significance of the pharmaco-
logical differences between enantiomers, together with associated safety issues,**
resulted in drug chirality and particularly the use of racemic mixtures vs
single enantiomers, becoming an area of concern for the pharmaceutical
industry and leading regulatory authorities.'*'~'** Those advocating the use
of single enantiomers stating that the use of racemates is essentially polyphar-
macy with the dosage being determined by chemical rather than therapeutic
or pharmacological criteria and regarding racemates as drugs containing
50% impurity. In the lay press the issue was frequently addressed in emotive
terms citing, unjustifiably,>>'*! the hypnotic-sedative-teratogenic agent
thalidomide as an example where the use of a single enantiomer would have
prevented the tragedy of the early 1960s.

There are a number of potential advantages associated with the use of single
enantiomers including: a less complex more selective pharmacological profile;
potential for an improved therapeutic index; a less complex pharmacokinetic
profile; reduced potential for complex drug interactions, and a less complex
relationship between plasma concentrations and effect.

The major regulatory authorities have addressed the issues associated with
drug chirality and published guidelines or policy statements.'*~147 At present
there is no absolute requirement from the regulatory authorities for the
development of single enantiomer drugs, the choice of stereoisomeric form,
i.e. single enantiomer or racemic mixture, residing with the compound
sponsor, but the decision requires scientific justification based on quality,
safety and efficacy criteria together with the risk-benefit ratio.'*”

As a result of regulatory attitudes the number of new chemical entities
submitted for approval as single stereoisomers rather than racemates to
various regulatory bodies over the last 10 years appears to have
increased.'’~!%’ The most recent data, for the period 1996-1999, from the
Medicines Control Agency, indicates that 24 of a total of 37 synthetic chiral
new chemical entities submitted for evaluation were single stereoisomers.!'*”
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Chiral Switch

In addition to new chemical entities a number of agents initially, or currently,
marketed as racemates have been re-introduced as single enantiomer prod-
ucts undergoing the so-called Chiral Switch process.” The idea of evaluating
single enantiomers following either developments in synthetic technology or
the observation of unacceptable adverse effects with the racemate is not new
and the examples of D-penicillamine,%'5! L-dopa'$>'33 and levonorgestrel
may be cited. The Chiral Switch has resulted in a number of agents being
re-marketed as single enantiomers including levobupivacaine, (S)-ketamine,
cisatracurium, dexibuprofen and dexketoprofen, in a number of countries
(table 4). These re-introductions have resulted in products containing
both single enantiomer and racemic mixtures being available at the same
time, hence the requirement for physicians to have an appreciation of
stereochemical nomenclature to ensure that they know what they have in fact
prescribed.

However, as noted in table 4, such re-evaluations/re-introductions are not
without problems and in the case of dilevalol, the B-blocking stereoisomer
of the combined «, B-blocking drug labetalol, the development of the
drug was stopped as a result of hepatotoxicity;** the development of
(R)-fluoxetine was terminated due to a small but significant increase in
QTc prolongation at the highest dose examined;!** both dex- and racemic
fenfluramine were withdrawn following an association with valvular
heart disease;'*° and the SWORD trial (Survival With Oral d-Sotalol) was
terminated early due to increased mortality in the treatment compared to
the placebo control group.!*® The above examples illustrate that removal

Table 4 Single enantiomers from marketed racemates: the Chiral Switch
Drug Action/indication Availability/comment
Dexfenfluramine Anoretic Withdrawn
Dilevalol B-antagonist Development stopped
Levofloxacin Antimicrobial Japan, UK, USA
Dexibuprofen NSAID Austria, Switzerland
Dexketoprofen NSAID Spain, UK
Levobupivacaine Regional anaesthetic UK
(S)-Ketamine Anaesthetic Germany
Esomeprazole Proton-pump inhibitor UK, USA
(R)-Salbutamol B,- agonist USA
(R)-Fluoxetine Selective serotonin re-uptake inhibitor Development stopped
Cisatracurium Neuromuscular blocker UK, USA
Levocetirizine Antihistamine UK
(R,R)-Methylphenidate Attention-deficit hyperactivity disorder USA
Escitalopram Selective serotonin re-uptake inhibitor USA, UK
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of the 50% ‘isomeric impurity’ present in a racemate is by no means a
trivial matter.

In addition to the agents cited in table 4 a number of other compounds are
undergoing evaluation as potential single enantiomer products including
(R,R)-formoterol for the treatment of asthma; (S)-fluoxetine for migraine
prophylaxis; (S)-oxybutinin, for urinary incontinence; (S)-doxazosin for
treatment of benign prostatic hyperplasia; the proton pump inhibitors
(S)-lansoprazole and (—)-pantoprazole and (+)-norcisapride for the treatment
of nocturnal heartburn.’

Conclusions

This chapter has attempted to explain the terminology and pharmacological
significance of stereochemistry, together with the current regulatory position
regarding chiral pharmaceuticals. There can be no doubt that stereochemical
considerations in pharmacology will continue and provide additional
insights into the mechanisms of drug action and disposition. From a clinical
perspective such investigations should contribute to improved drug use and
the re-evaluation of ‘old’ racemates will in some instances result in single
enantiomer products with an increase in both drug safety and efficacy.

Note added in proof

The attention of interested readers is drawn to two recently published articles relevant to
the topics addressed in this chapter.!s7-158
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CHAPTER

G.A. McLeod

New local anaesthetics

The impetus to develop new local anaesthetic agents followed reports of
sudden cardiac arrest, prolonged resuscitation and a disproportionately high
number of deaths in pregnant women receiving epidural bupivacaine and
etidocaine for caesarean section.! The subsequent, prompt changes in anaes-
thetic practice such as slow incremental dosing and the use of test doses
undoubtedly reduced mortality but, nevertheless, failed to eliminate the
cause of toxicity — accidental intravascular injection.

Recent reports suggest that local anaesthetic toxicity still remains a problem.
A recent survey?® reported 16 seizures in over 21,000 patients undergoing
limb blocks. The regulatory studies for the two new safer local anaesthetics,
ropivacaine and laevobupivacaine corroborate this evidence. Of the 4,500
patients recruited world-wide in clinical studies comparing the new drugs to
bupivacaine, nine showed symptoms of toxicity due to inadvertent intravas-
cular injection, two of whom progressed to convulsions.?

Increased awareness of the benefits of high quality prolonged post-surgical pain
relief has spurned the search for ultra long acting local anaesthetics. Long dur-
ation pain relief is already obtainable with insertion of epidural or nerve sheath
catheters. Unfortunately, even with high technical success rates of catheter inser-
tion, patients do not often receive optimal pain relief because service provision
falls down and catheters have a tendency to fall out, leak, break and migrate.*

Recent evidence has highlighted the many diverse actions of local anaesthetics.
Not only do they block sodium and potassium ion channels, but interact with
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G-coupled receptor proteins,” muscarinic receptors® and endothelial nitric

oxide (NO).”

This review will present the evidence for the improved safety profile and
potency of the enantiomers, ropivacaine and laevobupivacaine and will
introduce the reader to some novel ultra long acting local anaesthetics as well
as an insight into the possible future applications of local anaesthetics on the
endothelium, coagulation system and the inflammatory response via inter-
actions with G-coupled receptor proteins.

Voltage-Gated lon Channels

Before discussing new local anaesthetic agents, it is useful to be aware of some
new advances in molecular biology. Visualisation of the sodium receptor and
understanding of the molecular mechanisms of sodium channel binding and
gating has the potential to not only advance local anaesthesia and pain relief
but also the treatment of epilepsy and cardiac dysrhythmias.?

The unique anatomical features of nervous tissue provide long distance
conduction of electrical signals without loss of information. Clustered within
the Nodes of Ranvier are voltage-gated sodium and potassium channels where
electrical impulses are regenerated for propagation down the nerve. These
channels are embedded in the lipid bilayer cell membrane that surrounds the
axoplasm and cover the entire width of the nerve cell membrane.

Sodium channel

Cryo-electron microscopy and image reconstruction has recently revealed the
three-dimensional structure of the sodium channel.”!° As viewed parallel to
the membrane surface, the sodium-channel protein is bell-shaped with four
transmembrane domains arrayed symmetrically around a central pore that
splits into four passages that communicate between the intra and extracel-
lular spaces (fig. 1).

The four homologous domains (I-IV) contain six transmembrane alpha helices
(S1-S6) and an inactivating particle connecting domains III and IV. The S5 and
S6 segments and the short loops between them form the pore (fig. 2). The
fourth helix (S4) has positively charged arginine or lysine residues at every
third position and is regarded as the ‘voltage-sensitive’ region of the sodium
channel. The cationic sites on $4 are postulated to be paired with anionic sites
that may reside on nearby transmembrane helices (S1-S3 or S5-S6).

Three major conformational states of the sodium channel exist, i.e. resting,
open, and inactivated. In the resting state, the membrane potential is negative



New Local Anaesthetics 67

Figure 1 A three-dimensional representation of the voltage-gated sodium channel. The first
image shows the central ion-conducting pore and its intracellular and extracellular
connections. The peripheral areas 1-4 indicate ‘gating’ pores, containing the S4 segments,
and their connections to the central pore. The dashed lines show the position at which the
cross-section was take.
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Figure 2 Map of the voltage-gated sodium channel, showing how it folds over and crosses
the plasma membrane. It is composed of four homologous domains (IHV) each of which
contains six transmembrane segments (cylinders 1-6).

inside because of the presence of large concentrations of sodium ions outside the
cell and relatively large concentration of potassium ions inside the cell. The S4
segments are in the ‘down’ position, making the channel non-conductive.

Outward movement and spiral rotation of the S4 segments through special,
narrow-waisted pores in each domain, moves positive gating charges across the
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membrane’s electric field and opens the ion channel. Subsequent channel inacti-
vation involves the closure of a hydrophobic inactivation gate or motif called
IFMT (isoleucine, phenylalanine, methionine, threonine), between domains III
and IV.'"! The gate has little affinity for the mouth of the channel when all $4
segments are down. When they are in the up position, the affinity of the inac-
tivating particle for the mouth increases and it docks in, inducing inactivation.

Potassium channels

In contrast to voltage-gated sodium channels, potassium channels are a very
diverse family of membrane proteins with many subtypes although their
distribution in nerve cells is still not clear. They fulfil a number of roles in
peripheral nerves such as establishing the resting membrane potential and
accomplishing repolarisation.

The hallmark of potassium channels is their ability to allow potassium ions
to pass uninterrupted while presenting a formidable barrier to sodium ions.
Unlike sodium channels, the potassium channel only contains the equivalent
of one domain that folds over. The pore presents a wide, non-polar intracel-
lular opening, and narrows on the extracellular side.!? This region of the
pore acts as a ‘selectivity filter’ by allowing only the passage of potassium
ions in single file across the cell membrane. As with sodium channels, the $4
transmembrane segment, is the voltage sensor and the inactivation gate
‘swings in’, binds to the S4-S5 loop and blocks the channel.

Local anaesthetic blockade of ion channels

Local anaesthetic binding to the sodium receptor is achieved by the ionised
moiety of the anaesthetic molecule in a reversible and concentration-
dependent manner. Recent molecular cloning studies give an insight into the
affinity of recombinant sodium-channel isoforms for local anaesthetics. Parts
of the local anaesthetic binding sites have been identified in IV-S6 as phen-
ylalanine (F1764) and tyrosine (Y1771) of rat brain IIA sodium channels
(rITA), residues that correspond to F1760 and Y1767 in human heart (hH1).'3
It is phenylalanine (F) in position F1760 in hH1 sodium channels that binds
with the positively charged moiety of bupivacaine but the whereabouts of a
proposed hydrophobic binding site for local anaesthetics remains elusive.

The affinity of the sodium receptor for local anaesthetics is higher in the open
or inactivated states compared to the resting state. Binding of anaesthetics to
open sodium channels increases with the frequency of nerve depolarisation and
is described as use-dependant or phasic block. Local anaesthetics that bind with
more affinity to open or inactivated channels or that dissociate more slowly
(such as bupivacaine) will generate a more potent block than local anaesthetics
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such as lidocaine, which dissociates four times faster. Consequently, bupivacaine
accumulation during diastole is likely to delay recovery of cardiac sodium
channels, prolong conduction and induce re-entry-induced dysrhythmias.

Potassium channel blockade further enhances local anaesthetic blockade.
Potassium block broadens the action potential and encourages the open and
inactivated sodium channel states thereby enhanced the binding of local
anaesthetic.'*

Local anaesthetics show a slightly higher potency to block cardiac than nerve
sodium channels. Investigators have attributed this to a greater affinity of
cardiac sodium channel for local anaesthetics’ or a larger proportion of
heart (hH1) channels in the inactivated (i.e. high-affinity) state at physio-
logical resting potentials (—100 to —90 mV).1®

The most likely answer lies within the electrophysiological differences between
nerve and heart. Nerves undergo a very brief depolarisation due to rapid flux
of sodium ions and neural blockade, probably of resting state sodium channels
at a potential of —70 to —80mV, and need relatively high concentrations of
bupivacaine for blockade.

In contrast, cardiac depolarisation lasts 200400 ms due to an initial sodium
flux followed by a longer lasting influx of calcium that prolongs the duration
of the action potential and produces a characteristic long plateau phase.
As a result, blockade is produced by much lower drug concentrations binding
frequently to more available and higher affinity inactivated sodium
channels.!”

New Safer Local Anaesthetics
Stereoselective blockade of ion channels

Bupivacaine exists in two forms called enantiomers, which are mirror images
of each other. Although structurally identical, stereoisomers can exhibit
pharmacodynamic and pharmacokinetic differences which manifest clinically
as differences in potency or in side effects. The discovery, 30 years ago, of a
stereoselective blockade of cardiac sodium channels by the enantiomers of
bupivacaine!® and advances in chiral chemistry have spurned the development
of two new local anaesthetics ropivacaine and S-bupivacaine. The underlying
principle of development was that if a significant difference in cardiotoxicity
between the enantiomers of ropivacaine and between the enantiomers of bupi-
vacaine was coupled with equivalent potency for nerve block, the added gain
in therapeutic index warranted their clinical use.
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Before discussing the evidence of stereoselective myocardial toxicity it is neces-
sary to explain the confusing nomenclature surrounding chiral compounds
(table 1). A chiral molecule has no internal plane of symmetry and is non-
superimposable on its mirror image (fig. 3). Even after rotating one of the mole-
cules it remains different from its partner in the same way a right hand will not
fit properly into a left handed glove. Enantiomers can be classified according to
their ability to rotate the plane of polarised light through a polarimeter. This is
described as optical activity. Right handed or clockwise rotation is called
dextrorotatory, ‘d’ or ‘+” and left handed or counterclockwise rotation is called
laevorotatory, ‘I’, or ‘“—’. A solution that contains a mixture of the two optical
isomers will not change the plane of plane polarised light, because the effects of
the two isomers cancel each other out.

The S and R descriptors are based on the configuration of the four asymmet-
rical groups around the central carbon atom (fig. 4).” An accurate descrip-
tion is determined by the following sequence rules (a) put the lowest priority
towards the back by rotating the molecule (b) look at the direction of highest
to lowest: if clockwise, then R (rectus), otherwise it is S (sinister). For the
purposes of this review S-, 1, (+) and laevo (bupivacaine) and R-, d, (=) and
dextro (bupivacaine) are considered the same and are interchangeable.

Table 1 Chiral terminology'®
Chirality Spatial arrangement of atoms, non-superimposable on its mirror
image
Isomer A molecular entity with the same atomic composition but different
stereochemical formulae and hence different physical or chemical
properties
Stereoisomers Isomers that possess identical constitution but which differ in the
arrangement of their atoms in space
Enantiomers One of a pair of molecular entities which are mirror images of
each other and non-superimposable
Racemate An equimolar mixture of a pair of enantiomers
I
|
Br | Br
N
|
wC ' Cu
H | i, H
7 N | o
|
1

Figure 3 Schematic representation of a chiral compound. Both enantiomers are
non-superimposable.
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Figure 4 Sequence notation of chiral compound. First put the lowest priority towards the
back by rotating the molecule then look at the direction of highest to lowest: if clockwise,
then R (rectus), otherwise it is S (sinister).

Table 2 Physicochemical characteristics of local anaesthetics

pKa Protein Vdgs ti Clearance
binding L) (min) (I min~7)
Lidocaine® 7.9 75 91 96 0.88
Bupivacaine 8.1 95 73 210 0.58
Ropivacaine® 8.1 94 59 111 0.72
Laevobupivacaine® 8.1 95.5 54 157 0.32
Dextrobupivacaine®® 8.1 93.4 84 210 0.40

pKa - constant.
Vd, — Volume of distribution at steady state.

Bupivacaine is an amino-amide local anaesthetic and is a member of the
homologous series of n-alkyl substituted pipecholyl xylidines first synthesised
by Ekenstam in 1957. Ropivacaine is a single enantiomer, structurally similar to
bupivacaine but with a propyl side chain replacing the butyl group. The smaller
side chain contributes less lipid solubility, less toxicity and an increased separ-
ation of sensory and motor blockade compared to bupivacaine. Laevobupiv-
acaine, an enantiomer of bupivacaine, shares the same molecular structure as
bupivacaine but due to its different spatial configuration has a different
pharmacokinetic and pharmacodynamic profile. The physicochemical proper-
ties of laevobupivacaine and ropivacaine are compared in table 2 to bupivacaine
and other commonly used local anaesthetics.

Reduced Toxicity

In order to demonstrate any reduced cardiotoxicity of the new stereoisomers
compared to bupivacaine, many iz vitro and in vivo animal toxicity, human
volunteer and clinical studies have been conducted on ropivacaine and
laevobupivacaine. The following text describes the impact of these new drugs
on ion channel blockade, myocardial electrophysiological and contractility
changes, convulsive and dysrhythmogenic thresholds, resuscitation from
cardiac arrest, vasoactivity and clinical potency.
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lon channel blockade

Stereoselectivity of the inactivated state of the sodium channel has been
demonstrated by use of the whole-cell voltage clamp technique in isolated
guinea-pig ventricular myocytes?® and recently in human cardiac sodium
channels."® In both, dextrobupivacaine was more potent than laevobupiv-
acaine. Potency is attributable to a more stable and longer interaction (dwell
time) with the binding site and is expressed as the dissociation constant (Kp).
No stereoselectivity was exhibited with the activated or open state of the
channel.

Potassium channel blockade enhances block of the inactivated state of the
sodium channel. Stereoselective inhibition of cloned human ventricle delayed
rectifier potassium channels (hKv1.5) has been demonstrated for both the
enantiomers of both bupivacaine and ropivacaine. Kp of 27.3uM and
4.1 uM were calculated for dextrobupivacaine and laevobupivacaine,
indicating dextrobupivacaine to be sevenfold more potent in blocking the
potassium channel than laevobupivacaine.?! The corresponding concentration-
dependant block induced by R-ropivacaine yielded a K, value of 32 uM, two
and a half times more potent than S-ropivacaine.?? Unlike sodium and potas-
sium channels, no stereoselectivity has been observed for calcium channels.

Electrophysiology and contractility

The maximum upstroke velocity (V,,.«) of the action potential using a stand-
ard microelectrode technique in isolated guinea-pig papillary muscle also
depicts the inhibitory effect of local anaesthetics on the sodium channel
current. Using this methodology, Moller et al., showed that V,,,, and duration
of block were significantly decreased in the presence of bupivacaine compared
to ropivacaine and lidocaine.?? Similiarly, V.., was reduced to a greater extent
in the presence of dextrobupivacaine than laevobupivacaine over a range of
stimulation frequencies, indicating a more profound blockade of sodium
channels and slowing of cardiac conduction with dextrobupivacaine.?*

Excessive shortening of action potential duration (APD) can precipitate
re-entrant dysrhythmias and lengthening of action potential duration may
prolong the QT interval in the clinical ECG. Harding et al., compared the
effects on V. and action potential duration of laevobupivacaine, racemic
bupivacaine and ropivacaine.”> At 30 uM bupivacaine reduced V,,, 50%
more than laevobupivacaine and ropivacaine and a significant increase in
action potential duration was seen with ropivacaine that was not apparent
with laevobupivacaine. After a 40 min-washout period, V,,,, recovered fully
with laevobupivacaine and ropivacaine but not for bupivacaine suggesting that
any toxicity induced by these new enantiomers may be easier to reverse.
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The in vitro studies have shown that both ropivacaine and laevobupivacaine
are less likely to dwell on myocardial sodium channels, have much less
potency at potassium channels and are less likely to impair myocardial
electrical conduction and contractility compared to bupivacaine.

Interaction of central nervous system (CNS) and cardiovascular
system (CVS)

Observation of the CNS and CVS side effects of ropivacaine and laevobupiv-
acaine has been possible in large animal models by injection into the systemic
and coronary circulation. Chronically instrumented sheep were injected intra-
venous boluses of lidocaine bupivacaine and ropivacaine.?® The mean convul-
sive doses were 110mg, 60mg and 45mg for lidocaine, ropivacaine and
bupivacaine. Ventricular fibrillation caused death in two sheep after bupivacaine
(80 mg) and in two sheep after ropivacaine (90 and 120 mg) administration.

A similar investigation was undertaken by the same group in order to examine
the cardiac effects of sub-convulsive and convulsive intravenous doses of
laevobupivacaine and bupivacaine.?” At subconvulsive doses, bupivacaine and
laevobupivacaine produced depression of left ventricular systolic contractility
(dP/dt,,.,) which was reversed following the onset of convulsions. The mean
(SD) dose at which convulsions occurred was significantly higher with
laevobupivacaine 103 (18) mg than with bupivacaine 85 (11) mg. Significantly
fewer and less deleterious dysrrhythmias were induced by laevobupivacaine.
Three animals died after 150, 150, and 200 mg respectively of bupivacaine from
the sudden onset of ventricular fibrillation. These doses of laevobupivacaine
produced non-fatal dysrrhythmias that automatically returned to sinus rhythm.

A further study was conducted to explore the effects of higher doses.?® Eight
chronically-instrumented conscious female sheep were intravenously infused
with laevobupivacaine and bupivacaine. Doses were given over 3 min, with
50 mg increments, starting at 200 mg. The mean fatal dose of laevobupivacaine
(277 mg) was almost twice that of bupivacaine (156 mg). This compares to a
mean dose of 263 mg with ropivacaine found in a previous study.

Unfortunately, onset of convulsions and their haemodynamic sequelae masks
the direct CVS effects of local anaesthetic drugs. A means of obviating this is
by direct administration of study drug into coronary arteries. Two studies by
Reiz et al., regarded prolongation of the QRS-interval of pigs as a measure
of electrophysiological toxicity. In the first, the electrophysiological toxicity
ratio for bupivacaine, ropivacaine and lidocaine was 15, 6.7, 1.0.%°
The respective toxicity ratios for bupivacaine, laevobupivacaine and ropiv-
acaine in the second study were 2.1, 1.4, 1.0.3°
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A further study?®' injected bupivacaine, laevobupivacaine or ropivacaine over
a three minute period into the left main coronary arteries of conscious ewes.
This investigation used equimolar doses in order to negate differences in
molecular weight or presentation as base or hydrochloric acid. Interestingly,
there were no differences between all three drugs. Cardiovascular changes,
QRS widening, fatal doses and survival rates were similar suggesting that all
three drugs possess comparable capacity for cardiac toxicity when given into
the left intracoronary artery.

What, therefore accounts for differences in cardiac toxicity between bupiv-
acaine and the new chiral compounds? Perhaps the answer lies within the
CNS. Dextrobupivacaine and laevobupivacaine given intravenously in a rat
model at an dysrrhythmogenic dose®? reduced the cell firing rate of the
nucleus tractus solitarus. Dextrobupivacaine produced severe bradycardia,
progressive hypotension, apnoea and death in all animals, whereas
laevobupivacaine produced a mild bradycardia in only one third of the
animals. Further investigation is needed regarding the interaction of the CNS
and CVS in local anaesthetic toxicity.

Human volunteer toxicity

Although the animal studies have assiduously demonstrated reduced cardiac
toxicity for both ropivacaine and laevobupivacaine, the circumstance of acci-
dental intravenous injection needs to be replicated in human beings as much as
possible. Fortunately, a means of exhibiting local anaesthetic toxicity exists in
human volunteers. Acute tolerance of intravenous infusion of 10 mgmin~! of
bupivacaine, ropivacaine and laevobupivacaine has been studied in four
crossover, randomised, double-blind studies in volunteers previously acquainted
with the CNS effects of lidocaine. Changes in conductivity and myocardial
contractility were monitored using the ECG (PR interval, QRS duration, QTc,
QTd), echocardiography or thoracic bioimpedance. QT ¢ dispersion is a marker
of dysrhythmogenesis and is calculated, on a 12 lead ECG, from the difference
between smallest and largest QT interval, and is corrected for time.

Bupivacaine impaired myocardial contractility, extended QRS duration and was
less likely to be tolerated than ropivacaine.?*3* The threshold for CNS toxicity
was apparent at a mean free plasma concentration of 0.6 mg™' for ropivacaine
and 0.3 mg™! for bupivacaine. Using thoracic bioimpedance, laevobupivacaine
had significantly less effect on stroke index, acceleration index and ejection frac-
tion.>’ In a further study of 22 volunteers, those who received over 75 mg of
drug had significantly less QTc dispersion with laevobupivacaine.*® The mean
(SD) increase in QTc dispersion for bupivacaine was 24 ms (17 ms) compared
to mean (SD) increase of 3 ms (11 ms) for laevobupivacaine.
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Reversibility and resuscitation

There is no information comparing the ability to reverse the cardiotoxic effects
associated with incremental overdosage of bupivacaine, laevobupivacaine or
ropivacaine, nor indeed, any evidence regarding best drugs to use. Anaes-
thetised rats’” and dogs?® were given local anaesthetic until the point of cardio-
vascular collapse at which point epinephrine and open-chest massage was
started. In rats, the doses of laevobupivacaine and ropivacaine that produced
seizures were similar and were greater than bupivacaine but the number of
successful resuscitations did not differ among groups. In dogs, mortality from
bupivacaine, laevobupivacaine, ropivacaine and lidocaine was 50%, 30%,
10% and 0%, respectively. Epinephrine-induced ventricular fibrillation
occurred more frequently in bupivacaine-intoxicated dogs. The unbound
plasma concentrations at collapse were larger for ropivacaine compared with
bupivacaine after resuscitation.

Sensory motor split and potency

An early in vitro study was the first indication that ropivacaine’s intermediate
lipid solubility between that of lidocaine and bupivacaine could translate into
a preferential blockade of sensory to motor fibres. The response of
compound action potentials in A and C nerve fibers to different concentra-
tions of ropivacaine and bupivacaine was measured in isolated rabbit vagus
nerves.?® The results showed that the depressant effect of bupivacaine was
16% greater than that of ropivacaine on motor fibres, but only 3% greater
on sensory fibres. The enhanced differential between sensory and motor
blockade was given further standing from an epidural infusion study on
volunteers using 0.1%, 0.2%, 0.3% ropivacaine, 0.25% bupivacaine or
saline.*® Over the 21-hour study period, sensory block and isometric quad-
riceps function were measured. The results showed that ropivacaine 0.2%
and 0.3% were associated with less motor block than 0.25% bupivacaine.
However, the extent of sensory spread was concentration-dependent for
ropivacaine and receded much more quickly than bupivacaine.

The results of this study triggered a key question in regional anaesthesia. Are
patients given ropivacaine less likely to suffer motor blockade and lower limb
weakness compared to patients given the same dose of bupivacaine or does
the limited sensory and motor spread of ropivacaine indicate less potency?
The question is crucial because any reduction in potency narrows the thera-
peutic window between clinical efficacy and adverse side effects because
more drug is required.

A comparison of the potency of ropivacaine and laevobupivacaine from
standard regulatory studies is impossible because many are statistically
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powered to show equivalence of effect rather than differences between drugs
and, as such, the vast majority of patients lie at the flat top of the dose
response curve for analgesia and any difference between drugs manifests as
side effects. Many of these studies have been highlighted in table 3.

In order to compare the analgesic potency of two drugs, one must come
down the analgesic dose response curve to the point at which half the
patient population responds, the EC50. The minimum effective local anal-
gesic concentration (MLAC) for epidural analgesia in the first stage of
labour remains the only valid means of measuring clinical potency.
Patients are administered a standard 20 ml volume local anaesthetic and
the pain of contractions measured using a 100 mm visual analogue pain
ruler. A score of =10 mm within 30 min is defined as effective. The concen-
tration of local anaesthetic given to each patient is increased or decreased
according to the response of the previous patient (up-down sequential
allocation). Using this methodology, the EC50 of ropivacaine has been calcu-
lated in two studies to be 0.111(95% CI: 0.100-0.122)%*! and 0.156(95%
CL: 0.136-0.176)%* compared to 0.067(95% CI: 0.052-0.082)%*' and
0.093 (95% CI: 0.076-0.110)%** for bupivacaine. The corresponding EC50
for laevobupivacaine is 0.083(95% CI: 0.065-0.101)% compared to
0.081(95% CI: 0.055-0.108)% for bupivacaine.*

Thus, the potency of ropivacaine is six tenths that of bupivacaine 0.60 (95% CI:
0.47-0.75) and the potency of laevobupivacaine no different to that of bupiv-
acaine 0.98 (95% CI: 0.67-1.41). European regulations insist on presentation
of new drugs as base rather than the hydrochloride. The result, in the case of
laevobupivacaine, is that 13% more active drug has been given in most clinical
studies. Despite this, and taking the extra drug into account, ‘the molar ratio of
laevobupivacaine is 0.87 (95% CI: 0.60-1.25) compared to a molar ratio of
0.57 (95% CI: 0.45-0.72) for ropivacaine.*> As the decrement in potency is still
less than the overall 25-30% reduction in cardiac toxicity determined by
preclinical studies, laevobupivacaine remains a safer drug than bupivacaine.

The MLAC methodology has been criticised because the ED5 and ED95
points each represent a single patient. Nevertheless, a study** in volunteers
receiving epidural boluses of ropivacaine or bupivacaine in increments of
0.02% then measuring, at the L2 dermatome, sensory thresholds by CO, laser
and isometric quadriceps function has confirmed the findings from EMLAC.
A 50% higher concentration of ropivacaine than bupivacaine was required to
produce onset of both superficial and deep analgesia giving a potency ratio of
0.67. The motor blocking ratio was also 0.67 indicating that both drugs have
identical motor-sensory separation. Interestingly, the authors concluded that
deep analgesia could not be obtained without motor blockade.



Table 3 Examples of clinical studies assessing efficacy and safety of laevobupivacaine (L) and ropivacaine (R)

Laevobupivacaine (n)

Results

Ropivacaine (n)

Results

Infiltration
anaesthesia for
inguinal hernia

Opthalmic anaesthesia
Peribulbar block

Upper limb block

Lower limb block

Lumbar epidural
block for surgery

Postoperative
analgesia

Spinal anaesthesia

0.25% L (33)
0.25% B (33)
50ml

0.75% L (25)
0.75% B (25)

0.25% L (25)
0.5% L (26)
0.5% B (23)
0.4ml kg™’
Supraclavicular
block

0.5% L (15)
0.5% R (15)
0.5% B (15)
Sciatic nerve block

0.75% L (29)
0.5% L (30)
0.5% B (29)

0.125% L (21)
0.125% L and

4 pg/ml F (22),

4 png/ml F (22)
PCEA basal rate
4ml h™', 2ml bolus,
10min lockout

0.5% L (40)
0.5% B (40)
3.5ml Plain solutions

Similar postoperative
pain scores over 48 h®”

No differences in volume (11 vs 10 ml),
time to satisfactory block (13 vs 11 min)
or perioperative pain scores®

Sensory block duration (min)

0.25% L, 892min, 0.5% L,

1039 min 0.5% B, 896 min

Motor block duration (min)

0.25% L, 847 min, 0.5% L, 1050 min
0.5% B, 933 min®"

Onset of block

0.5% L, 15min, 0.5% R, 15min

0.5% B, 30min

Duration of analgesia (h)

0.5% L, 16h, 0.5% R, 17h; 0.5% B, 14h%

Duration of sensory block
0.75% L, 460 min
0.5% L, 377 min, 0.5% B, 345 min®®

Pain scores lower and longer
time to first request in the
combination group than in
the plain fentanyl group

at 6h and 12h%’

Duration of sensory blockade
L, 228 min, B, 237 min
Duration of motor blockade
L, 280 min, B, 284 min%

0.125% R (26)
0.25% R (25)
0.5% R (27)
Saline (24) 30 ml
1% R (45)
0.75% B/2% L
mixture (45)

0.5% R (15)
0.75% R (15)

1% R (15)

2% M (15)
Interscalene block

0.75% R (12)
0.5% B (12)
Sciatic nerve
block

0.5% R (32)
0.5% B (35)

0.2% R (60),

0.2% R, 1mg ml~!
F(59), 0.2% R,

2mg ml~' F(62),
0.2% R, 4 pg/ml F(63)
Infusion up to

14 ml/h for 72h

0.5% R with 1%
dextrose (20)
0.5% R with 5%
dextrose (20)

0.25% and 0.5% equally effective®®

Both provided similar
anaesthesia at 8 min®®

Readiness for surgery greater with 1% R
Duration of analgesia >10h with all
concentrations of R%

Onset of block
0.75% R, 27.5min
0.5% B, 25min

Duration
0.75% R, 13.4h; 0.5% B, 15.8h%
0.5% R, 3.5h

0.5% B, 3.4h%

>90% no motor block after 24 h.
Better analgesia with
4 pg/ml fentanyl®®

No difference in spread or sensory
regression (150-330 min) °°

B = bupivacaine; F = fentanyl; M = mepivacaine.
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Vasoactivity

The vascular effects of local anaesthetics are important determinants of their
therapeutic activity. Drugs that vasoconstrict have the potential clinical advan-
tages of limited systemic uptake, increased neural uptake* and prolonged
duration of effect. Skin blood flow after intradermal injection of bupivacaine,
ropivacaine*®4” 7 in various anaesthetic and analgesic
concentrations has been evaluated by laser Doppler flowmetry*®*” and
perfusion imaging* following injection in volunteers. All three drugs show a
biphasic dose-response relationship with profound vasodilitation with anaes-
thetic dosages and relative vasoconstriction compared to saline control at
analgesic concentrations over a 60min study period. Laevobupivacaine is

and laevobupivacaine

significantly less vasodilatory than bupivacaine at the 0.75% concentration
and this inherent vasoactivity probably accounts for its increased duration
of action.*

Vasoconstriction may increase the neuronal uptake of a local anaesthetic
drug.!” As ropivacaine and laevobupivacaine are both more vasoconstrictor
than bupivacaine, it has been hypothesised that more local anaesthetic can
enter the nerve and prolong the duration and quality of block thus cancelling
out any intrinsic advantage in potency of the racemate or other enantiomer
on nerve blockade.

Long Acting Local Anaesthetics
Slow release formulations of bupivacaine

Prolonged excellent postoperative analgesia can be achieved by continuous
or repeated administration via indwelling catheters for regional, epidural, or
spinal anaesthesia. However, complications associated with catheterisation
are not uncommon and include leakage, intravascular injection, catheter
migration and infection.

A long acting anaesthetic placed accurately has the potential to provide long-
lasting pain relief and eliminate technical problems. Strategies in the search for
prolonged postoperative analgesic have focused on drug delivery systems for
slow release of local anaesthetics held in lipid emulsion, liposomes, micro-
spheres or in suspension.

Lipid emulsions

The rationale for development of lipid emulsions of local anaesthetics is
based on the relative solubility of the ionised and free base forms of bupiv-
acaine in aqueous and lipid solutions. Ionisation is limited to those molecules
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at the lipid/aqueous interface, thus slowly releasing active drug. A formula-
tion of bupivacaine in an emulsion of soya bean oil, triglycerides of C8—C10
fatty acids and egg lecithin has been administered as a sciatic nerve block to
Sprague Dawley rats and epidurally to dogs. The emulsion induced complete,
reversible motor and sensory blockade, while increasing the duration of the
anaesthetic effect by one third compared with the standard bupivacaine

aqueous solution.>%!

Liposomes

Liposomes are amphipathic lipid molecules with a polar head and two
hydrophobic hydrocarbon tails which form lipid bilayers not unlike a cell
membrane when suspended in an aqueous solution. Liposomal function is
dictated by size®? structure, and composition. The larger liposomes tend to
remain at the site of action and multilamellar (multilayer) vesicles release
drug more slowly. Permeability is determined by the incorporation of other
components in the bilayer, such as cholesterol. Possession of both aqueous
and lipid environments enables both water and lipid soluble drugs to be
carried.

The likelihood of tissue toxicity being induced by liposome constituents is
32,53 as they are biodegradable. However, much research requires to be
done to ensure that the preparation stays at the site of action, deliver a
predictable concentration of drug over a prolonged period of time and to
produce adequate sensory block without motor block’* or toxicity. Bupiv-
acaine 0.25% encapsulated by multilamellar liposomes was administered
epidurally to a patient suffering pain associated with lung cancer and the
effect compared with a plain bupivacaine solution of the same concentration.
Complete analgesia was produced for 4h with the plain solution and 11h
with the liposomal formulation. No motor blockade or haemodynamic
instability was observed with the liposome-associated bupivacaine.>®

low

Polymer microspheres

Biodegradable polylactic and lactic-glycolic acid polymers are widely used in
drug delivery of implantable contraceptives and sutures. Polylactic-co-
glycolic acid (PLGA) is a random co-polymer polymerised from lactic and
glycolic acids. The ratios 75/25, 65/35, and 50/50 refer to the molar ratios of
lactic to glycolic acid repeating units.

Previous clinical uses of microspheres has applied mainly to high potency drugs,
which require release of pg per day, and therefore have drug/polymer weight
ratios less than 10-12%. Local anaesthetics are comparatively low potency
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drugs, and require several mg/h™' to maintain blockade of nerves. Thus, to
make clinically useful microspheres with local anaesthetics, it has become neces-
sary to develop microsphere formulations with previously unattainably high
drug loadings, that is, 50-75% drug to polymer weight to weight ratio.

In the most studied formulation, 65/35 polylactic-co-glycolic acid, roughly
20% of the bupivacaine was released in the first 24 h, and approximately 7%
released daily thereafter up to approximately day 10. Even with doses of
600 mg/kg, more than 30-150 times the convulsant dose for aqueous bupiv-
acaine hydrochloride, toxicity was not seen.

Incorporation of dexamethasone into bupivacaine microspheres has
prolonged blockade by eight to 13 times compared with bupivacaine micro-
spheres alone.’®%” This would appear to be a local and not a systemic effect
of dexamethasone as injections at other remote sites has no effect on dur-
ation of blockade.’® Moreover, inhibition of the action of dexamethasone by
the glucocorticoid antagonist cortexolone suggests blockade of glucocor-
ticoid receptors.’® Phase II, dose finding studies on ilio-inguinal and inter-
costal block are currently underway.

Suspensions

Suspensions of local anaesthetics in polysorbate-80 offer the potential for
long duration of action by slow, continuous dissolution of otherwise short-
acting drugs. An example is 9.1% #n-butyl-p-aminobenzoate (BAB, butamben)
which is an amino ester derivative of benzene with atypical physicochemical
characteristics: a very low pKa of 2.6, a very low partition coefficient and
very low water solubility. Slow release from the particles of the suspension is
controlled by the physicochemical properties of butamben and by the char-
acteristics of the suspension (particle size and size-distribution, pH, addi-
tives). The epidural administration of the butamben suspension to rats,*
dogs®® and human beings with chronic pain resulted in ultralong-lasting pain
relief up to six months, without motor block.

New Long Acting Local Anaesthetics
Structure activity relationships

When designing a new long-lasting local anaesthetic, what are the most
important requirements? Knowledge of both receptor topology, the physico-
chemical properties of local anaesthetics and their diffusion into surrounding
tissues are required to design drugs which can rapidly access ion channels
and exert their effects reversibly and without local and systemic toxicity in a
range of nerve fibres that differ in size and function.
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The structure of local anaesthetics can be considered amphipathic, possessing
an aromatic (hydrophobic) benzene ring connected to a tertiary amine
(hydrophilic) group by a short alkyl chain and a hydrophilic bond (amide,
ester). The lipophilic, aromatic ring aids the penetration of the molecule
through the perineurium and nerve cell membrane where dissociation occurs
into the ionic and the non-ionic form of the tertiary amine. The relative
proportion of ionised and ionised forms is determined by the pH of solution
and pKa of local anaesthetic. The benzene ring restricts the movement of the
amide (hydrophilic) group to an axis perpendicular to the aromatic ring
helping direct it towards the sodium receptor. Substitutions on the ring or
tertiary amine portion of the local anaesthetic molecule alter its pKa, lipid
solubility and protein binding, determining respectively the speed of onset,
potency and duration of action.

Replacement of the tertiary amine by a piperidine ring increases lipid solu-
bility and duration of action. The size of the nitrogen (N)-substituent on the
piperidine ring is critical. Generally, the greater the number of carbon atoms
and branching the greater the potency (and toxicity) up to 3—4 carbon atoms.
After this, the activity drops off, since the analogues are too lipid soluble.

IQB-9302

An example of small structural change sufficient to alter function is replace-
ment of the N-substituent butyl chain of bupivacaine for a cyclopropyl-
methyl group while retaining the same number of carbon atoms. The effect
of this structural change was investigated in human cardiac potassium chan-
nels.®1:%2 Bupivacaine was 2.5 times more potent than IQB-9302 to block
hKv1.5 channels EC50 8.9 (1.4) vs. 21.5 (4.7) wmol. Stereoselective block
was also demonstrated with the dextro enantiomer being over three times
more potent than the laevo enantiomer.

Quaternary amines

Many other structural modifications of local anaesthetics have involved
replacement of the tertiary amine with an ionised quaternary amine. Potent
and long-lasting quaternary derivatives of cocaine, tetracaine, and cinchocaine,
albeit with a protracted onset and offset of action, were described 30 years
ago. Derivatives of tetraethylammonium ions (alkyl triethyl quaternary
ammonium ions) have also been synthesised in which one ethyl group was
replaced by a side chain of up to 16 carbon atoms. All produced sensory
block of the rat infraorbital nerve lasted 17-20 days.®® Later studies,
however, revealed that this type of compound resulted in loss of myelinated
axons, and axonal oedema within four weeks of treatment. It is important to
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note that systemic toxicity with quaternary ammonium-type local anaes-
thetics may include, in addition to or instead of the typical patterns of
cardiac and CNS toxicity of tertiary amine type local anaesthetics, effects on
peripheral nicotinic acetylcholine receptors manifesting as ganglionic or
neuromuscular block.

Tonicaine

New data suggesting that the local anaesthetic binding site has two large
hydrophobic domains that can accommodate up to a 12-hydrocarbon chain,
that the neutral tertiary amine is less potent and that permanently charged
amphipathic local anaesthetics can be easily trapped within the cell,
prompted investigators to add a hydrophobic phenyl ethyl moiety to the
tertiary amine of lignocaine creating a new ionised quaternary ammonium
compound called tonicaine. The advantage of this local anaesthetic is that
its amphipathic nature allows a much faster onset than traditional quater-
nary compounds, probably because the additional hydrophobic arm shields
the positive charge.

The permanently charged amphipathic molecule is a more potent sodium
channel blocker than its parent drug as it is trapped within the cytoplasm,
prolonging the duration of local anaesthetic blockade. For example, toni-
caine produced sciatic nerve blockade as assessed by withdrawal response to
pinching that lasted over nine times longer than the blockade produced by
lidocaine. Intruigingly, sensory blockade was more three-fold longer than
proprioception or motor blockade.®* This ratio is important for the manage-
ment of postoperative and obstetric anaesthesia, because it confers sensory
blockade without the hindrance of motor blockade, thus allowing patient
mobility. In addition, a recent study using prolonged nerve block (12-16 h)
in a rat model with tonicaine prevented the development of long-lasting (3-S5
days) inflammatory hyperalgesia not only with a prolonged pre-injury block
but also with a prolonged postinjury block when hyperalgesia was already
present.®® Unfortunately, direct clinical application is unlikely as tonicaine
has a relatively small therapeutic range and new evidence has demonstrated
some neurotoxicity.®® Nevertheless, an opportunity now exists using toni-
caine to further investigate, in the laboratory, the molecular determinants of
sensory-motor split and mechanisms of hyperalgesia.

Amitriptyline

The tricyclic antidepressant, amitriptyline, is prescribed as an analgesic in
patients with neuropathic pain. Recent evidence suggests that the pain relieving
properties of amitriptyline are due to antagonism of N-methyl-D-aspartate
(NMDA).®” The structure of amitriptyline suggests it may be useful as a local
anaesthetic. A recent study using amitriptyline for peripheral nerve blockade
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rats in vivo and in vitro has shown amitriptyline to be a more potent blocker
of neuronal sodium channels than bupivacaine. Using whole-cell voltage
clamping of cultured rat GH3 cells, amitriptyline was five times more potent
than bupivacaine in binding to the resting channels (50% inhibitory concen-
tration (IC50) of 39.8 (2.7) vs. 189.6 (22.3) pmol and 10 times more potent
in binding to the inactivated sodium channels (IC50) of 0.9 (0.1) vs. 9.6 (0.9)
pmol). Use-dependent blockade increased blockade by 14% for bupivacaine
and by 50% for amitriptyline.®® In vivo, complete sciatic nerve blockade for
nociception was 454 (38)min amitriptyline vs. 90 (13)min bupivacaine.
Time to full recovery of nociception for amitriptyline 656 (27) min
(10mmol) vs. 155 (9) min for bupivacaine.

N-phenylethyl amitriptyline

The principles of local anaesthetic structural modification used with ligno-
caine have also been applied to amitriptyline in order to extend its duration
of action. A quaternary ammonium derivative, N-phenylethyl amitriptyline
was synthesised®® and assessed using the same in vitro and in vivo techniques
described above. N-phenylethyl amitriptyline was found to be a highly
potent sodium channel blocker iz vitro and its potency was estimated to be
eight times higher than the parent drug. The duration of full recovery from
sciatic nerve block using 2.5 mmol N-phenylethyl amitriptyline was 30.3
(2.1)h, seven times longer than that of the parent drug amitriptyline and
12 times longer than bupivacaine.

Tetrodotoxin (TTX)

Voltage-gated sodium channels are the molecular targets for a broad range of
neurotoxins that act at six or more receptor sites on the channel protein.
These toxins fall into three groups according to their site of action — block
the pore, alter voltage-dependent gating of sodium channels through binding
to intramembranous or extracellular receptor sites.”

Tetrodotoxin is a poison found in puffer fish (fugu) and acts by selectively
blocking sodium channels at a site and by an action that differs from that of
lidocaine. Despite these desirable characteristics, tetrodotoxin has not
achieved clinical use as a local anaesthetic because of its perceived systemic
toxicity culminating in diaphragmatic paralysis leading to respiratory arrest
and death. In light of the discovery that tetrodotoxin does not cause local
neurotoxicity (sakura) and the lack of enduring central nervous or cardiac
sequelae (unlike bupivacaine), tetrodotoxin has been investigated as a poten-
tial long-lasting local anaesthetic.

Tetrodotoxin, when given alone to rats, resulted in an increase in thermal
nocifensive and withdrawal latency in the contralateral limb almost as large as
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the injected leg.”' This is suggestive of systemic toxicity and is attributable to

distribution of toxin to systemic nerves and muscles rather than an action on
the CNS.

Addition of epinephrine reduced the EC50 and a five-fold increase in the
duration of tetrodotoxin-induced nerve blockade (13.3h for 50 mmol
tetrodotoxin in 55mM, 1 in 100,000 epinephrine) compared to 15.4 mmol
(0.5%) bupivacaine alone. The addition of epinephrine increased the thera-
peutic index (the LD50:EC50 ratio) of tetrodotoxin four-fold.

Addition of bupivacaine to tetrodotoxin increased duration of block syner-
gistically. Blocks lasting 11 (1.28) h were obtained with 50 mmol tetrodotoxin
combined with 15.4 mmol bupivacaine. However, no additional benefit was
obtained by all three drugs in combination, suggesting the benefits of bupiv-
acaine and epinephrine act via the same mechanism. Bupivacaine possesses
vasoconstrictive properties at concentrations of 0.25% and less*® and, like
epinephrine, slows the resorption of tetrodotoxin from the site of injection.
All these blocks were achieved with no deaths or signs of respiratory distress
or systemic toxicity as indicated by contralateral limb dysfunction. Rabbits
receiving all three concentrations of tetrodotoxin did not demonstrate any
ocular irritation, corneal thickening, or signs of systemic toxicity. At a dose
of 10 mmol, tetrodotoxin produced an anaesthetic effect lasting up to 8 h.”2

Capsaicin

Evidence from animal models and studies of human sensory nerves demon-
strate that tetrodotoxin-resistant sodium channels are found primarily in
small-diameter nociceptor afferent neurons and play an important role in
pain conduction and chronic pain. Capsaicin, the pungent ingredient in chilli
peppers, is a vanilloid with noxious and analgesic effects that inhibits
tetrodotoxin-resistant sodium currents. Sciatic nerve block with capsaicin in
male Sprague-Dawley rats produced selective anaesthesia with an increase in
thermal latency but no effect on motor strength.”> The combination of
capsaicin and 0-120 wmol tetrodotoxin was synergistic prolonging both
nociceptive and motor block, with the effect of capsaicin reversed by the
vanilloid antagonist capsazepine. Similar interactions were found between
tetrodotoxin and resiniferatoxin (another vanilloid), but much less so
between bupivacaine and capsaicin.

Prenylamine

The investigations into long acting local anaesthetic compounds have identi-
fied the ideal compound as one possessing two large hydrophobic regions.
Prenylamine, a known calcium channel blocker, fulfills these structural
criteria but its clinical development has been hindered by reports of
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the torsade de pointes syndrome. In cultured rat neuronal GH3 cells during
whole-cell voltage clamp conditions’* prenylamine elicited both use-dependent
and tonic block of both resting and inactivated sodium channels. In addition,
in vivo data show that prenylamine produced a complete sciatic nerve block
that lasted over 24 h. Although it is unlikely that prenylamine will be devel-
oped for clinical use, knowledge gained from laboratory experiments using
these compounds such as this will bring us closer to developing a local anaes-
thetic which offers both safety and a prolonged duration of action.

Local Anaesthetics and the Inflammatory Response

Although local anaesthetics are better known for their ability to block
sodium and potassium ion channels, recent work has uncovered interac-
tions with other cellular systems, particularly the G protein-coupled recep-
tors mediating inflammatory responses (lysophosphatidic acid and
thromboxane A2), m1 muscarinic acetylcholine receptors and endothelial
NO synthase.

G-coupled receptor proteins

Interaction of an agonist with its enzyme-activating receptor coupled to a
guanosine triphosphate (GTP)-binding protein or G-protein initiates a
cascade of events within the cell called the ‘cellular conduction pathway’
leading to a physiological response (fig. 5). The membrane receptors coupled
to the GTP-binding proteins form a very large family of proteins estimated
to contain as many as 1,000 proteins. Each of the three G-protein subunits
o, B and vy can occur in various isoforms (20a, 63 and 12v). However, there
are four main classes of G-proteins of known function. G, activates adenylyl
cyclase, G; inhibits adenylyl cyclase, G, activates photoreceptor cyclic guano-
sine monophosphate (¢cGMP) phosphodiesterase and G, activates phospho-
lipase C. It is the latter which hydrolyses the membrane phospholipid called
phosphatidylinositol-4,5-bisphosphate (PIP,) into inositol triphosphate (IP;)
and diacylglycerol (DAG). This is termed the inositol phospholipid signaling
pathway. One of the products of this pathway, diacylglycerol activates
protein kinase C which activates gene-specific transcription factor and IP;
stimulates Ca®* release from the endoplasmic reticulum.

The inflammatory response

The inflammatory response to surgical trauma induces polymorphonuclear
granulocytes, macrophages and monocytes to migrate into the injured area
where they engulf pathogens by phagocytosis. Due to their ability to phago-
cytose and kill bacteria, polymorphonuclear granulocytes represent a major
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Figure 5 Schematic diagram showing the roles of protein kinases A (PKA) and C (PKC) in
signal transduction following the ligand (L) interaction with the receptor (R). AC is adenylyl
cyclase; PLC is phospholipase C; cAMP is cyclic 3',5'-adenosine monophosphate; The
membrane phospholipid phosphatidylinositol-4,5-bisophosphate (PIP,) is hydrolysed into
inositol triphosphate (IP;3) and diacylglycerol (DAG). This is termed the inositol phospholipid
signaling pathway. One of the products of this pathway, DAG, activates PC which activates
gene-specific transcription factor and IP; attaches to its receptor (IP3R) and stimulates
calcium (Ca?") release from the edoplasmic reticulum.

defense mechanism in the circulating blood. Polymorphonuclear granulocytes
attach to endothelial cells (margination and adhesion), squeeze between
endothelial cells (diapedesis), migrate to the pathogen (chemotaxis), are
primed (switched to an activated state with increased surface expression of
plasma membrane receptors) enabling production of oxygen free radicals.

Attachment of local anaesthetics to G-coupled receptor proteins linked to
lysophosphatilic acid”® attenuates neutrophil, macrophage and monocyte
function.”®”” More specifically, local anaesthetics have been shown in vitro
to inhibit adhesion to endothelium by reducing surface expression on poly-
morphonuclear granulocytes of the adhesion molecule CD11b-CD18,7® reduce
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priming of polymorphonuclear granulocytes’® by tumour necrosis factor
(TNF)-a, platelet-activating factor or IL-8, inhibit chemotaxis® by leukotriene
B4 and IL-1, reduce lysozyme release and decrease free radical’® production.
These pathways are protein lipase C and protein kinase C-dependent and
G, -mediated.

Does the encouraging effect of local anaesthetics on cellular mechanisms in
the laboratory translate into humans. Two studies suggest it may do. The first
study investigated the reasons why regional anaesthesia is associated with
reductions in thromboembolic complications by assessing the impact of
epidural anaesthesia on platelet-mediated hemostasis time, clotting time and
collagen-induced thrombus formation in 41 patients after hip surgery.”’
The results in the general anaesthesia group showed a significant decrease in
all parameters by up to one third compared to preoperative values whereas
epidural anaesthesia had no significant impact. This study has demonstrated
that general anaesthesia induces a hypercoagulable state without affecting
physiologic aggregation and coagulation processes.

The second study investigated the specific cellular pathways of vascular regu-
lation in 10 young, healthy, male volunteers.” Three solutions, prilocaine 1%,
prilocaine 1% with L-NAME (No-nitro-L-arginine methyl ester), and saline
alone were injected intradermally and the resulting change in skin blood flow
at each injection site was measured by laser Doppler imaging. L-NAME is an
NO-synthase inhibitor. Injection of prilocaine increased skin blood flow
significantly greater than that caused by saline alone. Addition of L-NAME,
however, significantly reduced the prilocaine response by 25% and suggests
that NO is involved in the vasodilitation of local anaesthetics.

Conclusion

Two new safer local anaesthetics are now in clinical use after providing
evidence in pre-clinical studies that they exhibit less cardiovascular and CNS
toxicity than bupivacaine. The use of regional anaesthesia will continue to
expand in clinical practice over the next decade; limb plexus blockade for
limb surgery and thoracic epidural anaesthesia for gastrointestinal, thoracic
and cardiac surgery. Clinical demand already exists for a 0.75% obstetric
preparation of laevobupivacaine for emergency caesarian section and studies
are ongoing. One must be aware, however, that the mode of action of local
anaesthetics is also the mode of toxicity — blockade of sodium and potassium
ion channels — and that inadvertent intravascular injection can and will
occur. If given intravenously, in high enough doses,®° all local anaesthetics
can have perilous consequences.®!-%* Clinical vigilance will always be neces-
sary when using these drugs.
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The longer acting compounds remain at the experimental stage but two
different approaches offer a solution. Slow release preparations of bupiv-
acaine have the potential of providing extended pain relief, particularly for
infiltration local anaesthesia after day case surgery and intercostal block after
thoracic surgery. Of course, their slow onset of action will necessitate the
concomitant use of laevobupivacaine or ropivacaine. New local anaesthetics,
devised from analysis of structure and function relationships at ion channels,
have shown promise of long acting pain relief but invariably many have
fallen by the wayside as a result of their neural toxicity. However, for every
study more knowledge is gained. Eventually one compound with the ability
to reversibly and safely block nerves, with even perhaps an impact on spinal
cord hyperalgesia, will emerge.

The mechanisms of action of local anaesthetics on the triad of endothelium
function, coagulation system and the inflammatory response is only now
emerging. From this, structure — function studies will shape the development
of novel compounds to be used in clinical studies and open the possibility of
using local anaesthetics in the future not simply for pain relief or selective
sympathetic blockade but perhaps as therapeutic agents with an influence on
the perioperative inflammatory response.
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CHAPTER

L. Cormican |. Rees 4

Asthma

The definition of asthma has changed significantly over the last 50 years.
In the 1950s it was defined as a disease of airway smooth muscle such that
it contracted excessively on minimal stimulation.! With a greater under-
standing of the pathogenesis of the disease the definition has now extended
to encompass the contribution of bronchial wall inflammation, bronchial
hyper-reactivity and airflow obstruction. A current definition is of a ‘chronic
inflammatory disorder of the airways in which many cells play a role, in
particular mast cells, eosinophils, T-lymphocytes, neutrophils, macrophages
and epithelial cells’. In susceptible individuals, the inflammation causes
recurrent episodes of wheezing, breathlessness, chest tightness and coughing,
particularly at night or the early morning. These episodes are usually associ-
ated with widespread but variable airflow obstruction, that is often reversible
either spontaneously or with treatment. The inflammation also causes an
associated increase in the existing bronchial hyper-responsiveness to a variety
of stimuli.?

Epidemiology

The prevalence of asthma has substantially increased in western countries
over the past 30 years in both adult and paediatric populations. In the USA
the prevalence of asthma among 6-11 year olds was 4.8% between the years
1971-1974, and had increased to 7.6% between 1976 and 1980 in the same
population.? Similarly in Australia and New Zealand, the prevalence of
asthma among 8-11 year olds in 1982 was 12.9%, but by 1992 had soared
to a staggering 29.4%.* The International Study of Asthma and Allergies in
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Childhood (ISAAC) Steering Committee study’ in 1998, found that the
prevalence of asthma in the 13-14 year old population of the UK was among
the highest in the world.

In association with an increase in the international prevalence of the disease
there is evidence of an increase in mortality from asthma throughout the
world. An increase in asthma death rate from 5.3 to 10.5 per million in the
5-34 year age group during the period 1974-1984 in England and Wales has
been reported.®” In the United States the asthma death rate increased from
8 to 20 per million in the period 1977-1997.% Similar findings have also
been noted by So et al., in Hong Kong,” and more recently by Pritchard
et al., in Ireland.'®

Increased prevalence and the hygiene hypothesis

Epidemiological studies have given some insight into potential causes for
the increase in the prevalence. An atopic predisposition is the biggest risk
factor for the development of asthma'! and data has shown that the preva-
lence of atopy in the population is proportional to the prevalence of
asthma. However the reason for the increase in the prevalence’ of atopy is
also still poorly understood. A number of possible explanations have been
proposed.

Asthma and atopy are regarded as diseases of civilisation.!? Evidence is at
hand which supports the hypothesis that development of these two condi-
tions may be due to a lack of sufficient antigenic stimulation in early child-
hood. The frequency of serious infections in childhood is reduced in the
western world because of vaccination programmes, increased use of antibi-
otics, fewer parasitic infestations, fewer children per household and fewer
shared bedrooms.

In an interesting study comparing two sex- and age-matched paediatric
cohorts from Munich and Leipzig, Von Mutius'® has demonstrated a much
higher prevalence of asthma and atopic disease among children from
Munich. Both populations were ethnically, geographically and climatically
similar but in the course of history between 1945 and 1989, they had differed
vastly in terms of affluence and their surrounding environment. The children
from the former East German industrial town of Leipzig were less likely to
develop asthma and atopy and the authors postulated that this was because
of the degree of protection afforded by immune stimulation in childhood.
This is the ‘hygiene hypothesis’, and is supported by additional reports in the
literature. Children from itinerant families in Ireland are noted to have a
much lower prevalence of atopy and asthma than their counterparts from the
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settled communities.'* Children from farming communities are less likely to
develop asthma and atopy than their counterparts from non-farming

communities.'?

Another factor, which supports the rise of atopy and asthma in westernised
societies, is the increased number of nuclear families.!® Children from larger
families are less likely to develop upper respiratory symptoms due to atopy.!”
It is postulated that repeated exposure to viral and bacterial infection in
larger families skews the cytokine repertoire of the T-lymphocyte population
and prevents the development of asthma. There is some evidence that previ-
ously common childhood infections such as Toxoplasma gondi and hepatitis A
have a protective role against the development of atopy and asthma.'®
The basis of this phenomenon involves the T-helper type 1/T-helper type 2
(Th-1/Th-2) paradigm: antigenic stimulation resulting in a Th-1 mediated
CD4+ T-lymphocyte response results in a humoral reaction with the produc-
tion of IgM and IgG1, macrophage activation, cellular immunity and even-
tually tolerance of the antigen. However antigenic stimulation resulting in a
Th-2 mediated CD4+ T-lymphocyte response produces an immediate type 1
hypersensitivity reaction as occurs in allergic disease.!??02!

Furthermore, children growing up in western societies are also more likely to
be exposed to large quantities of allergens such as house dust mites. Modern
homes with central heating, poor ventilation and an abundance of soft furnish-
ings, carpets and curtains provide the optimal conditions for the proliferation
of dust mite populations.??

The immune system of the pregnant mother, the embryo and the neonate is
programmed to respond in a Th-2 like manner to antigenic stimulation
producing immediate hypersensitivity-like reactions. At some point, the
neonatal immune system changes its pattern of T-lymphocyte reactivity from
Th-2 to Th-1 with the production of interleukin-2 (IL-2), interferon-gamma
(IFN-v), and the development of immunological ‘tolerance’.?>** This change
is believed to be mediated by the antigenic stimulation of the neonatal
immune system by repeated exposure to viral and bacterial antigens. Failure
to do so could result in a persistently Th-2 polarised T-lymphocyte popula-
tion, and repeated immediate type hypersensitivity reactions facilitated by an
environment rich in allergens.

Genetics of Asthma

The genetics of asthma are complex. Asthma is not inherited in the standard
Mendelian pattern but demonstrates a pattern of polygenic inheritance in
common with other diseases such as hypertension and atherosclerosis.
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Specific areas of the genome harbour genes that contribute to asthma and
atopy. Independent investigators have implicated five different loci, C5q,
C6p21, C11q13, C12q and C13q.

The B-adrenergic receptor gene (BADR) has been located in the C5q region.
A number of haplotypes have been identified which alter receptor function.
The most important are Arg-16 — Gly and GIn-27 — Glu polymorphisms,
which influence the downregulation of the receptor in response to agonist.
These polymorphisms have been associated with several characteristics of
asthma including bronchial hyper-responsiveness,>® bronchial reversibility?
and some measures of asthma severity.?’

The IL-4 gene is also located in the C5q region and IL-4 production/level is
closely related to serum IgE concentrations. A polymorphism has been iden-
tified (IL-4 C-589T) in a region of the gene that binds transcription factors
and may increase gene expression.”® A number of association studies have
demonstrated an increased prevalence of this polymorphism in individuals
who have asthma or atopy.?®?° The gene for the CD14 receptor is also
located within the C5q region. The CD14 receptor mediates the cellular
response to endotoxin. A polymorphism of the CD14 gene has been identi-
fied and associated with increased concentrations of IgE.3° It is believed that
the link between IgE and CD14 is governed by the Th-1/Th-2 balance.
Binding of endotoxin to the CD14 receptor during infection may stimulate
the expression of the Th-1 cytokines, steering the immune system away from
the Th-2 predominance that exists in utero. If the CD14 polymorphism attenu-
ates the strength of this immune modulation, it could encourage the persist-
ence of a Th-2 phenotype.

Mutations of the FceRIB (High affinity IgE receptor) gene (leu 81) on the
C11q13 region have also been found in association with atopy! and asthma.3
Mutations of this gene may function by increasing the secretion of IL-4 due to
increased signal transduction after allergen binds to IgE.

The IL-4 receptor a gene (IL4Ra) has been located in a linked region of
C16q. One variant of the IL-4 gene (GIn576-Arg) has been associated with
increased signal transduction and elevated serum IgE including the Hyper IgE
Syndrome.?® These examples show the complexity of the genetics of asthma.

The aspiration of such research is to identify specific genotypic variants of
the disease and ultimately to develop therapies targeted against ‘rogue genes’
and hence manipulate the pathogenesis or the pharmacological responses of
the disease.
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Pathophysiology of Asthma
Chronic inflammation in asthma

While the eosinophils of the asthmatic bronchial wall are believed to be
responsible for the production of asthmatic symptoms, the T-cell population
regulates control over the eosinophil population.’*3° Strong support for this
hypothesis came from the observation that, compared to controls, the
numbers of activated T (CD4+, CD25+) cells in peripheral blood were
markedly elevated in patients admitted to hospital with acute severe asthma3
and the finding of a correlation between numbers of activated peripheral
blood T-cells and airway narrowing as measured by peak expiratory flow
rate.>> Further support comes from the demonstration by immunohisto-
chemistry of increased numbers of activated T-cells (CD25+ cells),*® asso-
ciated with an increase in the numbers of eosinophils in the asthmatic
bronchial wall.

Subsequently increased concentrations of the cytokines IL-4 and IL-5 (by
immunohistochemistry), and mRNA for IL-4 and IL-5 (by reverse transcriptase-
polymerase chain reaction — RT-PCR) have been demonstrated in asthmatic
bronchial wall biopsy®**° and bronchoalveolar lavage*! respectively.

The CD4+ T-lymphocytes produce a large number of cytokines. The most
important in the immunopathogenesis of asthma are IL-4, IL-5, IL-2 and
IFN-vy. Murine and human studies have enabled the differentiation of the
CD4+ cell population into two general phenotypes based on the profile of
cytokines they elaborate. The Th-1 CD4+ subset produces IL-2 and IFN-y
upon antigenic stimulation. The Th-2 CD4 subset produces IL-4 and IL-5
upon antigenic stimulation.*>43

The CD4+ T-lymphocyte can be regarded as the essential orchestrator of
both the humeral and cellular events of the asthmatic bronchial wall immune
response. Reciprocal regulatory roles of IFN-y and IL-4 on the development
of the Th-1 and Th-2 clones have been demonstrated in animals and human
beings. Maggi et al.,** have demonstrated the capacity of IFN-y to inhibit the
development of Der P specific T-cell clones into a functional Th-2 phenotype
in an atopic subject. The addition of IL-4 to the [FN-y and IL-2 producing,
human T-cell Th-1 clones increased the production of IL-4 and IL-5 by these
cells.

Therefore the balance of T-cell sub-populations is under the control of the
cytokines present in the surrounding microenvironment. The findings have
been extended to the inflammatory processes involving the asthmatic bronchial
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wall, where alterations in the Th-1/Th-2 balance appear to be central to the
development of the clinical syndrome of asthma.

Airway Remodelling

This term refers to some of the structural changes associated with asthma
in the bronchial wall. Airway walls thicken from increases in the quantity
of submucosal tissue, basement membrane and smooth muscle by hyper-
plasia and hypertrophy. Enhanced subepithelial fibrosis by collagen depo-
sition is postulated to be due to increased myofibroblast activity.
The precise mechanisms underlying these changes are unclear but are
believed to be related to persistent airway inflammation. This phenomenon
also occurs in the bronchial wall in some patients suffering from chronic
obstructive pulmonary disease (COPD), allergic rhinitis and eosinophilic
bronchitis. In the asthmatic population, this process contributes to a
greater rate of decline of the predicted FEV, per year in comparison to the
non-asthmatic population and hence irreversible loss of airway function.
There is some evidence that adequate treatment to reduce inflammation
will limit airway remodelling and prevent the development of irreversible
damage.

Treatment of Chronic Asthma and the Goals of Therapy

International guidelines favour a stepwise approach to the treatment of
chronic asthma. Therapy is started at an appropriate level and stepped up or
down according to an algorithm with the intention of achieving disease
control and minimising side effects. A modified algorithm based on that
recommended by the British Thoracic Society,*® which incorporates the
availability and efficacy of leukotriene receptor antagonists is outlined as
follows. Newer guidelines are currently in preparation (British Thoracic
Society Website: www.brit-thoracic.org.uk)

Step 1 Short acting B-agonist as required

Step 2 Above + inhaled corticosteroid 200-800 wn.g/day

Step 3 Above + long acting B-agonist or if not tolerated, another add-on drug;
such as leukotriene receptor antagonist or theophylline

Step 4 Above + add any or all of the following as determined by empirical trial

Increase inhaled steroid to 2000 n.g/day
Long acting B-agonist

Theophylline

Leukotriene receptor antagonist

Step 5 Above + daily oral steroid or regular booster courses of oral steroid
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The aims of treatment are:

* to minimise/have no chronic symptoms
® to minimise exacerbations
® to have no emergency visits

* to have no/less than once daily PRN short term B-agonist use

Once control is achieved, a step down approach can be considered. There is
controversy over the optimal period of disease control which should be
achieved prior to stepping down treatment. A period of 3—6 months is con-
sidered sensible. However, airway hyper-reactivity can continue to improve for
up to 2 years of treatment and it is important not to step down prematurely.

Anaesthesia and Asthma

Asthma contributes to morbidity and mortality in the practice of anaesthesia.
Bronchospasm accounts for up to 2% of all malpractice claims according to
the closed claims project of the American Society of Anesthesiologists. Eighty
percent of cases occurred during general anaesthesia and the remainder
during regional anaesthesia. Bronchospasm related to anaesthesia occurred
during induction and intubation in 69% of cases and in 25% of cases during
actual anaesthesia.*®

Preoperative Considerations

The factors which need to be considered in an asthmatic patient undergoing
anaesthesia are disease severity, adequacy of disease control as indicated by
the frequency of exacerbations and degree of reversibility to bronchodilators
and occurrence of recent upper respiratory tract disease.

A detailed history is of central importance to document the frequency,
severity of exacerbations, precipitating factors, treatment and actual
response to treatment. Some experts divide the asthmatic population under-
going anaesthesia into three groups. Asymptomatic and inactive asthmatics
are those who are asymptomatic at the time of presentation and without any
episodes of bronchospasm for the previous 2 years. No further investigations
are required in this group but the anaesthetic technique and drugs least likely
to precipitate bronchospasm should be selected as the majority of these
patients will still have evidence of inflammation in the airway wall and of
bronchial hyper-reactivity.*’

Those who are asymptomatic at the time of presentation but with a history
of active disease as indicated by persistent symptoms or an episode of
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bronchospasm in the last 2 years should have a preoperative evaluation
where possible to include lung function tests with documentation of
reversibility to B,-agonists. Elective surgery should be scheduled for a time
when disease is well controlled, and not within 6 weeks of an upper respira-
tory infection, as this may precipitate an exacerbation*®. Reversibility of
greater than 30% of FEV, following bronchodilator inhalation indicates that
disease is not optimally controlled.*’

In those with active disease who are symptomatic, surgery should be resched-
uled when possible until disease is properly controlled with inhaled cortico-
steroids and or the use of add-on drugs such as long acting B,- agonists,
leukotriene receptor antagonists or theophyllines.*>*’ Preoperative systemic
glucocorticoids may have some role in such patients in addition to standard
efforts at disease control with inhaled corticosteroids. The potential benefits
of corticosteroids are the upregulation of B,-adrenergic receptor number and
function, a reduction in bronchial hyper-reactivity, reduction in bronchial
wall inflammation, frequency and severity of disease exacerbation.’%51-52

One study demonstrated that systemic steroid therapy for 1 week prior to
general anaesthesia and surgery did not increase the risk of impaired wound
healing, postoperative infection or the incidence of hypoadrenalism.*® The
perioperative pulmonary complication rate was 5.4%°3 while another study
reported a perioperative pulmonary complication rate of 24% in a similar
population who received no systemic corticosteroids preoperatively.’*

Short courses of systemic corticosteroids can be immediately discontinued
postoperatively without tapering and without any adverse effects. Assess-
ment should take into account individual patient characteristics of the
adequacy of control, history of exacerbations, usual treatment and intended
surgery.

Intraoperative Considerations
Effect of anaesthetic drugs on airway tone

Induction agents

Thiobarbiturates (e.g. thiopentol) are known to trigger mast cell histamine
release at clinical concentrations and may present as airway obstruction and
hypotension.’® There is conflicting evidence as to whether thiobarbiturates
are associated with an increased risk of bronchospasm in comparison to
other induction agents. However one study has demonstrated higher inci-
dence of wheezing among patients treated with thiopentol in comparison to
the non-barbiturate propofol.’®
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Propofol is associated with a lower incidence of wheezing® as an induction
agent and also reduces airway resistance when given as a continuous

infusion.>”

Ketamine is occasionally used as an induction agent and has well-known
bronchodilator effects. Inhibition of the re-uptake of noradrenaline at
sympathetic nerve endings is the most likely mode of its bronchodilatory
action as the effect can be prevented by a B-adrenoceptor blocker such as
propranolol.’® At higher than normal clinical concentrations, ketamine may
contribute to the reduction in airway tone and reactivity by direct smooth
muscle relaxation and inhibition of the vagal reflex pathway.’’

Etomidate, does not have a significant effect on mast cell histamine release
and there are no reports of adverse effects when used in asthma.®® Like keta-
mine it produces less respiratory depression than other induction agents.

Non-depolarising neuromuscular blocking agents

Agents such as gallamine and pancuronium can potentiate bronchospasm.
Both drugs bind to M2 and or M3 muscarinic receptors on airway smooth
muscle cells and nerves. Blockade of M2 receptors can potentiate vagally
mediated bronchospasm while M3 receptor blockade inhibits it, thus the net
effect of each of these drugs depends on their relative potency at each site.
Gallamine is now infrequently used as it can precipitate bronchospasm and
tachycardia. Pancuronium has less potential to do s0.61:¢2

63

Other non-depolarising neuromuscular blockers such as mivacurium® and

atracurium® can result in the release of histamine from mast cells.

Opioids

Opioids carry the risk of respiratory depression. Codeine and morphine in
high doses can precipitate histamine release from mast cells and can precipi-
tate bronchospasm in asthmatic patients. However fentanyl lacks this
property.®’

Developments in the Pharmacological Management
of Acute Asthma

Theophyllines

Aminophylline has a controversial role in the treatment of asthma. It is less
effective than B,-agonists as a single agent in the treatment of acute asthma.%®
There is debate as to whether it has a clinically synergistic effect with
B,-agonists.®” Theophyllines also have the potential benefit of increasing the
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cardiac output, increasing diaphragmatic contraction and possible anti-
inflammatory effects.®®¢° The toxic effects include nausea, vomiting, headaches,
restlessness, life threatening dysrhythmias and convulsions. Even though not
generally recommended for the treatment of acute asthma, it may confer
benefit in patients failing to respond to conventional treatment with
B,-agonists and corticosteroids. A loading dose of 3 mg/kg is recommended
in patients not receiving maintenance theophyllines as outpatients, and it is
followed by an infusion of 0.5 mg/kg/h.%7% Serum concentrations need to be
checked within 1-2 and then 12 h after initiation of the maintenance infusion
and then daily thereafter. The dose needs to be reduced in patients suffering
from congestive cardiac failure and there is an interaction with a number of
drugs including cimetidine, erythromycin and ciprofloxacin.

Magnesium

Magnesium is postulated to be of benefit in the treatment of acute asthma.
This was initially based on anecdotal evidence without objective spirometric
demonstration of a benefit. Magnesium sulphate in addition to adrenaline
was an accepted part of the armamentarium for the treatment of acute
asthma prior to the advent of selective B,-agonist use. In the 1980s and
1990s there was increased interest in the use of magnesium sulphate (MgSQO,)
as an adjunct to the standard treatment of acute asthma. Its mechanism of
action is poorly understood. Magnesium sulphate is believed to act as an
antagonist of voltage gated calcium channels. In airway smooth muscle,
increased cytosolic calcium leads to the activation of the contractile system.
Increases in cytosolic calcium are believed to be dependent on release from
intracellular compartments and on calcium influx through voltage dependent
channels.”!

A recent systematic review of the use of magnesium in acute asthma, has
analysed five adult and three paediatric randomised controlled clinical trials
(RCCTs) involving a total of 665 patients.”> Addition of magnesium sulphate
to the standard treatment of acute asthma overall was not associated with a
reduction in the hospital admission rate. However subgroup analysis demon-
strated that patients with an FEV; <30% predicted, failure of FEV; to
improve to >60% predicted within the first 1h in the emergency department
or failure to respond to initial standard treatment had a better improvement
in peak expiratory flow rate and a reduced hospital admission rate following
treatment with magnesium sulphate.”?

Magnesium sulphate has also been compared with normal saline as an addi-
tion to salbutamol delivered by nebuliser in acute asthma in one RCCT.”
In this study the magnesium sulphate limb was associated with a significantly
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better PEFR after 10 min. No adverse effects were noted with its use by
nebuliser.

Currently magnesium sulphate appears to be safe and beneficial in the treat-
ment of acute asthma, but it is not needed in most patients who respond to
conventional therapy.

Helium

Helium in the form of a helium/oxygen mixture (Heliox) reduces inspired gas
density, turbulence and airway resistance, hence decreasing the work of
breathing and potentially increasing the distribution of nebulised bron-
chodilators within the lung.”* Its role in acute asthma is not well established
at the moment, but it may serve as an adjunct to treatment in a deteriorating
patient in an effort to avert the need for invasive ventilation or to aid the
invasive ventilation of a persistently difficult patient.

Ketamine

Ketamine, as noted above can be used as a bronchodilator.’®”> The use of
ketamine is of benefit in the maintenance of general anaesthesia in the
mechanical ventilation of the lungs of a severe asthmatic. Ketamine is used
in conjunction with additional sedatives such as benzodiazipines because of
the high incidence of visual and auditory hallucinations and out of body
experiences. Ketamine must be used with caution in those with pre-existing
hypertension and ischaemic heart disease.

Other drugs. These include calcium antagonists, nitrates, clonidine and IV
glucagon have been shown to ameliorate bronchospasm to some degree but
are not recommended for the treatment of acute severe asthma.

Developments in the Pharmacological Management of
Chronic Asthma

Long acting B,-agonists

The introduction of long acting B,-agonists has been a major therapeutic
development and has led to a fundamental reappraisal of B,-agonist use in
asthma management. Their use is recommended in patients suffering from
persistently symptomatic asthma despite being established on low dose
inhaled corticosteroids according to internationally accepted guidelines.*’
Salmeterol and formoterol are the two long acting ,-agonists available for
prescription in the UK and are highly selective with bronchodilatory effects
lasting for 12 h after a single inhalation.”®””
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Several studies have demonstrated that in a combination with inhaled short
acting 3,-agonists, long acting B,-agonists are clinically inferior to inhaled corti-
costeroids as a maintenance treatment for persistent asthma.”®”%80 This is in
keeping with the current understanding of asthma as an inflammatory disorder.
However many patients will be insufficiently controlled on a low to moderate
dose of inhaled corticosteroid. For this group an alternative is to increase the
dose of inhaled corticosteroids, but it is recognised that inhaled corticosteroids
display a flat dose response curve when disease control is measured using
measures of disease severity such as symptom score, peak flow rate and FEV;.
In a population of moderately severe asthmatics, Greening has shown that the
addition of salmeterol to low dose beclomethasone produced significantly
better disease control in terms of improvement in symptoms and peak flow.%!
Woolcock®? has shown that the addition of long acting B,-agonists to inhaled
corticosteroids produced significantly better disease control in persistently
symptomatic asthma than doubling the dose of inhaled corticosteroids as
measured by symptoms, peak flow and lung function changes. Current evidence
also demonstrates that long acting 3,-agonists produce better disease control
when added onto inhaled corticosteroids in persistently symptomatic patients
than the addition of a theophylline or leukotriene receptor antagonist.33%*

An area of concern was that long acting B,-agonists as an add-on treatment
might mask underlying inflammation. However markers of inflammation
such as induced sputum eosinophil counts and disease exacerbation rates are
similar in patients treated with low dose inhaled corticosteroids plus long
acting B,-agonists or high dose inhaled corticosteroids alone.

The addition of long acting B,-agonists also allows the dose of inhaled corti-
costeroids to be reduced without losing disease control in mild to moderate
asthma. The implementation of and compliance with treatment with long
acting B,-agonists and inhaled corticosteroids is postulated to be further
improved by combinations of the two drugs in the same inhaler device.®
Despite the theoretical advantages over separate inhaler therapy, conclusive
evidence of superiority in compliance or effect does not yet exist.

The currently available combinations are Seretide® which contains salme-
terol 50 wg and fluticasone propionate 125, 250 or 500 pg per inhalation,
and Symbicort® which contains formoterol 4.5 pg and budesonide 80 or
160 wg per inhalation.

Arachidonic acid metabolism and leukotriene receptor antagonists

The cysteinyl leukotrienes (LT) CD and E4 are the products of the metabol-
ism of arachidonic acid by the S-lipoxygenase (5-LO) pathway.%¢
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They elicit bronchoconstriction in human beings at concentrations of 1:10,000
that required of histamine or methacholine.?” Additionally, leukotrienes and
other products of the 5-Lipoxygenase pathway induce pathophysiological
changes similar to those associated with asthma. Specifically they can
produce tissue oedema, eosinophil migration and can stimulate the increased
production of airway secretions. The cysteinyl leukotrienes also stimulate
smooth muscle proliferation and cell cycling.’® Two types of cysteinyl
leukotriene receptors have been identified, Cys LT1 and Cys LT2. Most of
the actions of cysteinyl leukotrienes are mediated through Cys LT1, these
actions include human airway smooth muscle contraction, chemotaxis and
increased vascular permeability.®®

Leukotriene receptor antagonists have been developed which antagonise the
Cys LT1 receptor. This class of drug has been given the generic suffix -lukast,
and three of them have proven to be effective treatments for asthma. Two of
these three, zafirlukast and montelukast sodium, are available for prescrip-
tion in the United Kingdom. They are given orally. Cysteinyl leukotrienes are
implicated in the early and late phase asthmatic responses post allergen
inhalation.?” They also have been recovered from the urine of patients with
exercise induced asthma in some studies.”® Cysteinyl leukotriene receptor
antagonists have a role in exercise induced asthma, but the benefits vary
between patients.”!

Leukotriene receptor antagonists have an important role in the treatment of
aspirin and non-steroidal anti-inflammatory sensitive asthma. In 3-8% of
asthmatic patients, the initiation of these drugs can sometimes cause severe
and life threatening bronchoconstriction.”” Pre-treatment with leukotriene
receptor antagonists has been shown to ameliorate aspirin induced bron-
chospasm and longer term treatment has been shown to improve lung func-
tion in patients with aspirin sensitive asthma even in the absence of an aspirin
challenge.®

In chronic persistent/symptomatic asthma the addition of leukotriene
receptor antagonists orally may improve lung function, decrease the need for
rescue treatment with short acting B,-agonists, relieve the symptoms of
asthma and reduce the frequency of disease exacerbations.”® Oral leukotriene
receptor antagonists also have an acute bronchodilatory onset in 1-3 h of the
order of 8-20% in some studies. The bronchodilator effects are maximal in
those with the greatest degree of airways obstruction but are about half the
response obtained from B,-agonists.”3%*

The benefits of leukotriene receptor antagonists in the treatment of chronic
asthma vary considerably, and it has not been possible to identify specific
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subgroups most likely to benefit from this treatment. Overall they provide an
alternative to increasing the dose of ICS but have less effect and less evidence
behind them at present.

Inhaled corticosteroids

Corticosteroids are the most potent anti-inflammatory drugs used in the
treatment of asthma.’%? Since the early 1990’ inhaled corticosteroids are
recommended as first line therapy for patients with persistent asthma. This
is supported by clinical studies of inhaled corticosteroids in patients with
asthma of disease severity from mild to severe. In concert with improvements
in lung function®®” and symptom scores,’® attenuation of bronchial reactiv-
ity”® and inflammatory cell recruitment’®%?7% are all hallmarks of inhaled
corticosteroid usage.

Corticosteroids have effects on airway inflammation through the increase
and decrease in transcription of many anti- and pro-inflammatory genes,
respectively. Corticosteroids increase the synthesis of lipocortin-1, a protein
that has an inhibitory effect on the production of lipid mediators, and recom-
binant lipocortin-1 has acute anti-inflammatory properties.'” Cortico-
steroids can inhibit the activity of NF-kB, which plays a pivotal role in
inflammation. This effect is mediated through the increased transcription of
inhibitory protein IkB which binds NF-kB in the cytoplasm.!’!

Corticosteroids are very effective in downregulating airway wall inflamma-
tion in asthma. They reduce the number and activation status of inflamma-
tory cells in the airway wall.5%-2697:9%:102-104 R eductions are seen in eosinophil
numbers and eosinophil cationic protein concentration!®>!1% and in the
numbers of activated CD4+ cells (CD4+, CD25+) in BALE.'%” The effect of
inhaled corticosteroid therapy is also evident in studies of induced sputum
where eosinophil numbers and eosinophilic cationic protein (ECP) concen-
tration are reduced following treatment with inhaled corticosteroids,!%%10?
while the apoptosis of eosinophils is increased.''® Conversely, reducing the
dosage of steroid results in an increase in sputum eosinophils and a worsening
of asthmatic symptoms.!!!

Corticosteroids have been shown to reduce bronchial hyper-reactivity, improve
clinical parameters and reduce disease severity.’%’! These factors have been
shown to be time dependent®®%112 but controversy exists as to whether they
are particularly dose dependent.!'® Bronchial hyper-reactivity has been shown
to return to normal levels after a year of treatment in some patients.'*!13
However, cessation of corticosteroid therapy results in a return of airway
hyper-responsiveness to pre-treatment levels within a few weeks.5"»?%116
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The mechanism underlying the efficacy of corticosteroids in ameliorating
bronchial hyper-reactivity presumably relates to their ability to control or alter
the different aspects of bronchial wall inflammation.

Anti-IgE therapy

Recombinant humanised monoclonal antibody against IgE (rhuMAb-E25)
has been tested in moderate to severe asthma and atopic rhinitis. This
medication is still experimental and is not available for prescription. The
monoclonal antibody is designed so that it interacts with the Fc portion of
the IgE antibody preventing binding with the IgE receptor (FceRI) on mast
cells, basophils, thus preventing the activation of these cells by cross-linking
of bound IgE."'” A randomised double blind placebo control trial over a
period of 21 weeks examined the benefits of intravenous rhuMAb-E25 given
once every 2 weeks in addition to standard therapy in a population with
atopic asthma of moderate to severe disease severity.!'® Anti-IgE therapy
improved symptom scores, decreased serum IgE concentrations and permitted
more subjects to safely reduce their oral and ICS intake than placebo.
The treatment was also well tolerated. Anti-IgE therapy may have an import-
ant role to play as a steroid sparing agent in steroid dependent asthma, but
further studies are required in larger numbers of patients to validate this new
and exciting therapy.

Alteration of the Th-1/Th-2 Balance

“Vaccination’ against asthma is the aspiration of many scientists and clinicians
throughout the world. Potential mechanisms would involve the manipulation
of the Th-1/Th-2 balance of the CD4+ lymphocyte population in early child-
hood. Potential methods of doing so could involve DNA-like proteins.!'?
However such an attempt would have to be cautiously approached as a
skewing of the immune system from Th-2 reactivity could facilitate the devel-
opment of Th-1 mediated diseases such as diabetes mellitus or Crohn’s
disease. Other approaches could involve drugs that alter the Th-1/Th-2
balance or manipulation through their cytokine products. Attempts have been
made to alter the synthesis, release or effect of beneficial cytokines such as
IL-10 or IL-12, or potentially harmful ones such as IL-4, IL-5 or IL-13.

Conclusion

Coupled with a better understanding of the epidemiology, genetics and
immunopathology of asthma should be the ability to develop novel and
targeted methods to manipulate the factors which predispose the population
to develop this disease. Furthermore improved understanding of these
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aspects of asthma will allow the development of new and effective treatments
for the disease. The basic information from the last decade is beginning to
produce exciting therapeutic possibilities that may change our treatment over
the next few years. However the majority of patients with asthma can have
their disease controlled with the appropriate use of current therapy.
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CHAPTER

R.M. Grounds 5

Reducing mortality and complications
in patients undergoing surgery at high
risk for postoperative complications
and death

Over the last quarter to half century there has been reasonable evidence to
suggest that the incidence of death following surgery, which can be directly
attributable to anaesthesia, has fallen. Yet on the other hand the overall inci-
dence of death following surgery has remained almost unchanged. In 1954
and 1956 three studies by, Beecher and Todd,! Edwards et al.,> and Dornette
and Orth,? all suggested that the postoperative mortality solely associated
with anaesthesia was approximately 1:2,500 and that anaesthesia was a
factor contributory to postoperative death in approximately 1:1,500 cases.
By 1987, the contribution of anaesthesia to postoperative death had
declined significantly. Buck and Devlin* showed that incidence of death solely
attributable to the anaesthesia had declined from 1:2,500 to 1:185,000.
However, they also showed that anaesthesia was still a contributory factor in
approximately 1:1,500 cases. So 30 years had shown a marked decline in the
incidence of postoperative death as a direct consequence of the anaesthesia
but little or no change in the contribution to the incidence of postoperative
death associated with the anaesthetist. Clearly, however, the risk of death in
the perioperative period will depend not only on the skills of the surgeon,
anaesthetists and their teams but also upon the operation that the patient
requires and the preoperative physiological status of the patient. One simple
method for assessing the physiological status of the patient prior to surgery
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Table 1 ASA status and mortality rate

ASA status Number of cases Mortality rate (%)
| 18,320 0.06
Il 10,609 0.40
n 3,820 4.30
\Y, 1,073 23.40
Vv 323 50.70

Modified from Marx, Mateo, and Orkin, 1973.6

is the American Society of Anesthesiologists (ASA) classification, a simple but
robust classification introduced in 1941 by the ASA (table 1).5¢ This simple
classification has been shown to reflect the increasing surgical and anaesthetic
mortality associated with increasing preoperative physiological dysfunction.

For the general surgical population the risk of death within 30 days of an
operation is less than 1% and even more complex surgery such as cardiac
surgery has an elective surgery mortality of between 2 and 4%. However,
when patients with poor preoperative physiology undergo major surgery
then the mortality is considerably higher. In a 1 year analysis of all colo-
rectal cancer patients undergoing surgical treatment in the Trent Region of
the UK, Mella et al.,” showed that of 3,520 patients studied, 91.5% under-
went surgery and 17% had emergency/urgent surgery. The overall 30-day
post surgery mortality was 7.6% but for the emergency surgery group of
patients the 30-day mortality was 21%. Furthermore, they were able to
categorise their patients into their preoperative ASA groups and show that
although the 30-day mortality was 4% for both elective or emergency
surgery for ASA 1 patients the mortality for ASA IV patients was 22% for
elective patients and greater than 55% for emergency operations. A number
of other sources confirm this high mortality in patients undergoing major
surgery who have poor physiological reserve prior to surgery.

In England, Wales and Northern Ireland, there are approximately 2.8 million
surgical operations performed every year and in the region of 20,000 deaths
within 30 days of operation are reported annually to the National Confi-
dential Enquiry into Post Operative Deaths (NCEPOD). Of these deaths
87% are in patients over 60 years of age and over 75% are in patients over
70 years old. 85% of patients have co-existing medical disorders with 45%
having limited cardiovascular reserve and significant cardiovascular disease
and 30% having significant reduction in respiratory reserve.® Despite this
only 32% of these patients are currently admitted to an intensive care unit
(ICU) or high dependency unit (HDU).
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Table 2 Summary of mortality data from UK ICU databases

Total number of Total surgical Elective Emergency
surgical patients mortality (%) mortality (%) mortality (%)
in database
SW Thames? 8,718 19.3 11.5 30.2
RIPP 11,960 19.9 8.4 31.5
ICNARC® 26,228 24.4 10.7 36.8
Scottish ICS¢ 13,711 16.6 8.7 25.0

Data from following sources.

aSouth West Thames (Ward watcher) ICU database for 17 ICU with 31,138 admissions
from July 1995 to June 1999.

bRIP (Riyadh Intensive Care Program) database with 26,000 patients from 1990 to
1999.

Intensive Care National Audit and Research Centre ICNARC) Case Mix Database of
91 ICU’s with 46,587 admissions from December 1995 to March 1999.

dScottish Intensive Care Society (ICS) Audit Group Database of 23 ICU’s with 28,097
admissions from January 1995 to December 1998.

This high mortality among a select group of surgical patients was first noted
by Shoemaker et al.” They noted that there was a difference in the cardio-
respiratory responses seen between survivors and non-survivors following
major surgery. A year later they defined the physiological endpoints for
survival in patients undergoing major surgery.'® They pointed out that
survivors and non-survivors differed in their postoperative cardiovascular
responses. Shoemaker et al. showed that patients at high risk could be iden-
tified in advance of surgery.”"!! They examined over 30 physiological vari-
ables in several thousand patients and showed that only those variables,
which related to blood volume and flow, had significant prognostic value for
the patient in terms of mortality and morbidity. They found that the most
commonly measured variables in this group of patients (blood pressure, pulse
rate, temperature, central venous pressure (CVP) and urine output) conferred
little prognostic value for the patient’s outcome. The less commonly
measured variables relating blood flow, oxygen delivery and oxygen
consumption were highly prognostic of postoperative outcome. They were
able to demonstrate that the three most prognostic variables of survivors in
their data set were, cardiac index, oxygen delivery and oxygen consumption
and the median values of survivors were:

Cardiac index 4.51""min~'m? (body surface area)
Tissue oxygen delivery 600ml~"min~'m? (body surface area)
Tissue oxygen consumption 170ml~"min~"m? (body surface area)

This concept of limited cardiovascular reserve leading to a poor post-
operative outcome had been proposed earlier, Clowes and Del Gurcio'? in a
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report on the outcome of thoracic surgery indicating that immediately
following surgery 84% of their patients increased their cardiac output. These
patients all survived. Whereas, 16% of their patients had not increased their
cardiac output in response to major surgery and did not survive. Further-
more, a number of studies have demonstrated that poor cardio-respiratory
reserve will lead to a poor postoperative outcome. A history of myocardial
infarction or cardiac failure significantly increases perioperative mortality.
The risk of perioperative mortality has been studied by Goldman et al.,'3
who published a predictive index of cardiac mortality for patients under-
going non-cardiac surgery. This indicated that patients with a previous
history of cardiovascular disease, and in particular previous myocardial
infarction, cardiac failure and stroke, were at particularly high risk of peri-
operative complications and death. Their findings have been confirmed
particularly by Mangano et al.'* These authors followed 474 patients with
proven (or at high risk for) coronary artery disease for 2 days prior to their
non-cardiac elective surgery until 2 years after their surgery. They found
that 18 % of these patients had severe postoperative cardiac events including
death, myocardial infarction, unstable angina and ventricular tachycardia.
Furthermore, 41% of their patients were demonstrated to have perioperative
myocardial ischaemia. They postulated that of the 25 million non-cardiac
surgery operations performed in the USA annually, 7-8 million of these
patients were at risk of perioperative cardiac death and complications.

The suggestion, therefore, from these studies is that there is a group of
patients who are at high risk from perioperative complications and death
when undergoing major surgery. Intuitively many clinicians would accept that
patients with preoperative cardiac disease would probably be at high risk.
However, this may hide the extent of the problem. Reports from NCEPOD
suggest that the median day of death is not the day of the operation but
6 days postoperatively. Many of these high-risk patients do not die a swift
complete death but die from the insidious onset of Multiple Organ Dysfunc-
tion Syndrome (MODS)"S which commences at the time of surgery and grad-
ually causes death over the next 1-4 weeks. A number of factors acting either
independently or in combination trigger the onset of MODS.!® Recent studies
suggesting that there is alteration in micro vascular blood flow associated
with surgery and injury!” and the concept of cell death due to inadequate
oxygen supply to the tissues at the time of surgery, leading directly to cell
hypoxia and tissue damage and eventually death is persuasive.'®

Preoperative Selection of the ‘High-Risk’ Patient

Preoperative identification of high-risk patients will be required to select
patients who, by virtue of their preoperative physiological status, are at high
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risk of perioperative morbidity and mortality. However, this preoperative
risk assessment must also take into consideration the type and nature of the
surgery to be undertaken. Certain branches of surgery, such as cardiac
surgery and thoracic surgery, perceived by the general public and much of the
medical profession, as being high risk do in fact have relatively low peri-
operative mortality. The mortality rate, for example, associated with elective
cardiac surgery is between 2 and 4%. Compare this with the mortality of
approximately 10% for vascular surgery and over 50%’ for colo-rectal
surgery in an ASA IV patient who requires emergency surgery. Shoemaker
et al.,”'"? indicated in a series of studies that they could identify in advance
of surgery those patients who were likely to be unable to mount an appro-
priate physiological response to the proposed surgery and who were thus
likely to have postoperative death or complications. They believe that in the
patients they have identified as being at high risk the patients will have a
30-40% post surgical 28-day mortality rate.

Other groups have suggested different techniques for identifying the ‘at risk’
patient. Goldman et al.,'? identified that the presence of cardiac ischaemia
with or without heart (pump) failure was highly predictive of perioperative
complications and death. Mangano et al.,'* have shown that myocardial
ischaemia during the first 48 h after surgery confers a three-fold increase in
postoperative complications. Recent recommendations for the perioperative
investigation of the cardiac patient about to undergo non-cardiac surgery
have been published by the American College of Cardiology and American
Heart Association.?’ Other methods of assessing cardiac performance prior
to surgery have been suggested including dipyridamole ECHO stress
testing,?! or dobutamine stress testing.?>2* Older et al.,?® have suggested a
system of preoperative cardio-pulmonary exercise testing for identifying
these high-risk patients. They have shown that patients with a low anaerobic
threshold have a mortality of 18% for their subsequent surgery whereas
those patients with a high anaerobic threshold had a mortality of only 0.8 %.

Other risk factors must also be considered. Different types of surgery carry
different risks of perioperative mortality and morbidity. Interestingly, cardiac
surgery, which is perceived as a high-risk surgical speciality, actually has a
very low postoperative death rate of only 2-4%. Major vascular surgery
carries a postoperative mortality rate of between 7 and 15% for elective
surgery and this rises to between 30 and 50% for emergency surgery. Simi-
larly, major colo-rectal surgery carries a risk of death of 8% and a complica-
tion rate of 35% but this postoperative death rate is increased to 20-30% if
the surgery is performed as an emergency.” This increase in mortality associ-
ated with emergency surgery is confirmed by other studies. In a study of the
outcome of patients over 65 undergoing surgery, Edwards et al.,”” showed
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that non-elective admissions had a 30% mortality rate whereas elective
admissions had only a 5% mortality rate. They also demonstrated a major
difference between ASA status and outcome from surgery, with patients in
ASA groups III or IV having a significantly worse outcome. Furthermore,
these outcome results for surgery are also complicated by the socio-economic
status of the patient and the experience of the surgeon.?® Some studies relate
outcome to the patient’s preoperative physiology or pre-existing medical
condition. A study by Fowkes et al.,”” revealed that in 108,878 patient oper-
ations between 1972 and 1977 the overall mortality rate was 2.2% but that
this rose considerably to 7% for patients with co-existing disease and to
nearly 16% for patients with ischaemic heart disease or heart failure. Again
as in other studies the mortality rate was increased considerably if the oper-
ation was undertaken as an emergency.

Therefore it is possible to identify a group of patients who are at ‘High Risk’
of postoperative death and complications. This group of patients can be
identified without difficulty, prior to surgery by their poor preoperative
physiological condition, their age, the type of surgery that is to be undertaken
and the seniority and experience of the surgeon who is to perform the
surgery. The preoperative high-risk physiological conditions can be identified
from the table suggested by Shoemaker (table 3). The highest risks seem

Table 3 Shoemaker et al.,® criteria for preoperative identification of patient at high
risk of postoperative death and complications following major surgery

e Current or previous severe, cardio-respiratory illness (myocardial infarction, stroke,
heart failure, chronic obstructive airways disease, emphysema, severe asthma)

e Acute abdominal catastrophe with haemodynamic instability (pancreatitis, perforated

bowel with peritoneal soiling, severe gastrointestinal bleeding)

Acute renal failure (acute onset renal dysfunction with blood urea >18 mmol~"' or

blood creatinine >265mmol~)

Severe multiple trauma (more than three major organs involved or more than two

systems or surgical opening of more than two body cavities)

Evidence of limited physiological reserve in one or more of the vital organs in elderly

patients over 70 years of age

* Shock (mean arterial pressure [MAP] <60 mmHg, and urine output <0.5mlkg="h~")

e Acute respiratory failure (PaO, < 60mmHg with FiO, >0.4 shunt fraction >30%

mechanical ventilation required for more than 48 h)

Septicaemia, positive blood culture or septic focus with associated haemodynamic

instability requiring inotropic support

Shoemaker et al., also suggested another group of patients who would be at high risk.
These were those patients who were scheduled to have extensive ablative surgery

for carcinoma (oesophagectomy or total gastrectomy). This risk factor seems to have
been misinterpreted by some investigators and as a consequence some young
patients who clearly have normal physiological reserve have been submitted to
unnecessary perioperative invasive intervention.

It is also possible that the risk factors defined by Shoemaker et al. do not all have the
same prognostic value or weighting.
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Table 4 I|dentification of type of surgery and the patients at ‘High Risk’ from post
operative death and complications

Patients with poor physiological status prior to operation. See list table 3 above.
In particular,

— Elderly patients with poor physiological reserve.

— Preoperative evidence of heart failure or poor cardiac performance.
Colo-rectal, vascular, intra-abdominal surgery, trauma surgery involving more than
two body cavities or where there is intraperitoneal soiling by bowel contents.

e Patients undergoing prolonged surgery (longer than 1%2h).

e Emergency surgery.

Inexperienced surgeon or surgeon not regularly specialising in the type of surgery
being performed.

* Lack of postoperative intensive care or high dependency facilities.

to be associated with poor preoperative cardiovascular performance and in
particular the presence of heart failure at the time of surgery or in the period
immediately prior to surgery. The high-risk surgical operations are particu-
larly associated with colo-rectal surgery, abdominal surgery, vascular surgery
and trauma surgery (particularly where there is intraperitoneal soiling by
bowel contents) (table 4). The risk from surgery is greatly increased if the
operation is performed as an emergency or by a surgeon who is not a
specialist in that particular type of surgery.>°

There will be some groups of patients who are clearly at high risk because of
other less common causes and they will also benefit from being treated and
cared for in the same facilities as these patients. There is some evidence*®31-34
to suggest that as many as 5-7% of all surgical patients fall into this high-risk
category and that they have a postoperative mortality of between 20 and
35% and that they represent over 85% of all reported postoperative deaths.

Perioperative Strategies for Reducing Postoperative
Death and Complications

From the early studies!>3* it is apparent that the appropriate reaction to

major surgery is to increase cardiac output in response to increased metabolic
demand and thus increase tissue oxygen delivery to accommodate a rising
tissue oxygen consumption. In 1972, Shoemaker et al.,’ showed that in
major surgery, the median values of the measured physiological parameters
of survivors is a cardiac index of >4.517"min~'m? (body surface area), and
oxygen delivery of >600ml~ 1rnln m? (body surface area) and an oxygen
consumption >170ml~" min~!m? (body surface area). Since then they and a
number of other groups!®33~*” have undertaken studies of early goal directed
therapy with a view to improving cardiovascular performance so as to
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ensure that all patients achieve the same tissue oxygen delivery as those
survivors in the earlier observational studies (table 5).

Whilst Shoemaker ez al.,” suggested that there were three physiological vari-
ables (cardiac index, oxygen delivery and oxygen consumption), which were
the most predictive determinants of outcome, most groups have taken the
more pragmatic view that only two of these were amenable to intervention
prior to or during surgery and the perioperative phase, namely increasing
cardiac output and increasing oxygen delivery. Using a combination tech-
nique of identification of the ‘at risk’ patient prior to surgery, and then
adopting a technique of early goal directed therapy using intravenous fluid
and inotropes prior to surgery and in the immediate postoperative period,
Shoemaker et al.,'” demonstrated a reduction in surgical mortality from 33
to 4%. They also demonstrated a reduction in the numbers of postoperative
complications (table 6).

Table 5 Mortality outcome following goal directed studies

Study Type of surgery Mortality Mortality
control (%) treatment (%)
Shultz et al.3® Vascular 29.0 2.9
Shoemaker et al."® General 33.0 4.0
Berlauk et al.*® Vascular 9.5 1.5
Fleming et al.® Trauma 44.0 24.0
Boyd et al.* General and vascular 22.2 5.7
Bishop et al.*° Trauma 37.0 18.0
Sinclair et al.*® Hip fracture 10.0 5.0
Zeigler et al.*® Peripheral vascular 9.0 5.0
Wilson et al.*! Elective general 17.0 3.0
Polonen et al.* Elective cardiac 3.0 1.0
Lobo et al.* General and vascular 50.0 15.7

Table 6 Summary of incidence of postoperative complications (mean number of
complications per patient) in studies of goal directed therapy for patients at high risk
of post surgical complications

Control Protocol
Shoemaker 19881° 1.08 CVP 0.39

1.3 PA
Fleming 1992% 1.79 0.79
Boyd 1993°%° 1.4 0.68
Bishop 199540 1.62 0.74
Wilson 199941 0.6 0.52 adrenaline

0.30 dopexamine
Lobo 2000%2 1.5 0.57




Reducing Mortality and Complications in Patients Undergoing Surgery 125

There have been a number of different methods for enhancing cardio-
vascular performance during the perioperative phase. In principle they
adopt the technique of maximising intravenous fluid therapy by the use of
cardiac flow measuring devices (pulmonary artery catheters or oesophageal
Doppler measurements) and then the judicious addition of an inotrope or
vasodilator if the goals have not been achieved with this intravenous fluid.
One such protocol is outlined in table 7. Most studies have used dobutamine
as the inotrope for this cardiovascular improvement but more recently a
number of studies*>*! have suggested that dopexamine may be a more useful
agent. One work*? compared two different inotropic agents (adrenaline and
dopexamine) for the protocol group. Although similar results were
found between the two agents in terms of mortality, nevertheless the use of
dopexamine was associated with fewer postoperative complications in the
survivors. It would appear that the choice of flow measurement technique is
not critical and new methods of achieving this should be as efficacious.
Although some authors have cast doubt on the efficacy of the use of
pulmonary artery catheters*® there is no doubt that the selective use of
pulmonary artery catheters for goal directed therapy in this highly selected
group of patients has been shown to be consistently effective. Furthermore,
it is clear from some of these studies that not all patients will be able to
achieve the goals that have been set. In these patients, it is still worth
attempting to achieve the optimisation goals since a number of studies’*!
have shown that merely improving oxygen delivery to that individual
patient’s maximum will reduce the postoperative mortality and complica-
tion rate. These studies have shown that even with patients who failed to
achieve the oxygen delivery goal of >600ml™! min~!m? (body surface area)
these patients still attained a better outcome than if their oxygen delivery had
not been enhanced from their preoperative baseline.

It is also apparent that oxygen delivery will be improved if the patients’
haemoglobin concentration is increased (oxygen delivery depends on cardiac
output, haemoglobin concentration, oxygen carrying capacity of that haemo-
globin and the oxygen saturation of the blood) but this must not be increased
at the expense of a reduction of flow in the tissues due to the increased
viscosity of the blood. A compromise haemoglobin concentration that most
investigators seem to have adopted has been a target of haemoglobin concen-
tration of 10gdl™!, although this issue has never been formally studied. It is
important during the goals directed therapy that monitoring of the haemo-
globin concentration is performed as a significant increase in intravascular
fluid volume achieved by the titration of extra crystalloid or colloid solutions
may lead to an increase in cardiac output without a similar increase in
oxygen delivery due to a dilutional effect that reduces the haemoglobin
concentration.



126 Recent Advances in Anaesthesia and Intensive Care 22

Table 7 Simplified protocol for performing goal directed cardio-respiratory optimisation
for patients undergoing major surgery who are at high risk for postoperative death or
complications

Identn‘y the operation

e Operations likely to last longer than 1%zh.
e Especially emergency surgery but also colo-rectal surgery, vascular surgery,
abdominal surgery, trauma surgery (particularly surgery involving two or more body
cavities or faecal soiling of the peritoneal cavity).
Surgeons who are not experienced at this particular type of surgery (this is more
likely in the emergency surgery situations).
e Lack of postoperative critical care facilities.

Identify the high-risk patient

e See table 3 above (Shoemaker criteria).

e Particularly identify elderly patients with poor cardio-respiratory reserve, ischaemic
heart disease or evidence of current or previous heart failure.

Perioperative goal directed therapy

¢ Assess patients preoperatively: perform cardiovascular measurements to assess

cardiac performance. Perform cardiac output and oxygen delivery measurements.

If cardiac index >4.5 I"'min~"m? (body surface area) and oxygen delivery

>600 ml~"min~"m? (body surface area). Then no further goal directed therapy will

be indicated. Patient can proceed to operation with normal anaesthesia and

resuscitation therapy.

If cardiac index <4.5 I"'min~"m? (body surface area) and/or oxygen delivery

<600 ml~"min~"m? (body surface area). Then further goal directed therapy is

indicated prior to surgery. (If this cannot be performed or has not been performed

prior to surgery, then a number of studies have shown that similar results can be
obtained if this goal directed therapy is applied immediately on arrival in the ICU at

the end of surgery. If goal directed therapy is delayed or not achieved within 1 h

after surgery then technique will confer no benefit to the patient’s outcome).

If oxygen delivery <600 ml~'min~'m? (body surface area).

— Increase intravenous fluid therapy using flow directed monitoring equipment to
improve intravascular filling to pulmonary artery occlusion pressure of 12-16 mm Hg.
(or equivalent if using other forms of monitoring not pulmonary artery catheter).

- Maintain haemoglobin concentration 10gdI~" by transfusion if necessary.

— Maintain blood oxygen saturation 95% or greater by use of supplementary
oxygen therapy where appropriate.

If despite these measures oxygen delivery is still <600 mI~"min~"m? (body surface

area).

— Consider the use of inotrope or inodilator therapy. Although a number of different
agents have been used in these studies, the use of dopexamine hydrochloride
seems to have achieved the best results.

— Start dopexamine at 0.5 ugkg~'min~"' and increase incrementally every 15min by
a further 0.5 pgkg~"'min~" until either a target oxygen delivery is achieved or there
is an increase in heart rate of 20% over the patients resting rate. (If the patient is
very tachycardic prior to starting this goal directed therapy then it is important to
recognise this and not to attempt to increase cardiac output at the expense of
increasing this already raised heart rate. If the patients’ heart rate increases to
more than 20% above baseline then the infusion rate of the inotrope should be
reduced to the previous dose where the heart rate had not achieved this 20%
increase and held at that rate).

- Maintain intravascular filling pressures (PAOP 12-16 mm Hg), haemoglobin
concentration (10gdi~") and arterial oxygen saturation (>95%) at the figures given
above during this period of vasoactive therapy.

Maintain this goal directed therapy in the immediate postoperative period until there

is evidence that the intraoperative oxygen debt has been repaid.

— Maintain therapy until Base deficit returns to normal (less than your units
maximum normal range). Blood lactate concentration (within normal range for
your unit/lab). Mixed venous oxygen saturation is above 70%.
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A number of other studies have considered the prophylactic use of nitrates,
calcium channel blockers or B-blockers for patients who are at risk of peri-
operative myocardial ischaemia. With the exception of B-blockade there has
been no demonstrable improvement in postoperative outcome. Mangano
et al.,” established an improvement in outcome in patients undergoing vascular
surgery when they used atenolol prophylactically. They demonstrated that
there were no deaths in the 6 months following surgery in those patients
who were electively started on prophylactic atenolol compared with their
control group who had an 8% mortality over the same period. This study has
recently been repeated by Poldermans et al.,’® using the B-blocking agent
bisoprolol. They also demonstrated a mortality of 17% in patients who did
not receive prophylactic B-blockade against a mortality of only 3.4% in
those patients who did. In this study the authors®® screened 846 patients who
seem to have fulfilled the Shoemaker criteria as being ‘High Risk’ and
then dobutamine stress echocardiography tested them and selected those
with evidence of myocardial ischaemia for study. This would suggest that
approximately 20% of patients being recruited to the major ‘optimisation
studies’ might actually have benefited from B-blockade therapy rather than
cardio-respiratory enhancement therapy. At present the total number of
patients who have been enrolled in studies involving B-blockade is only
312 patients. Despite the small numbers studied it has been recommended
that all patients about to undergo vascular surgery at ‘High Risk’ should
receive prophylactic B-blockade. This may be an over generalisation but
some system of preoperative assessment must be developed to determine
which patients receive either of the two treatments, as it is possible that
the 80% in the Poldermans study who did not receive B-blockade may have
benefited from cardiovascular enhancement.

Outcome of Studies using Goal Directed Therapy for
High-Risk Surgical Patients

There have been 14 studies investigating the perioperative use of goal
directed therapy in high-risk surgical patients involving a total of 1,132
patients. A number of these have involved patients with a very high post-
operative mortality rate (>15%) and a number have had a postoperative
mortality which was <15%. The odds ratio for 12 of these studies are shown
in figure 1.

From this it can be seen that in those studies where the control mortality is
>15% there is no doubt as to the benefit of this form of goal directed
therapy for these patients who are at high risk of postoperative death or
complications. While the benefit is not so marked in the studies where the
control group mortality is <15% nevertheless most studies show a small but
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Figure 1 Graph showing the odds ratio and 95% confidence intervals for 12 studies
investigating the effect of goal directed therapy for ‘High-Risk’ surgical patients. a) Lobo

et al. 2000;* b) Fleming et al. 1992;% ¢) Bishop et al. 1995;%° d) Shoemaker et al. 1988;'°
e) Schultz et al. 1985;% f) Boyd et al. 1993;%° g) Wilson et al. 1999;*' h) Durham et al.
1996;% i) Sinclair et al. 1997;* j) Berlauk et al. 1991;* k) Ziegler et al. 1997;%6 I) Mythen and
Webb 1995.%8

significant improvement in outcome in the patients who have received goal
directed therapy.

Critics of this form of therapy often cite a number of studies®'™ to suggest
that this technique of therapy is not effective. However, this argument does
stand serious scrutiny. All five of the studies Yu et al., 1993,%' Hayes et al.,
1994 ,%¢ Gattinoni et al., 1995,% Yu et al., 1998% and Alia et al., 1999%*
studied patients after organ failure had developed. Some studies’™>* only
enrolled postoperative patients who had developed organ failure several
days after surgery. These two studies showed that even at this late stage there
was still a small improvement in outcome associated with this goal directed
therapy. However, the other studies’>~* examined either post surgical
patients or medical patients who had developed sepsis or sepsis syndrome
and who were then subsequently admitted to ICU for treatment. Only when
in ICU and after organ failure or severe organ dysfunction had set in did the
goal directed therapy commence. In the report by Gattinoni et al.,’® they did
not recruit patients and commence therapy until conventional therapy had
been administered for 48 h in an ICU and this therapy had failed to improve
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the patient. Their analysis found no difference in outcome between those
patients being treated with goal directed therapy and those patients being
treated conventionally. Both the Hayes*? and the Alia’* studies recruited
medical and surgical patients who had developed sepsis or sepsis syndrome
and had been admitted to ICU after demonstrating significant organ dysfunc-
tion and at least one organ system failure. Both groups of researchers demon-
strated a lack of benefit for patients who had been treated with the
Shoemaker variables of goal directed therapy at this late stage. Although
frequently cited as showing lack of evidence for goal directed therapy in
‘High-Risk’ surgical patients these three studies’*>* should not be included
in any meta-analysis of goal directed therapy in this group of patients
because they have not studied surgical patients having the goal directed
therapy performed at or around the time of surgery.

Shoemaker et al.®! have suggested that at the time of major surgery there is
a development of an oxygen debt. Furthermore, they postulate that if this
oxygen debt is repaid within 6-8 h of surgery then the patient will survive
and is unlikely to have any major postoperative complications. If the
patient is able to repay the oxygen debt within 12-30 h then the patient will
survive but will develop varying amounts of postoperative complications
depending on the degree of organ dysfunction caused by this prolonged
oxygen debt. Finally if the patient does not mount a sufficient increase in
cardiovascular response to ever repay this oxygen debt then these are the
patients who will subsequently die in the 28-day period following surgery.
This may be a rather simplistic overview of what is a very complex process
but it helps to give framework on which to build future understanding of the
process. It does however, neatly explain why this type of goal directed
therapy does not work in the late stages after onset of organ failure, by
which time no amount of extra oxygen is going to resuscitate dead tissue or
cells. The secret lies in preventing cell death by adequate or increased
amounts of oxygen being supplied at the time of development of oxygen

debt.

Conclusion

There is good evidence to suggest that patients with poor cardio-respiratory
reserve have a high mortality and complication rate when they undergo major
surgery. Many of these patients can be identified by simple clinical methods
prior to their surgery. A number of randomised, controlled clinical studies have
consistently demonstrated the improvement in outcome that can be achieved
for these patients by the use of goal directed therapy aimed at temporarily
improving the cardiovascular performance of high-risk patients so that
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non-survivors have the same cardio-respiratory performance as the survivors.
Benefit can be achieved in a wide range of patients and in a wide range surgery
including vascular surgery, colo-rectal surgery, trauma, orthopaedic surgery,
major cancer surgery and cardiac surgery. The benefit is greatest in any of these
types of surgery when the operation is performed as an emergency. Goal
directed therapy to achieve a cardiac index of >4.51"!min~! m? (body surface
area) or an oxygen delivery of >600ml~" min~!'m? (body surface area) should
be standard aims and objectives of therapy for any high-risk surgical patient.
When implemented early and aggressively this will reduce postoperative
deaths and complications.
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CHAPTER

L. Gattinoni D. Chiumello P. Pelosi 6

Prone ventilation of the lungs

In the last 15 years, the prone position has been used increasingly in patients
with acute lung injury (ALI) or with acute respiratory distress syndrome
(ARDS). Its positive benefits on arterial oxygenation are now well estab-
lished, while its impact on outcome or in the prevention of ventilation-induced
lung injury is still under investigation. The prone position has allowed a
better understanding of the pathophysiology of ALI-ARDS, which is a funda-
mental step for tailoring better respiratory support. In this chapter, we will
review the pathophysiology related to the prone position, the mechanisms of
improving gas exchange and the clinical data obtained by employing the
prone position in ALI-ARDS patients, as well as in other clinical scenarios,
such as in trauma and brain-injured patients with acute respiratory failure,
general anaesthesia and in morbidly obese patients.

Physiological Effects of Prone Position Ventilation
Lung volumes

Early studies in ALI-ARDS patients' suggested that prone position ventila-
tion allowed an increase in functional residual capacity (FRC). However,
when the FRC was actually measured by the Helium dilution technique, no
significant increase was found between the supine and the prone position,
either in an experimental model® or in ALI-ARDS patients.? Similar findings
were reported by Guerin et al., who found lung recruitment in the prone
compared to the supine position but only in a minority of ALI-ARDS
patients.* When measuring a single computed tomography (CT) scan slice,
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representative of the entire lung, no difference in the gas volume was
observed.’

Thus, there is little evidence that changing position in ALI-ARDS patients
induces a systematic increase in overall lung volume or in lung recruitment.
However, as we discuss later, regional changes in lung volume and in lung
recruitment/derecruitment may occur when changing position.

Respiratory mechanics

The effects of prone position on static respiratory compliance are uncertain:
some authors have found an increase®” while others have found** no differ-
ence when changing body position. By partitioning the static respiratory
compliance into its chest wall and lung components, the prone position
usually decreases chest wall compliance without any change in lung compli-
ance.>* When ALI-ARDS patients return to the supine position, chest wall
compliance returns to baseline values while the total respiratory and/or lung
compliance can increase.>*

The effects on intra-abdominal pressure are also uncertain, as some authors
report a moderate increase® while others report no change.’ These effects are
independent of attempts to restrict or enhance movement of the abdominal
wall.

Regional lung inflation

Regional inflation in the supine position

Regional analysis of lung inflation has been investigated with the radioactive
xenon technique or by morphometry.” However, computed tomography
(CT) scanning offers a better means of analysis and quantification of regional
lung inflation.!®

In healthy subjects, as well as in ALI-ARDS patients who are placed in the
supine position, there is a vertical gradient of lung inflation, with the ventral
regions, located near the sternum (i.e. non-dependent) being more inflated
than the dorsal regions, located near the vertebrae (i.e. dependent).!!
Regional inflation exponentially decreases with the height of the lung and
this decay can be defined by a specific constant (Kd). Kd represents the
distance from the sternum at which regional inflation decreases to 36%. The
lower the value of Kd, the higher the rate of decrease of regional lung infla-
tion. In ALI-ARDS patients, Kd is significantly lower compared with healthy
subjects 7.8 = 0.8 vs 13.9 = 1.3 cm.

Regional lung inflation depends on the local transpulmonary pressure,
defined as the difference between alveolar and pleural pressures.!? Since
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pleural pressure is higher and transpulmonary pressure is lower in the dorsal
regions compared with the ventral regions, regional lung inflation is lower in
the dorsal regions compared to the ventral regions. Normally, the pleural
pressure gradient is 0.2-0.3 cmH,O cm™1.13

Several factors have been postulated to affect the pleural pressure gradient
and, consequently, regional lung inflation such as:

e the superimposed pressure on the lung
e cardiac mass
e cephalic displacement of the diaphragm

e lung mass/shape

1. The superimposed pressure on the lung is calculated as the height of the
lung times its density.!* The assumption is that the lung behaves as a
fluid and that hydrostatic pressure is transmitted through the lung
parenchyma as it is in a liquid. In ALI-ARDS patients, due to the oedema
which increases lung weight, 974 = 220 g in healthy subjects vs
2590 = 1201 g in ALI-ARDS patients,’ the superimposed pressure on
the lung is significantly higher when compared with healthy subjects. The
increase in superimposed lung pressure has been found, in an experimental
setting, to be the major determinant of the pleural pressure gradient.'

2. Cardiac mass (the mass of the heart overlying both lungs) is involved in
the genesis of the vertical gradient of pleural pressure.'® In particular, in
ALI-ARDS patients, the cardiac mass is usually heavier (27% more than
in the healthy subjects) thus further increasing the pleural pressure
gradient when compared with healthy subjects.!”

3. Cephalic displacement of the dorsal regions of the diaphragm may be
induced by sedation and paralysis, which in turn suppresses the muscular
tone of the diaphragm'® and further increases the pleural pressure
gradient."

4. Lung mass/shape may also influence regional pleural pressure;*

however, the importance of this factor in ALI-ARDS patients has
yet to be defined.

In summary, in ALI-ARDS patients in the supine position, regional lung infla-
tion is greater in the ventral (non-dependent) regions compared with the
dorsal (dependent) regions. Increases in lung weight and cardiac mass, loss
of muscular tone, cephalic displacement of the diaphragm, change in
thoracic-lung shape may all affect the pleural pressure gradient and regional
lung inflation.
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Regional inflation in the prone position

When ALI-ARDS patients are turned from the supine to the prone position, the
distribution of regional lung inflation changes. It increases in the dorsal regions
and decreases in the ventral regions; the Kd is higher, compared with the supine
position, and the changes in regional inflation are paralleled by an opposing
redistribution of densities (from dorsal to ventral regions).> The prone position,
by reducing the pleural pressure gradient,?! also causes a more homogeneous
distribution of transpulmonary pressures and of regional lung inflation.’

Modifications of superimposed pressure on the lung could explain, in part,
the redistribution of regional lung inflation. In the supine position, the
superimposed pressure on the lung causes a collapse in the dorsal regions
(i.e. dependent zone), while in the prone position, the dependent zones (with
the higher superimposed pressure on the lung) are the ventral regions, which
collapse. Moreover, in the prone position, the cardiac mass lies on the
sternum without acting as a compressive force on the lungs. In the presence
of abdominal distension, the decrease in abdominal pressure in the prone
position, by unloading the weight of the abdominal content against the
diaphragm, may reduce the cephalic displacement of the diaphragm and
change its motion.”> Modifications of the thoracic-lung shape and the
regional mechanical properties of the lungs and of the chest wall may also
redistribute the forces acting on the pleural pressure gradient.

In summary, in ARDS patients, the prone position, by reversing the pleural
pressure gradient, prevents compression from the weight of the cardiac mass
and possibly reduces the cephalic displacement of the diaphragm, resulting in
a more homogeneous regional lung inflation.

Alveolar ventilation

Distribution of alveolar ventilation in the supine position

For a number of years, using different techniques such as chest radiography
and single photon emission CT, it has been known that the supine position
in ventilated, sedated and paralyzed subjects is associated with preferential
distribution of alveolar ventilation towards non-dependent regions.?> CT
scanning has confirmed these results when end-expiratory pressure is equal
to zero. However, it was shown that by increasing end expiratory positive
pressure (PEEP), alveolar ventilation-distribution becomes more homoge-
neous (i.e. the ratio of non-dependent and dependent regions of alveolar
ventilation is 1:1).2* This probably results from a combination of two effects:
maintenance of lung opening in dependent regions by PEEP and stretching of
non-dependent regions, which are more inflated but less ventilated. A more
homogeneous distribution of alveolar ventilation is usually associated with
better oxygenation.
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Distribution of alveolar ventilation in the prone position

Albert et al. provided evidence of improvement in alveolar ventilation-
distribution in dorsal regions during prone position ventilation in an experi-
mental setting.> Unfortunately, direct data of alveolar ventilation-distribution
in human beings are lacking. Nevertheless, one may speculate that alveolar
ventilation-distribution improves in the dorsal regions during prone position
ventilation based on the findings of a more homogeneous lung inflation,
a decreased transpulmonary pressure gradient and changes in chest wall
compliance (see below). All of these findings indirectly suggest a more homo-
geneous alveolar ventilatory distribution in the prone compared with the
supine position.

Pulmonary perfusion

Distribution of perfusion in the supine position

The most popular model to explain pulmonary perfusion is the gravitational
one, in which gravity is the principal determinant of regional lung perfu-
sion.”> This model assumes that pulmonary blood flow is regulated by
pulmonary arterial (Pa), venous (Pv) and alveolar (PA) pressures modeled as
a Starling resistor. According to this gravitational model, perfusion should
progressively increase from the non-dependent regions to the dependent
regions.

However, several studies have noted a paradoxical decrease in pulmonary
perfusion along the ventral axis despite increasing hydrostatic pressure in the
most dependent regions,?®?” suggesting that the pulmonary vessels system is
not a passive one comprising infinitely compliant vessels.

In ALI-ARDS patients, several factors are known to influence the gravita-
tional distribution of perfusion: for example, hypoxic vasoconstriction,?®
vessel obliteration and extrinsic vessel compression.”’ Hypoxic pulmonary
vasoconstriction in the dependent regions can reverse blood flow toward the
non-dependent regions, due to low alveolar ventilation.?® Besides macro-
microthrombi, extrinsic vessel compression due to higher superimposed
pressure on the lung, or a reduction in extra-alveolar vessel calibre due to
low lung volume can affect pulmonary perfusion. Hypoxic vasoconstriction
and external or internal obstruction of pulmonary vessels, present mainly in
the dependent regions, should reverse blood flow toward the non-dependent
regions, so ‘protecting’ against hypoxaemia. However there is strong indirect
pathophysiological evidence indicating that regional perfusion in ALI-ARDS
is not gravity dependent and not homogeneously distributed. In fact, consid-
ering that some parts of the lung may be airless (up to 60-70%) and that
these regions are located in the dependent portions of the lung, if perfusion
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were to be homogeneously distributed, the resulting shunt would lead to a
degree of hypoxaemia incompatible with life.3

Distribution of perfusion in the prone position

Most of the data concerning lung perfusion in the prone position arise from
experimental work. Direct evidence on ALI-ARDS patients is lacking. The
experimental data suggest that the gravitational model does not apply in the
prone position. Glenny et al. showed that in the prone position, the gravita-
tional gradient is reduced with a more homogeneous distribution of blood
flow, i.e. similar blood flow in dependent and non-dependent lung regions.3!
Thus, in ALI-ARDS patients, prone position ventilation may cause a more
homogeneous distribution of perfusion that is relatively unaffected by
gravity.

In summary, the available evidence suggests that perfusion is not dramati-
cally changed by body position.3?

Mechanisms Improving the Arterial Oxygenation
in the Prone Position

By definition, hypoxaemia is due to an alteration of the ventilation-perfusion
ratio (i.e. ‘true shunt’ V/Q < 0.01 and ‘low V/Q’ of 0.05-0.1). Lung
regions characterized by a V/Q ratio of 0-0.1 contribute to arterial hypox-
aemia.’? Pappert et al. using the inert gas technique to quantify the V/Q
impairment, found that, in ALI-ARDS patients ventilated in the supine
position, an overall decrease of V/Q ratio due to ‘true shunt’ and ‘low V/Q’
while V/Q ratio improved when changing to prone position ventilation,
particularly its ‘true shunt’.>* Unfortunately, the inert gas technique used in
this study does not allow an anatomical regional description of the V/Q ratio
distribution.

We will now discuss the factors leading to this improvement in the alveolar
ventilation, bearing in mind that these different factors may operate at
different degrees in different patients, depending on underlying pathophysio-
logy, ARDS aetiology and the time course of the disease.

The main factors known to lead to possible improvements of V/Q may be
grouped as followed:

e more homogeneous distribution of alveolar ventilation

® lung mass/shape

e changes in chest wall compliance.
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Kd = Distance at which
a decrease to of upper alveolar size occurs

Supine

Figure 1 Constant deflation decay (Kd) in the supine and prone positions.

More homogeneous distribution of alveolar ventilation

As previously discussed, the prone position per se induces a more homoge-
neous distribution of regional lung inflation and by inference a more
homogeneous alveolar ventilation-distribution. In fact, quantifying the
homogeneity of the regional lung inflation by Kd, we found that arterial
oxygenation improved when Kd increased from supine to prone, did not
change when Kd was unmodified, and decreased when Kd was lower in
prone compared with the supine position (fig. 1). This suggests that the rate
of response in arterial oxygenation is associated with the rate of change in
regional lung inflation.

Lung mass/shape

Lung superimposed pressure is greatly increased in patients with ALI-ARDS.
It is important to remember that lung superimposed pressure is a function of
the density and the height of the lung. As shown in figure 2, the shape of the
lung in general is such that the dependent lung mass is greater in the supine
than in the prone position. For example, if the patient is ventilated in the
supine position and the alveoli start to collapse at 50% of lung height, then
58% of the total lung mass would collapse. However, in the prone position,
if collapse started to occur at the same lung height, only 38% of the lung
mass would be dependent and would collapse. This means that part of the
effect of the prone position is due to the lung mass undergoing collapse and
the extent of this collapse may be different in different ALI-ARDS patients
according to their individual lung shape. We found that the greater the mass
of the lung in the upper lung in the prone position, the greater the improve-
ment in arterial oxygenation.
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Lung mass and lung shape

Supine Prone

Greater the non-dependent mass, better the oxygenation

Figure 2 Different lung mass/shape in the supine and prone positions.

Changes in chest wall compliance

Changes in total respiratory compliance are unpredictable. While there is
sufficient evidence to state that chest wall compliance decreases in the prone
position, it is important to realize that chest wall compliance is the sum of
the ventral chest wall, dorsal chest wall and diaphragm compliances. The
dorsal chest wall, for anatomical reasons, is stiffer than the ventral chest wall
and it is likely that diaphragmatic compliance does not change from the
supine to the prone position. Thus the reduction in chest wall compliance in
the prone position is most probably due to a reduction in ventral chest wall
compliance, i.e. the ventral chest wall is stiffer in prone ventilation due to its
limited range of movement, lying against the mattress surface.?

We have found that the greater the reduction of chest wall compliance, the
greater the improvement in arterial oxygenation. A possible explanation is
that a decrease in chest wall compliance may lead to a redistribution of alveo-
lar ventilation towards the ventral and abdominal compartments, making
alveolar ventilation-distribution more homogeneous.> However, further data
are needed to confirm this hypothesis, since Geurin ef al. did not find any
correlation between the decrease in chest wall compliance and the increase in
arterial oxygenation.*

Indeed, all three factors may contribute to improve the V/Q ratio. The more
homogeneous distribution of alveolar ventilation, the more chest wall
compliance changes may act on intra-tidal gas distribution while the change
in the lung mass/shape may promote regional lung recruitment.
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In addition, the prone position offers good secretion removal, which can be
difficult to obtain using normal tracheal suctioning in the supine position, so
contributing to improved distribution of alveolar ventilation.®

Respiratory Factors Influencing the Different Responses
of Respiratory Function in the Prone Position

The majority of studies have found a systematic improvement in arterial
oxygenation when the body position is changed from supine to prone posi-
tion. The improvement seen in responders (responders being defined as
patients who show an increase in the arterial oxygenation of at least 1.3 kPa)
is large, ranging from 57 to 100% (table 1). Several factors have been
suggested to influence the rate of the response, according to a variety of
inclusion criteria ALI, ARDS, aetiology, different duration and timing of
pronation, different modes of mechanical ventilation.

Pathogenic pathways

Since its original description, it has been recognized that ARDS may derive
from a pulmonary (i.e. primary ARDS) or an extrapulmonary insult (i.e.
secondary ARDS). This distinction was thought to be irrelevant in clinical
practice. However, recently we have described differences in mechanical
behaviour* and in lung morphology between primary and secondary
ARDS.%° Primary ARDS is characterized predominantly by consolidation and
appears to be less responsive to the application of PEEP and recruitment
manoeuvres. In contrast, secondary ARDS is characterized predominantly by
atelectasis and is more responsive to the application of PEEP and recruitment
manoeuvres.

We speculate that the main mechanism explaining the improvement of
arterial oxygenation in prone position ventilation in secondary ARDS is
regional recruitment due to the lung mass/shape. Secondary ARDS in the
early stage fits the ‘sponge lung model’ with an homogeneous involvement of
all parenchyma exposed via the bloodstream to the mediators originating in
the extrapulmonary foci with consequent prevalent interstitial oedema, an
increase in lung superimposed pressure and lung collapse.

Indeed, the amount of collapse/decollapse in the prone position may repre-
sent the main mechanism effecting the improvement in arterial oxygenation
in prone position ventilation in secondary (extrinsic) ARDS.

In contrast, in primary ARDS, the amount of oedema and the potential for
recruitment is lower. We may speculate that the main mechanism operating



Table 1 Rate of responders, PaO,/FiO, during supine, prone, return to supine position and time spent in prone position

Study No. of No. of PaO,/FiO,S PaO,/FiO,P Pa0,/FiO,S?! T
patients responders (kPa) (kPa) (kPa) (h)
(absolute) absolute (%)
Phiel®® 5 5 (100) 12.40 = 1.33 18.80 + 3.33 - -
Douglas?® 6 5 (83) 11.87 + 7.33 21.87 + 9.73 - 4
Langer®® 13 8 (61) 13.33 = 3.33 18.40 £ 2.67 17.07 £ 2 2
Pappert®* 12 8 (66) 14.53 + 7.60 25.33 = 13.73 16.40 + 11.87 2
Fridrich®’ 20 20 (100) 16.80 £ 1.07 32.93 £ 2.40 21.60 = 1.87 20
Stocker®® 16 16 (100) 9.87 = 3.47 30 + 7.60 - *
Servillo” 12 10 (83) 16.53 £ 3.07 20.40 £ 2.27 18.80 £ 2.67 0.15
Chatte®® 32 25 (78) 13.33 £ 4 20+ 8 17.33 + 6.67 4
Blanch® 23 16 (70) 10.40 = 4.93 15.33 + 6.80 - 15
Papazian“® 14 9 (64) 17.06 + 5.87 25.73 = 11.06 - 5
Pelosi® 16 12 (75) 20.13 *= 4.67 25.47 £ 6.40 23.07 £ 10.67 2
Jolliet* 19 11 (57) 9.07 = 0.93 13.87 + 2.40 12.93 + 1.33 12
Martinez*? 14 10 (71) 14.67 £ 7.33 21.47 = 11.87 - 2
Guerin* 12 10 (83) 18.13 + 2.27 27.20 + 3.20 20.93 + 2.80 1
Voggenreiter* 22 20 (90) 28 = 1.87 49.47 + 3.47 - 8
Dupont* 27 16 (59) 12.93 + 6.13 22.53 = 10.13 - 4
Nakos* 15 12 (80) 11.07 £ 2.13 18 = 3.73 17.87 £ 3.60 6
Gattinoni‘® 152 110 (73) 17.33 + 1.33 2733 £2 20.67 = 1.33 7
Rialp* 15 12 (80) 1413 = 8 24.53 + 8.93 - 0.5
Venet*® 25 22 (90) 18.93 + 1.33 27.73 + 1.33 22 +1.33 2

*The positioning procedures were continued until gas exchange remained stable at PaO,/FiO, > 20 kPa.
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in this situation is due to a more homogeneous intra-tidal gas distribution.
Interestingly, the relationship that we described between the decrease in chest
wall compliance and increase in arterial oxygenation was found in 16
patients, 13 of whom presented with primary ARDS.? It is important to stress
that at present, these findings are mainly speculative and further studies are
needed to confirm this hypothesis.

Stage of disease

Most current studies on the prone position are limited to the early phase of
ARDS, which is usually defined as being limited to the first week. In addi-
tion, the distinction between primary and secondary ARDS makes sense only
in the early phase of the disease. In fact, in the late phase, the lung undergoes
deep remodelling with structural changes, i.e. fibrosis, bullous emphysema-
like lesions.>!

In most studies, non-responders endured more days of mechanical ventila-
tion than responders since the initial diagnosis of ARDS (11.8 = 16 vs 32.78
+ 42 days).>3%*! Similarly, patients in the early phase of ARDS (i.e. with
more pronounced pulmonary oedema) exhibited a greater improvement in
arterial oxygenation compared with patients in the late phase of ARDS (i.e.
with more pulmonary fibrosis), who usually did not respond.*> However, it
is important to note that even in late ARDS, some patients may respond to
prone position ventilation with an improvement in arterial oxygenation. The
main mechanism operating in this phase is likely to be one related to intra-
tidal gas distribution, as the potential for recruitment is likely to be marginal
at best.

Ventilation-Induced Lung Injury and the Prone Position

Ventilation-induced lung injury is now widely recognized as a major problem
in the management of acute respiratory failure.’> The use of high transpul-
monary pressures (i.e. ventilation with high tidal volumes or high pressures)
which overstretches the alveoli can cause epithelial and endothelial disrup-
tion and induce lung oedema. Furthermore, failure to apply adequate PEEP
levels can further increase the shear forces resulting from repeated air space
opening and closing. When ALI-ARDS patients are in the supine position,
with air spaces opening and closing, the largest alveolar volume excursion
and the smallest end-expiratory alveolar volumes are preferentially distrib-
uted in the dorsal regions due to the more positive pleural pressure and the
lower regional FRC. The prone position, by reducing the gravitational
gradient of pleural pressure, can increase transpulmonary pressure and
regional FRC. Moreover, prone position ventilation, can limit the shear
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forces and alveolar volume excursions in the dorsal regions. Similarly, prone
position ventilation causes more homogeneous pulmonary blood flow distri-
bution and may limit the capillary stress and reduce lung oedema.

Recent animal data showed that in the prone position, either in a healthy or
a lung injury model, lung oedema and the severity of histological abnormal-
ities were less severe in the prone compared with the supine position.’3-*
the supine position, the distribution of lung oedema and histological abnor-
malities was higher in the dorsal regions, while in the prone position they
were more uniform between the dorsal and the ventral regions. Furthermore,
it has been shown that prone position ventilation may also reduce the inci-
dence of pneumothorax.®

In

In summary, the use of the prone position, besides improving gas exchange,
may also limit ventilation-induced lung injury.>®

Clinical Use of Prone Position Ventilation
In acute respiratory failure

Although prone position ventilation has been shown to be effective in
improving arterial oxygenation, its effects on patient outcome are still under
investigation. So far, most studies are too limited in size to detect effects of
outcome, and only one large randomized trial has been completed to date.*®
In a multicenter trial, 305 ALI-ARDS patients were randomized to be kept
prone for at least 6h per day for a period of 10 days. 152 patients were
assigned to a prone group and 152 to a supine (control) group. Mortality did
not differ significantly between the prone and the supine groups at the end
of the 10-day study period (21 vs 25%), at the time of discharge from inten-
sive care (50 vs 48%) or at 6 months (62 vs 59%). In a posthoc analysis, it
was found that there was a significantly lower 10-day mortality rate in the
prone group than in the supine group in those patients with the lowest
PaO,/FiO, ratio (<11.7kPa), with the highest Simplified Acute Physiologic
Score (>49) and the highest tidal volume (>12 ml/kg).

These negative results could be explained by a true lack of effect of the prone
position on outcome or alternatively by an inadequate statistical power, the
short duration of the prone position (an average of only 7h per day, meaning
that patients were supine for more than 70% for each day) or the limitation
of the prone position to only 10 days.

Considering these potential limitations, we believe that, at present,
prone position ventilation using this protocol should not be adopted in all
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ALI-ARDS patients but limited to the most severe cases of respiratory
failure.®’

When should the prone position be initiated?

We do not know at present when ALI-ARDS patients should be turned
prone.’® We suggest turning ALI-ARDS patients prone from the earliest
phase of the disease and simultaneously to try to recruit the lung maximally
using manoeuvres such as sighs or sustained inflations. This use of prone
position ventilation in the early phase may maximize the effectiveness of the
manoeuvre due to the predominant position of oedema and atelectasis (i.e.
increased amount of recruitable tissue).

Length of time spent for each prone position

There are no guidelines to suggest how long the prone position should be
maintained in order to obtain the maximal beneficial effect on respiratory
function. The literature suggests that most of the improvement occurs
rapidly, within a few minutes of turning prone. However, a continuous
increase in arterial oxygenation can be obtained even after 6 h in the prone
position.*

In some responders, the improvement in arterial oxygenation is partially
maintained when they are returned supine (i.e. persistent responders), while
other responders rapidly lose this gain when returned supine (non-persistent
responders).?® A possible explanation for this is that, in the persistent respon-
ders, the recruited lung volume from prone ventilation is better maintained
when returned to supine. So, in the persistent responders, a strategy of
repeated supine-prone cycles could be useful, avoiding the complications of a
prolonged time in the prone position. On the contrary, in non-persistent
responders, we suggest increasing the duration of prone position ventilation,
in order to decrease the risk of severe hypoxaemia when returning supine. In
our clinical practice we continue to use prone position ventilation until an
arterial oxygenation of at least 13.3 kPa is reached with a PEEP of 10 cm H,O
and FiO, of 40%. Then, we return to supine ventilation and begin an assisted
mode of ventilation plus weaning procedures.

Recruitment manoeuvre: PEEP during prone position

CT scan studies in supine ALI-ARDS patients have shown that the presence
of lung collapse was not only along a vertical gradient (i.e. ventral to dorsal)
but also along a cephalo- to caudal axis. Recruitment manoeuvres are recom-
mended as a useful tool to re-open these collapsed lung regions and to
improve arterial oxygenation. However, recruitment manoeuvres in the
supine position, besides reopening the dorsal regions (i.e. collapsed ones)
will also overdistend the already maximally open alveoli. Prone position
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ventilation, by reducing the pleural pressure gradient, can increase the
transpulmonary pressure in the dorsal regions. This property of prone posi-
tion ventilation causes a greater lung recruitment in the dorsal regions
and enhanced arterial oxygenation improvement when the recruitment
manoeuvres are applied in the prone compared with the supine position. This
has been shown both in an experimental setting and in ALI-ARDS
patients,>%¢0

PEEP is one of the most important treatment modalities used to improve
arterial oxygenation in severe respiratory failure. PEEP, by opposing the crit-
ical closing pressure (i.e. superimposed pressure), can maintain alveoli open
at end-expiration. Data from animal studies suggest that PEEP in the prone
position will cause a more homogeneous distribution of pulmonary blood
flow compared with the supine position.®! Due to the lower closing pressures
and more favourable pulmonary blood distribution in the prone position,
lower PEEP levels are likely to result in the same increase in arterial oxygena-
tion compared with supine.’*®2

CT scanning has shown that the ventral regions remained aerated at lower
PEEP levels in the prone position, while the previously collapsed dorsal
regions in the supine position became aerated. For the same dorsal regions to
remain aerated in supine positions, higher levels of PEEP are needed and this
can cause an overdistension of the ventral regions. Thus, the prone position
compared with the supine position, can enhance the beneficial effect of a
recruitment manoeuvre to increase arterial oxygenation and requires lower
PEEP levels to maintain this increase.

Nitric oxide and the prone position

Nitric oxide (NO) is a vasodilator that, when inhaled by ALI-ARDS patients,
causes a dilatation of the pulmonary vessels supplying the ventilated alveolar
regions, thus improving blood flow to ventilated areas of lung. It has been
shown to be beneficial by increasing arterial oxygenation in ALI-ARDS
patients,*0:47:63

When NO is inhaled by a patient undergoing prone position ventilation, it
causes a greater improvement in arterial oxygenation than either treatment
used alone. This improvement in arterial oxygenation allows a faster reduc-
tion of the inspired oxygen fraction. Furthermore, the combination of prone
position ventilation and inhaled NO may lead to a decrease in the required
dose of NO, thus reducing the accumulation of toxic pro-inflammatory
degradation products such as nitrogen dioxide (NO,).
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The effects of NO may be different in primary and secondary ARDS. Rialp
et al.’” found an improvement with NO and prone positioning only in
primary ARDS. However, all studies so far have addressed only the short
term effects of inhaled NO combined with prone positioning, and further
studies are necessary to evaluate the real benefits of this fascinating dual
therapy to outcome in ALI-ARDS patients.

Another potentially beneficial strategy may be to combine inhaled NO with
almitrine bysmesylate to enhance the beneficial effects of prone positioning
on arterial oxygenation. Almitrine bysmesylate increases hypoxic vasocon-
striction, so redirecting pulmonary blood flow to the well-ventilated regions
of the lung. Combining inhaled NO and almitrine bysmesylate in prone pos-
ition ventilation may enhance arterial oxygenation when compared with
inhaled NO in this situation.®* However, almitrine bysmesylate may also
increase mean pulmonary arterial pressure and right ventricular workload,
although this may be attenuated by the addition of inhaled NO. Nevertheless,
particular caution will be necessary in case this therapy causes severe
pulmonary hypertension or right ventricular failure. One suggested approach
would be to start with inhaled NO and then later add almitrine bysmesylate
in an increasing but low dose (i.e. <1 mg/kg/h).**

In trauma induced acute respiratory failure

Several studies have shown the usefulness of prone positioning in improving
arterial oxygenation in trauma patients with severe respiratory failure. In these
studies, different types of trauma patients were enrolled (e.g. multiple trauma,
blunt chest trauma, abdominal trauma and patients with multiple fractures).
The use of prone positioning was safe and caused only minor complications
such as swelling and oedema of the face and pressures sores. In one study by
Fridrich et al.’” trauma patients with ARDS were treated for at least 20 consec-
utive hours per day in the prone position (mean 8 = 4 days) without any
significant side-effects.’” They did, however, exclude patients with raised
intracranial pressure (ICP) >3.3 kPa, or unstable cervical spine fractures.

Brain-injured patients with acute respiratory failure

Brain-injured patients have an increased risk of extracerebral organ dysfunc-
tion, mainly pulmonary.®® Patients with brain injury are characterized by an
increased risk of developing ventilator-associated pneumonia (30-50%
compared to 20% of the normal ICU population).®®¢” Studies have indicated
that pulmonary dysfunction after brain injury may significantly increase the
length of stay in intensive care and mortality and worsen the neurological

outcome.®8
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The use of prone positioning in patients with brain injury has not usually been
considered due to two possible negative effects on brain perfusion and ICP.

For this reason, strict exclusion criteria must be adopted when the prone
position is used in this group of patients:

e presence of unstable clinical situation (unstable ICP, and/or ICP higher
than 2.7-3.3 kPa despite adequate treatment).

e cvidence of ischaemia, as indicated by a low jugular venous oxygen
tension (SjO, below 7.3-8 kPa). Furthermore, in this particular patient
group, it is necessary to consider the following: the adequacy of the
level of sedation; careful positioning of the patient in the reverse
Trendelenburg position (head and trunk at 20°) with a good alignment of
the cervical with the thoracic spine; in more severe brain-injured patients,
monitoring of ICP and SjO, may be required; careful clinical monitoring
of the central nervous system (in particular, pupillary diameter in the
acute phases of positioning and overall neurological status and daily
clinical assessments).

We recently investigated the effect of a short period of prone positioning, in
a randomized controlled study, in severe brain-injured patients sedated and
paralyzed with acute respiratory failure due to ventilator-associated pneu-
monia.®” During prone position ventilation in these patients, arterial
oxygenation markedly improved within 4 h and this improvement was main-
tained 24h later when returned to the supine position. No significant
increase in ICP was found in the prone position and no patients experienced
an increase in ICP >3.3kPa. Although these are only preliminary data,
obtained in a small study population, they suggest that, over a short time
period, the prone position in brain-injured patients is safe to use, may
improve oxygenation and that the improvement may be maintained for at
least 24 h when the patient is returned to the supine position. If carefully
performed for a moderate period of time and carefully monitored, the prone
position does not negatively affect brain perfusion and ICP.

General anaesthesia

The prone position is frequently used during general anaesthesia for specific
neurosurgical (spinal cord, occipital lobe, craniosynostosis and posterior
fossa) procedures, orthopaedic or recto-perineal procedures.”’ The main
focus of attention during general anaesthesia has been on the positioning
procedure and pressure injuries.

Data concerning the physiological effects of the prone position on respiratory
function in spontaneously breathing or mechanically ventilated normal
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subjects are scanty. Lynch et al. were the first to report that anaesthetized
subjects, when breathing spontaneously in the prone position, were unable to
maintain an adequate tidal volume and showed a concomitant decrease in
arterial oxygenation.”! Similarly, Safar et al. reported a reduction of 20-30%
in the compliance of the respiratory system using the prone position.”?
Overall these data suggest that the prone position can be associated with
adverse effects on pulmonary function during anaesthesia, hence it should be
applied with caution in healthy subjects. Nevertheless, Lumb et al. reported
that the prone position did not affect respiratory function in conscious
healthy male volunteers, possibly increasing the FRC.”3

We studied a group of normal subjects receiving general anaesthesia for elec-
tive surgery requiring the prone position.” The prone position did not signif-
icantly affect the respiratory system, lung or chest wall compliance. Both
FRC and arterial oxygenation markedly increased from supine to prone
(53% and 24 % respectively).

It is worth noting that, in contrast to previous studies,”""?

patients as described by Smith et al.”® ensuring free abdominal movements by
the use of upper chest and pelvic supports, with less constriction of the chest
wall movements. This suggests that this kind of prone positioning can affect
respiratory function differently.

we positioned our

Obese patients

In obese patients, general anaesthesia is known to negatively affect respiratory
mechanics and arterial oxygenation more than in normal subjects.”® In
particular, the increased intra-abdominal pressure which characterizes obese
patients can lead to a more obvious cranial shift of the diaphragm, i.e.
producing a marked reduction in lung volume and reduction of the move-
ment of the dependent part of the diaphragm. Both of these phenomena
predispose the patient to the formation of more overt atelectasis with a
marked deterioration in oxygenation, and respiratory mechanics.

The beneficial effects of the prone position may be greater in obese patients
compared with normal subjects, due to a greater reduction in intra-
abdominal pressure and in the abdominal-to-diaphragmatic load leading to
a greater improvement in lung volume, oxygenation and respiratory
mechanics.

We studied a group of obese patients receiving general anaesthesia for
elective surgery requiring the prone position.”” We found that lung compli-
ance increased while chest wall compliance decreased, but that the total
compliance of the whole respiratory system was essentially unchanged.
Improvements in FRC and lung compliance were paralleled by an increase in
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oxygenation in all patients when their position was changed from supine to
the prone position. Overall, the differences in arterial oxygenation from
supine and prone position were not significantly related to the differences in
FRC. The relative improvement in oxygenation in FRC and arterial oxygena-
tion between supine and prone positions was significantly greater in obese
patients compared with normal subjects (0.89 = 0.33 vs 1.98 = 0.85L and
130 = 30 vs 180 = 28 mmHg in obese patients and 1.93 = 0.57 vs
2.92 + 0.68 and 160 = 37 vs 199 = 16 mmHg in normal subjects). This
demonstrates that the most probable effect of prone position is to unload the
abdominal pressure pushing on the diaphragm, allowing an increase in FRC
with consequent beneficial effects on respiratory mechanics and oxygenation.
In our study, most of the changes in respiratory function observed in supine
obese patients were, at least in part, reversed by prone positioning. Hence,
the use of the prone position only in these patients does not seem to have any
adverse effects on pulmonary function but may actually improve FRC, lung
compliance and arterial oxygenation.

How to Perform the Prone Manoeuvre

There are no published guidelines for the optimal turning and positioning of
patients. We describe here how we perform the prone positioning manoeuvre
in our clinical practice. Before starting the turning sequence, an adequate
level of sedation (which may also require neuromuscular blockades) must be
achieved to maximize patient compliance with the ventilator. Tracheal
suctioning is performed before turning, to prevent mobilization of airway
secretions during the manoeuvre. All patients, during the turning and once in
prone position, should be monitored with an electrocardiogram, pulse
oximetry and invasive arterial pressure. At least five attendants (one doctor
and four nurses) are required to perform the manoeuvre. The doctor usually
places themself at the patient’s head and is responsible for the endotracheal
or tracheostomy tube and the breathing system connections. The four nurses,
two for each side, turn the patient first to the lateral position, and sequen-
tially to the prone position. When the patient is in the lateral position, two
thick pillows are put under the shoulder and under the bony pelvis respec-
tively. This allows free abdominal wall motion and tension-free positioning
of the head. The arms can lie parallel to the body with the head turned either
to the right or left, avoiding extreme cervical rotation. Alternatively, one arm
can lie parallel to the body and the other arm can lie above the head and the
head turned towards the same side. The cervical spine should not be in exces-
sive extension and a thin pillow should be placed under the patient’s face.
When the patient is in the prone position, maximal consideration must be
applied to ensuring that the patient is in a position which places no tension
on the neck or arms, so as to avoid peripheral nerve injury. However, if this
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Table 2 Contraindications to the prone position

Absolute

Haemodynamic instability
Increased ICP (>25mmHg)
Unstable spinal and pelvic fractures

Relative

Face injury

Uncontrolled dysrhythmias

Acute bleeding

Recent tracheostomy or rachis, abdominal surgery
Broncho-pleural fistula

Haemodialysis

positioning is maintained for a long time, it could become dangerous; we
recommend regularly alternating the position, changing the orientation of
the head and the arms.

Pressure on the eyes must be avoided to eliminate the possibility of blindness.
The frequency of tracheal suctioning will need to be increased to prevent
secretions being mobilized from dorsal regions and subsequently aspirated
into ventral regions. Absolute and relative contraindications to turning
patients into the prone position are detailed in table 2.

Complications and Technical Aspects of the Prone
Manoeuvre

Use of the prone position is not without risk, firstly due to complications
associated with turning the patient prone and secondly with the maintenance
of the prone position. The frequency of complications in a large multicentre
trial associated with prone and supine positioning involving more than 300
ALI-ARDS patients are reported in table 3.* At enrollment, the number of
patients with pressure sores and the number of pressure sores per patient
were similar between the two groups.

The study showed that the number of new pressure sores per patient was signif-
icantly higher in the prone group than in the supine group. The weight-bearing
sites in the prone position (thorax, cheekbone, iliac crest, breast and knee)
were more likely to be significantly affected in the prone group (70 of 158 sores
were at these sites, compared with 12 of 102 sores in the supine group). The
percentages of patients with accidental displacement of the endotracheal or
thoractomy tube or loss of venous access were low and similar in the two
groups. The most frequent acute complications during the prone position
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Table 3 Incidence of acute complications

Complications related to Supine group Prone group P
manoeuvre (n = 152) (n = 152)

Pressure sores at entry (% of patients) 22.5 24.0 0.78
No. of pressure sores/patient at entry 1.6 = 0.9 19=*24 0.23
No. of new or worsening 19+13 2717 0.04
pressure sores/patient

Displacement of thoracotomy 0.7 3.9 0.12
tube (% of patient)

Loss of venous access (% of patient) 9.2 5.3 0.27
Displacement of tracheal 9.9 7.9 0.68

tube (% of patient)

Complications related to Prone group
prone (% of patient)

Need for increased sedation 55.2
Need for increased muscle relaxants 27.7
Airway obstruction 39.3
Transient desaturation 18.7
Hypotension 12.3
Vomiting 7.6
Displacement of thoracotomy tube 0.5
Accidental extubation 0.5
Facial oedema 29.8

From Gattinoni L et al;*6 Multicenter study 300 patients.

were the need for increased sedation, muscle relaxants, immediate tracheal
suctioning and facial oedema. However, despite these reservations, the prone
position appears to be a safe manoeuvre if performed carefully.

Besides these acute complications, chronic complications such as contractures,
calcifications of shoulder and hip joints’® and nerve lesions may also occur as
a direct result of the use of the prone position, particularly if it is used on a
long-term basis. These chronic complications may be very severe and will also
have a negative impact on the course and the recovery of the patients.
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CHAPTER

J. Chastre ].-L. Trouillet

Antibiotics and nosocomial
infection in the ICU

Over the past decade, resistance patterns of bacteria to antimicrobial agents
have changed substantially in intensive care units (ICUs).!” The unique
nature of the ICU environment makes this part of the hospital a focus for the
emergence and spread of many antibiotic-resistant pathogens. There are
ample opportunities for the cross-transmission of resistant bacteria from
patient to patient, and patients are commonly exposed to broad-spectrum
antimicrobial agents. Therefore, rates of antibiotic resistance have increased
for most bacteria associated with nosocomial infections among ICU patients,
and rates are almost invariably higher among ICU patients compared with
non-ICU patients.>™

Infections caused by antibiotic-resistant organisms are more likely to prolong
hospitalization, to increase the risk of death, and to require treatment with
more toxic or more expensive antibiotics.® Inappropriate therapy, including
therapy to which a pathogen is resistant, has been identified as an independ-
ent risk factor for increased mortality in patients with Gram-negative bacter-
aemia or nosocomial pneumonia, and estimates of the excess hospital costs
due to antibiotic resistance range from $100 million to $30 billion annually
in hospitals in the USA.®" Such bacterial resistance limits the available treat-
ment options. Clinicians feel impelled to use antibiotic regimens combining
several broad-spectrum drugs in ICU patients with a clinical suspicion of
infection, even if the pretest probability of the disease is low, as initial inappro-
priate antimicrobial therapy can be associated with poor prognosis.!®!2



160 Recent Advances in Anaesthesia and Intensive Care 22

Besides its economic impact, this practice increasingly leads to the unneces-
sary administration of antibiotics in many ICU patients with no infection.
Paradoxically this results in the emergence of infections caused by more
antibiotic-resistant bacteria, and this in turn is associated with increased
rates of patient mortality and morbidity.

This account summarizes rates of resistance of the most common pathogens
associated with nosocomial infections among ICU patients. It reviews import-
ant aspects of antimicrobial therapy that contribute to the spread of multire-
sistant microorganisms in this setting, and provides recommendations for
avoiding and, when necessary, controlling antibiotic problems in ICUs.

Rates of Antimicrobial Resistance in ICUs

Bacteria possess a remarkable number of genetic mechanisms for resistance
to antimicrobials. They can:

¢ undergo chromosomal mutations,
e express a latent chromosomal resistance gene,

® acquire new genetic resistance material through direct exchange of DNA
(by conjugation), through a bacteriophage (transduction),

® acquire new genetic extrachromosomal plasmid DNA (by conjugation), or

® acquire new genetic material by acquisition of DNA via transformation.

The information encoded in this genetic material enables a bacterium to
develop resistance through three major mechanisms:

e production of an enzyme that will inactivate or destroy the antibiotic;
e alteration of the antibiotic target site to evade action of the antibiotic; or

® prevention of antibiotic access to the target site. Importantly, it is not
unusual for a single bacterial strain found in a hospital to possess several
of these resistance mechanisms simultaneously.'3

Although it has often been stated that antibiotic-resistant bacteria tend to be
less virulent than their susceptible parents, this is not always true, and even
these less virulent bacteria can be dangerous pathogens for some immuno-
compromised patients. Many resistant pathogens are just as virulent as the
susceptible parents in animal models and in patients. For example this was
perfectly demonstrated by Harbarth et al., for methicillin-resistant S. aureus.!

The most representative data on nosocomial infection rates have been provided
by the National Nosocomial Infections Surveillance (NNIS) system in the
USA.'>1¢ Table 1 shows the eight most common pathogens associated with
nosocomial infections among ICU patients from January 1989 until June 1998.



Table 1 Eight most common pathogens associated with nosocomial infections in ICU patients, National Nosocomial Infections Surveillance System,

January 1989-June 1998 (adapted from ref. 16)

Relative percentage by site of infection

All sites BSI PNEU uTl SSI Others

Pathogen n = 235,758 n = 50,091 n = 64,056 n = 47,502 n = 22,043 n = 52,066
Coagulase-negative staphylococci 14.3 39.3 2.5 3.1 13.5 15.4
Staphylococcus aureus 11.4 10.7 16.8 1.6 12.3 13.7
Pseudomonas aeruginosa 9.9 3.0 16.1 10.6 9.2 8.7
Enterococci spp. 8.1 10.3 1.9 13.8 14.5 5.9
Enterobacter spp. 7.3 4.2 10.7 5.7 8.8 6.8
Escherichia coli 7.0 2.9 4.4 18.2 71 4.0
Candida albicans 6.6 4.9 4.0 15.3 4.8 4.3
Klebsiella pneumoniae 4.7 2.9 6.5 6.1 3.5 3.5
Others 30.7 21.8 37.1 25.6 26 37.7
Total 100 100 100 100 100 100

BSI = laboratory confirmed (primary) bloodstream infection; PNEU = pneumonia; UTI = urinary tract infection; SSI = surgical site infection.
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Each of the pathogens listed has demonstrated antimicrobial resistance to at
least one, if not several, of the antimicrobial agents commonly used to treat
infections caused by them. During the past decade Gram-positive bacteria
have gradually emerged as the most frequent cause of nosocomial disease.
Methicillin-resistant strains now make up 60-90% of all isolates of coagulase-
negative staphylococci; the most frequent cause of infection is related to
intravascular catheters and prosthetic devices. In large teaching hospitals, the
proportion of methicillin-resistant Staphylococcus aureus among nosocomial
staphylococcal isolates increased from 8% in 1986 to 40% in 1992."
S. aureus is the most frequent cause of skin and wound infections and bacter-
aemia and the second most frequent cause of lower respiratory tract nosoco-
mial infections. Strains of methicillin-resistant S. aureus, formerly confined to
large teaching hospitals, spread by the early 1990s into smaller hospital units
and into the nursing homes. The majority of methicillin-resistant S. aureus
isolates are also resistant to most other antibiotics, necessitating the use of the
glycopeptide antibiotic vancomycin for treatment.*'$

In response to the increasing numbers of infections with methicillin-resistant
S. aureus, which requires treatment with vancomycin, there has also been a
dramatic rise in the percentage of enterococcal isolates resistant to
vancomycin — from 0.5% in 1989 to 22% in 1997 among ICU patients with
nosocomial infections reported to National Nosocomial Infections Surveil-
lance.'® Nearly 90% of these isolates are also resistant to B-lactam antibi-
otics, aminoglycosides, fluoroquinolones, tetracyclines, and teicoplanin.
Mortality among patients with bacteraemia and vancomycin-resistant
isolates has been reported as 36.3%, compared to 16.4% among patients
who have infections with vancomycin-susceptible isolates.!”

Multiresistant Gram-negative bacilli are also increasingly associated with
nosocomial infections in ICU patients, particularly ventilator-associated pneu-
monia and urinary catheter-associated infections. Evaluation of data from
National Nosocomial Infections Surveillance hospitals shows an increase
in the proportion of Klebsiella pnewmoniae resistant to cefotaxime or
ceftazidime over the past decade.>!®!” Other common antibiotic-resistant
pathogens encountered among ICU patients include Pseudomonas aeruginosa
resistant to imipenem and P. aeruginosa or Enterobacter spp. resistant to third-
generation cephalosporins, such as cefotaxime, ceftriaxone, or ceftazidime,
even if the rates of resistance among these pathogens have been relatively
stable over the past decade.?

Several other studies conducted outside North America have confirmed these
results. For example, in a study of 9,166 aerobic Gram-negative bacilli
isolated from consecutive patients in 118 ICUs in five European countries,
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the most frequently isolated organisms were Enterobacteriaceae (59%)
followed by P. aeruginosa (24%). A high incidence of antibiotic resistance
was seen in all microorganisms but particularly among P. aeruginosa (up to
37% resistant to ciprofloxacin in Portuguese ICUs and 46% resistant to
gentamicin in French ICUs), Enterobacter spp., Acinetobacter spp., and
Stenotrophomonas maltophilia, also have a high resistance in Portugal as does
Klebsiella spp. in France (figs 1-4).2° Jarlier et al., reported that susceptibility
against Klebsiella pneumoniae in French ICUs was 36% in 1991.%! In the
United States, resistance to ceftazidime among K. preumoniae in ICU isolates
increased from 3.6% in 1990 to 14.4% in 1993.2
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Figure 1 Decreased antibiotic susceptibility among 9,166 aerobic Gram-negative bacilli in
118 ICUs in five European countries (adapted from ref. 20).
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Figure 2 Decreased antibiotic susceptibility among 2,200 P. aeruginosa in 118 ICUs in five
European countries (adapted from ref. 20).
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Figure 3 Decreased antibiotic susceptibility among 642 A. baumannii in 118 ICUs in five
European countries (adapted from ref. 20).
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Figure 4 Decreased antibiotic susceptibility among 1,054 Enterobacter spp. in 118 ICUs in
five European countries (adapted from ref. 20).

Acinetobacter spp. and Stenotrophomonas maltophilia have developed most
resistance to all investigated drugs. Although Acinetobacter is not a very
virulent Gram-negative pathogen, Acinetobacter is an increasingly infectious
threat, especially for patients receiving broad-spectrum antimicrobiotic
therapy. A Spanish study has shown that Acinetobacter spp. isolates, often
acquired in burns and ICU, are multiresistant and may cause severe infec-
tions associated with a high mortality.?3 Riley et al., have recently described
the failure to prevent the spread of gentamicin-resistant Acinetobacter
baumannii in an Australian ICU despite measures to control infection.?*
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Resistance of aerobic Gram-negative bacilli to third-generation cephalosporins
was also found to be an emerging problem in 396 ICUs in North America
between 1990 and 1993.22 Amikacin and imipenem were the most active agents
against the 33,869 nonduplicate isolates (those recovered only once) tested,
with an overall antimicrobial susceptibility rate of 92% and 91%, respectively.
However, from 1990 to 1993 increases in rates of resistance to ceftazidime
among isolates of K. preumoniae (from 3.6% to 14.4%; P < 0.01) and
Enterobacter species (from 30.8% to 38.3%; P = 0.0004) were noted (fig. 5).
Ceftazidime-resistant bacteria were also frequently cross-resistant to other
antimicrobial classes (figs 6-8). Finally, many factors correlated with the

(%) —4A— Teaching, >500 beds

251 O Teaching, <500 beds
20 | —>— Nonteaching, >500 beds
—&— Nonteaching, <500 beds
15 1
10 1
5 1
0 + : + +

1990 1991 1992 1993

Figure 5 Ceftazidime-resistance rates by hospital type and year for K. pneumoniae
(adapted from ref. 22).
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Figure 6 Cross-resistance rates to other antimicrobial classes of ceftazidime-resistant and
ceftazidime-susceptible K. pneumoniae (adapted from ref. 22).
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Figure 7 Cross-resistance rates to other antimicrobial classes of ceftazidime-resistant and
ceftazidime-susceptible Enterobacter species (adapted from ref. 22).

Gentamicin
54.5

Ciprofloxacin

Imipenem
[ Ceftazidime susceptible

[ Ceftazidime resistant

Amikacin
26.9
0 20 40 60
% of strains resistant to each antibiotic
(Pseudomonas aeruginosa)

Figure 8 Cross-resistance rates to other antimicrobial classes of ceftazidime-resistant and
ceftazidime-susceptible Pseudomonas aeruginosa (adapted from ref. 22).

recovery of antibiotic-resistant bacteria, including the number of beds in the
hospital, the teaching status of the hospital, prior exposure to antimicrobials,
and specific body sites from which the isolates were recovered.

Antimicrobial Therapy as a Factor Promoting Antimicrobial
Resistance in the ICU

The most important factor in the development of bacterial resistance is the
use of antimicrobial agents. Meyer et al., reported the largest outbreak of
ceftazidime-resistant Klebsiella infections yet to occur in a general hospital in
North America.?* This outbreak coincided with increasing use of ceftazidime
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and declined after restricting the use of this antimicrobial agent, implying a
causal relationship.

Other studies have confirmed that nosocomial infections in ICU patients
presumably occur as a consequence of selection of more resistant bacterial
pathogens such as Acinetobacter or Pseudomonas spp. during treatment with
antibiotics. Fagon et al., conducted a study of 567 consecutive patients
receiving mechanical ventilation. Eighty-nine percent of patients who devel-
oped pneumonia due to Pseudomonas or Acinetobacter species had been
receiving antimicrobial therapy prior to the onset of pneumonia. Of the
patients who developed pneumonia who had not been receiving antibiotics
only 17% had pneumonia due to multiresistant Pseudomonas or Acinetobacter
spp. (P < 0.02).2¢ Rello et al., also evaluated the impact of recent antibiotics
on the aetiology of nosocomial pneumonia in a large series of patients who
developed ventilator-associated pneumonia.?” The most striking finding was
that the incidence of pneumonia caused by P. aeruginosa was significantly
higher in patients who had received prior antibiotic treatment. The incidence
of pneumonia caused by Gram-positive cocci or H. influenzae was signifi-
cantly lower. Stepwise logistic regression analysis could only identify prior
antibiotic use as a significant factor increasing the risk of death from pneu-
monia (Odds ratio = 9.2).

Our own experience is based on a prospective study.?® In 135 consecutive
ventilator-associated pneumonia in our ICU we documented the respon-
sible bacteria specimens. The distribution of infecting pathogens was
influenced by previous duration of mechanical ventilation and prior
antibiotic use (table 2).28 Early-onset pneumonias in patients who had not
already received antibiotic treatment were mainly caused by sensitive
Enterobacteriaceae, Haemophilus species, methicillin-sensitive S. aureus
and Streptococcus pneumoniae. However early-onset pneumonias in
patients who had already received antibiotics were commonly caused by
nonfermenting Gram-negative bacilli such as P. aeruginosa, in addition to
streptococci and Haemophilus spp. Late-onset pneumonias which occurred
in those who had not received antibiotics in the 15 days before the onset
of infection were caused by streptococci, methicillin-sensitive S. aureus,
and Enterobacteriaceae (some of them being, however, multiresistant).
Late-onset pneumonias in patients having received prior antibiotic treatment
were commonly caused by multiresistant pathogens, such as P. aeruginosa,
A. baumannii and methicillin-resistant S. aureus. When all these variables
were entered into a logistic regression model, recent prior use of antibi-
otics was identified as the prime variable that was associated with the
occurrence of ventilator-associated pneumonia, with an OR = 13.5 (95%
CL: 3.3-55.0).
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Table 2 Bacteriology of 135 ventilator-associated pneumonia according to duration of
mechanical ventilation and prior antimicrobial therapy (adapted from ref. 28)

Percentage of infection caused by each organism

MV<7d MV<7d MV=7d MV=7d
Microorganisms ABs =no ABs=yes Abs=no ABs=yes

Multiresistant bacteria

P. aeruginosa 0 20 6 22
A. baumannii 0 ) 3 13
Stenotrophomonas maltophilia 0 0 0 4
MRSA 0 5 3 20
Other bacteria
Enterobacteriaceae 24 20 22 15
Haemophilus 19 10 3 3
MSSA 15 0 22 5
Streptococcus pneumoniae 7 0 0 0
Other streptococci 17 25 22 9
Neisseria spp. 12 10 12 2
Other pathogens 5 5 6 8

MRSA = methicillin-resistant S. aureus; MSSA = methicillin-sensitive S. aureus

Optimizing Use of Antimicrobial Agents

As already indicated patients infected with resistant strains of bacteria are
more likely than control patients to have previously received prior antimicro-
bials. Hospital areas that have the highest prevalence of resistance also have
the highest rates of antibiotic use.? For these reasons, programs to prevent or
control the development of resistant organisms should focus on the overuse or
inappropriate use of antibiotics. Surprisingly, only about 30% of all antibi-
otics in hospitals are used in a situation where a positive bacterial culture has
been established and the appropriate antibiotic selectivity is known.?*30

The objective is that only those patients who have developed infection,
should be treated with the most effective, least toxic, and least costly antibi-
otic. Five possible strategies to optimize the use of antimicrobial agents in the
ICU are possible:

* development of guidelines and treatment algorithms, designed to permit
optimal use;

¢ selective removal or control of use of specific antibiotics or classes of
antibiotics;

¢ rotational or cyclic antibiotic use;

¢ use of combination antimicrobial therapy to reduce the emergence of
resistance;

¢ shortening the duration of antimicrobial therapy.
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Development of guidelines and treatment algorithms designed
to permit optimal use

Using such a strategy, prescribers are encouraged to follow strict guidelines
when confronted with an infectious disease or even its suspicion and to seek
guidance from specialists. So far, such programs have not been particularly
successful, however, modern electronic communications assist physician-
pharmacy interactions. Evans et al., have developed a computerized
decision-support program linked to computer-based patient records. These
assist physicians in the use of anti-infective agents and thus improve the
quality of care.’! This program presents epidemiological information,
together with detailed antibiotic therapy recommendations and warnings.
In a before-and-after study, all 545 patients admitted during the interven-
tion period were cared for with the aid of the antiinfectives-management
program. Historical control outcomes from these patients were compared
with 1,136 patients who had been admitted to the same unit in the 2 years
before the intervention period. The use of the programme led to signifi-
cant reductions in adverse drug reactions, total hospital cost and length
of stay.3!

Another example of the benefits associated with the use of a specific algorithm
for managing ICU patients with a clinical suspicion of infection is the study by
Fagon et al.’? In their randomized study, two diagnostic strategies were
compared prospectively in 413 patients who were suspected of having
ventilator-associated pneumonia. In a non-invasive group (n = 209), antibiotic
therapy was on the basis of the presence of bacteria in the Gramstain from
endotracheal aspirates. Therapy was adjusted or discontinued according to the
results of semiquantitative cultures. In cases of severe sepsis, therapy
was started without the laboratory result. This resembles clinical practice in
most ICUs, 91% of patients received empirical therapy for suspected
ventilator-associated pneumonia and only 7% did not. In the invasively inves-
tigated group, bronchiolar lavage was performed with direct microscopic
examination of the fluid and cells recovered. Therapy was then commenced if
the results were positive. A definitive diagnosis based on quantitative, culture
results of the specimens obtained using this technique was awaited before
starting, adjusting, or discontinuing therapy. In contrast to the empirical
approach using this strategy 44% of patients (90/204) did not receive antibi-
otics. Furthermore, compared with patients who received clinical management,
there was a reduction in mortality at day 14 (16% and 25%; P = 0.022),
a reduction in mean Sepsis-related Organ Failure Assessment scores at day 3
and day 7 (P = 0.03), and an increase in the number of antibiotic-free days,
5 * 5 and 2 = 3; P <0.001. These differences were maintained at 28 days
(11 = 9 compared with 7 = 7; P < 0.001).
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Thus, use of bronchoscopic techniques for the diagnosis of ventilator-
associated pneumonia reduces antibiotic use and improves outcome. Perti-
nently, in that study, invasive-group patients had 22 infections at other sites
that required specific therapeutic measures versus only 5 in the clinical
group. This difference suggests that reliance on non-invasive techniques and
the consequent overestimation of VAP may mean that diagnoses of non-
pulmonary infections are missed. Many hospitalized patients with negative
bronchoscopic specimen cultures have other potential sites of infection that
can more readily be identified in the absence of antibiotic interference.3?
Delaying diagnosis or definitive treatment of the true infection site may lead
to prolonged antibiotic therapy, more antibiotic-associated complications
and induction of additional organ dysfunctions.?*

Selective removal or control of use of specific
antimicrobial agents

The second method of antimicrobial control, selective removal or control of
use of specific agents or classes of agents, has been employed in many
studies.!®> Most have shown significant reductions in antibiotic resistance, but
a return of resistance when restriction is lifted. For example, decreased use of
broad-spectrum cephalosporins has been associated with decreased antibiotic
resistance among Gram-negative bacilli. Decreased use of third-generation
cephalosporins and vancomycin has been associated with a decreased incidence
of vancomycin-resistant enterococcus VRE.! White et al., evaluated the
policy that required prior authorization for selected parenteral antibiotics.?’
Total parenteral antibiotic expenditures decreased by 32%. Sensitivities to all
B-lactam and quinolone antibiotics increased, particularly sensitivities in the
isolates recovered in ICUs and in other inpatient sites, with little change in
sensitivities to isolates recovered from outpatient sites. For patients with
bacteraemia caused by Gram-negative bacilli, the restrictions did not change
overall survival, time from positive blood culture to the prescription of an
appropriate antibiotic or time to discharge from hospital.?

In a recent study in two identical neonatal ICUs, De Man et al., showed
that by modifying the antibiotic therapy in septicaemic patients to penicillin
and tobramycin and by not using broad-spectrum betalactam antibiotics
(amoxycillin and cefotaxime) they were able to reduce the relative risk for
colonization with strains of bacteria that were resistant to the empirical
therapy per 1,000 at risk patient days by 18 times.3¢

Therefore, policies regarding the empirical use of antibiotics can have an effect
on control of antimicrobial resistance. The indiscriminate use of antimicrobial
agents in ICU patients may have immediate as well as long-term consequences,
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which contribute to the emergence of multiresistant pathogens and increasing
the risk of severe superinfections. This risk is not limited to an individual patient
but may raise the risk of multidrug-resistance to patients throughout the entire
hospital.3%37

Cyclic use of antibiotics

Rotating antibiotic therapy might reduce the emergence of resistance and the
associated morbidity. However, to date this has not been fully tested in ICU
patients.®® In one study during which ciprofloxacin was used in place of
ceftazidime for the empirical treatment of suspected Gram-negative bacilli infec-
tions, ventilator-associated pneumonia occurred significantly less frequently
during the period after compared with the period before (7 vs. 12%; P = 0.03)
but there were no outcome differences noted between the two groups of
patients.*”

A similar reduction in the rates of infection caused by multiple classes of resist-
ant bacteria was recently demonstrated by Raymond et al., when they tested
antibiotic rotation in 1,456 consecutive admissions to the ICU.*’ Furthermore,
outcome analysis revealed a significant reduction of the mortality associated
with infection (2.9 deaths/100 admissions vs. 9.6 deaths/100 admissions,
P < 0.0001) during antibiotic rotation. Further studies in this area are neces-
sary to understand these effects more fully. Whether antibiotic rotation can
maintain lower levels of antimicrobial resistance and mortality over time
remains to be seen.

Use of combination antimicrobial therapy

Use of combination antimicrobial therapy to reduce emergence of resistance
is theoretically attractive and is the basis for current treatment of tubercu-
losis. However, in studies conducted in the ICU, there is no benefit to be
gained by combination therapy.**

B-lactam-aminoglycoside combinations have been reassessed in the treatment
of infections. A prospective, randomized, controlled study compared
imipenem alone to imipenem plus netilmicin as the empirical regimen for
nosocomial pneumonia and other severe infections in non-neutropenic
patients.*! Two hundred and eighty patients enrolled in the study. Forty eight
percent had pneumonia and required mechanical ventilation. The addition of
an aminoglycoside to imipenem did not significantly improve the outcome.
This combination therapy was unable to prevent the colonization of resistant
strains P. aeruginosa or prevent the emergence of resistant strains. Moreover
the addition of the aminoglycoside increased the incidence of nephrotoxicity.
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Such results have been seen in another study using cephalosporins alone or
in combination with amikacin.*?

Further trials are needed to clarify all these uncertainties because those
studies included non-homogeneous populations of patients with different
types of infections. In the meantime, it is probably safer to use a B-lactam
antibiotic in combination with an aminoglycoside or a quinolone for patients
with severe nosocomial infection, at least for the first days of therapy, while
culture results are pending. Possibly monodrug therapies for nosocomial
infection are best reserved for infections in which P. aeruginosa or other
multiresistant microorganisms, such as Klebsiella, Enterobacter, Citrobacter,
Serratia or Acinetobacter spp. have been excluded as the etiologic agents.

Duration of therapy

As already mentioned, there is a relationship between the use of antibiotic
(and also its duration) and the emergence of resistant bacteria. In a recent
study in which a total of 102 consecutive patients with ventilator-associated
pneumonia were prospectively evaluated before and after the application of
a clinical guideline which restricted the total duration of antimicrobial
therapy to 7 days, no statistically significant differences in hospital mortality
and hospital lengths of stay were found between the two study groups.
However, patients in the before group for whom the mean duration of
treatment was 14.8 days — were more likely to develop a second episode of
ventilator-associated pneumonia compared with those in the group in which
antibiotics were restricted to 7 days.*

Nevertheless, a regimen of insufficient duration can be the source of thera-
peutic failure or relapse defined as the reappearance of signs of infection and
isolation of the same pathogen(s) whether or not they have acquired resist-
ance. The risk is probably small for bacteria considered susceptible but
might be high for certain strains, especially P. aeruginosa and methicillin-
resistant S. aureus, which are particularly difficult to eradicate. This situation
is further aggravated in immunocompromised patients. Thus, at present, a
short-term regimen is rarely prescribed, despite the major advantages it
might have in terms of bacterial ecology, the prevention of the emergence of
multiresistant bacteria and, lower costs. Lowering the quantity of antibiotics
administered to ICU patients is a primary objective of every strategy aimed
to prevent the emergence and dissemination of such bacteria.

Conclusion

The rapid emergence and dissemination of antimicrobial-resistant micro-
organisms in hospitals is a major worldwide problem. The root causes of this
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problem are multifactorial, but the core issues are clear. The emergence of
antimicrobiotic resistance is highly correlated with selective pressures that
results from inappropriate use of antimicrobiotics. Despite the emergence of
control strategies, interventions are unlikely to be successful unless strategic
objectives are formulated to control the resistant organisms. The appropriate
use of antimicrobiotic includes not only the limitation of use of inappropriate
agents but also the appropriate selection, dosing, and duration of antimicro-
bial therapy to achieve optimal efficacy in managing infections.
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CHAPTER

A.B. Petrenko T. Yamakura
H. Baba K. Shimoji

Neuropathic pain

According to the International Association for the Study of Pain (IASP) pain
terminology, neuropathic pain is defined as pain initiated or caused by a
primary lesion or dysfunction in the nervous system.! This includes pain
associated with damage to peripheral nerves (peripheral neuropathic pain),
spinal roots (radiculopathic pain) and to the central nervous system (CNS)
(central pain). Examples of lesions that affect the nervous system at each level
of neural axis are shown in table 1. Neuropathic pain is a complex entity;
it is a formidable syndrome that complicates a variety of disease states.
Amputation, cancer, diabetes, metabolic disorders, infection and stroke may
all result in neuropathic pain. Such pain is often severe, delayed in onset after
the noxious event, can be shooting, lancinating, or burning in quality, and
manifests even in the absence of an ongoing primary source for the pain. An
area of sensory loss, either partial or complete, is an essential component of
neuropathic pain; it can involve all sensory modalities, but damage to the
classical thermonociceptive pathways, such as peripheral small diameter
sensory fibers and the spinothalamic tract anywhere along its course from the
dorsal horn to cerebral cortex, is prerequisite for neuropathic pain to be
manifest clinically. Most neuropathic pain conditions involve the peripheral
nervous system (PNS), at least in the early stages. Thus, peripheral neuro-
pathic pain is the primary focus of attention of this chapter. Central pain
arising from the damage to the CNS is less common and is not discussed here.
Neuropathic pain responds poorly to traditional therapeutic approaches
and represents an area of an unmet clinical need. It can persist for years
and is lifelong in some patients. This often results in physical, occupational
and social disability, psychological distress/depression and increased use of
healthcare resources.
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Table 1 Causes of neuropathic pain according to disease and location of the lesion
Peripheral nerve Spinal cord Brain
Neuropathies Traumatic injury Stroke
Amputations Vascular lesions Multiple sclerosis
Traumatic injury Multiple sclerosis Syringobulbia
Entrapments Avulsion injuries Parkinson’s disease
Herpes zoster Syringomyelia Epilepsy
Neoplastic invasion Prolapsed disk Tumours
Nerve root disorders Arachnoiditis Tumours Abscesses

Why can treatment of neuropathic pain be so frustrating? According to the
‘failsafe’ theory,> any insult to the nervous system, be it physical injury or any
disorder, initiates adaptive responses that ensure adequacy of neurotransmis-
sion, regardless of whether such transmission ultimately evokes normal or
abnormal sensations. Such adaptive responses will act to oppose and surmount
any pharmacological intervention aimed to diminish pain through attenuation
of signal conduction.

Why should a damaged sensory nerve cause pain? Intuitively nerve injury
should deaden or dull sensation, not amplify it! Basic research with animal
and human models of neuropathic pain has begun to provide some clues to
the problem. To date, a number of distinct phenotypic and related functional
changes have been documented to take place in the nervous system as a result
of an insult. For example, axotomy-induced changes have been reported for
essentially all of the functional classes of molecules known to be involved in
pain processing: neurotransmitters, receptors, structural and regulatory
proteins, ion channels etc. These changes are not necessarily unidirectional;
in some cases gene expression in the associated dorsal root ganglia is increased
(up-regulated), in others decreased (down-regulated). Moreover, occasionally
these changes occur in some neuronal types in the dorsal root ganglia, but
not in the others. Not surprisingly, almost any consistent axotomy-induced
change in a molecule, a structure, or a neurophysiological process anywhere
in the pain-relaying system can form a rational basis for a pain theory.
However, it is very unlikely that all of these theories will prove to describe
processes that have significant impact on neuropathic pain. The ‘ectopic
pacemaker’ theory® might offer a cogent explanation for the paradox of
neuropathic pain. It states that electrical hyperexcitability of primary afferent
neurons following axonal injury and demyelination is an essential substrate
of neuropathic pain. If we accept this theory, many of the apparent differ-
ences between neuropathic syndromes will turn out to reflect subtleties of the
ectopic firing process. For example, sympathetic related pain conditions may
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be distinguished by excess ectopic adrenosensitivity, while trigeminal
neuralgia is distinguished by excess ectopic cross-excitation.

Neuropathic pain is thought to result when sensory neurons generate
impulses at abnormal (ectopic) locations, for example at sites of nerve injury
or demyelination. In the PNS, in addition to firing spontaneously, these
ectopic pacemaker sites are often excited by mechanical forces applied to
them during movement. The result is spontaneous and movement-evoked
pain. Damage to the CNS, such as stroke or trauma, may cause ectopic firing
of central origin, or render brain circuits hyperexcitable, abnormally ampli-
fying input from the periphery. In the light of the ectopic pacemaker theory,
ectopic afferent firing is a primary source of spontaneous pain; it initiates and
sustains central sensitization that manifests clinically as neuropathic hyper-
sensitivity. This has important implications for therapy and, thus, motivates
further research into the underlying mechanisms.

In summary, today it is clear that numerous changes, both central and
peripheral, occur following nerve injury. The most important pathophysio-
logical mechanisms known to play a role in neuropathic pain are summarized
in table 2. It is beyond the scope of this review to give a detailed description
of all of them. However, two functionally important and interrelated
phenomena — ectopic hyperexcitability and central sensitization — and their
cellular and molecular mechanisms will be briefly discussed here. The rela-
tionship between sympathetic activity and the pain is increasingly uncertain*
and is presented in the section on the complex regional pain syndrome
(CRPS). The diagrammatic representation in figure 1 sets out some compon-
ents of neuropathic pain, which are currently thought to be of importance in
pathogenesis.

Table 2 Mechanisms of neuropathic pain

Peripheral Spinal Brain

Sensitization and collateral Central sensitization Neuronal hyperexcitability
sprouting of spared afferents Increased activity of in pain-relaying structures
in partially denervated skin excitatory systems Abnormal pain modulation

Abnormal electrogenesis in Reduced segmental * Increased facilitation
damaged nerves inhibition ® Reduced inhibition

e Spontaneous ectopic firing Structural reorganization  Structural reorganization
e Ectopic hyperexcitability
Ephaptic cross-talk
Abnormal adrenosensitivity
¢ Up-regulation of
adrenoreceptors
e Sympathetic-sensory
coupling
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Figure 1 Simplified diagram illustrating pathogenesis of neuropathic pain. Neuronal injury
switches on a survival program that sustains nociceptive transmission and renders
neuropathic pain so difficult to treat. Note the vicious circle. The ectopic hyperexcitability is
an important component of this circle.

Pathophysiology
Ectopic hyperexcitability and abnormal sodium channels

Spontaneous and evoked hyperexcitability of the peripheral nerve after injury
is considered to be a principal feature of the underlying pathophysiology asso-
ciated with neuropathic pain syndromes. Voltage-gated sodium channels,
which produce the inward membrane current necessary for regenerative action
potential production within the mammalian nervous system, are expressed
in primary sensory neurons and have emerged as important targets in the
study of the molecular pathophysiology of sensory neuron hyperexcitability
producing pain.’

It is now clear that nearly a dozen molecularly distinct voltage-gated sodium
channels are encoded within mammals by different genes. Dorsal root
ganglion neurons, which are known to display two main types of sodium
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currents — termed tetrodotoxin-sensitive and tetrodotoxin-resistant and
identified on the basis of their kinetics and sensitivity to the neurotoxin,
tetrodotoxin — express several sodium channel transcripts.®

In addition to a-I and Naé6 channels, also expressed at high levels by other
neuronal cell types within the CNS, dorsal root ganglion neurons are unique
in expressing at least three sodium channel transcripts that are not expressed
at significant levels in other neuronal cell types:

e PN1/hNE, which is present in virtually all dorsal root ganglion neurons,
encodes a tetrodotoxin-sensitive channel;

e SNS/PN3, expressed preferentially in small dorsal root ganglion and
trigeminal neurons, produces a sodium current that is relatively resistant
to tetrodotoxin;

e NaN, expressed preferentially in small and trigeminal neurons, encodes a
tetrodotoxin-resistant sodium channel.

Early studies demonstrated that, after injury to their axons, sensory neurons
display changes in excitability, suggesting increased sodium channel expression
over the cell body and the dendrites.” Abnormal sodium channel accumulation
in neuroma endings also has been observed,’' and both electrophysiological
and computer simulation studies have suggested that abnormal increases in
sodium conductance can lead to inappropriate, repetitive firing.''™'3 There is
substantial evidence indicating that the abnormal excitability of dorsal root
ganglion neurons, after axonal injury, is associated with an increased density
of sodium channels.'>!'* Subsequent observations revealed that, in addition
to production of excess channels, there is a switch in the type of channels
produced after axonal injury,! resulting in a significant up-regulation of
expression of the previously silent o-III sodium channel gene in dorsal root
ganglion neurons after axotomy. This finding was followed by demonstration
of down-regulation of the SNS/PN3 gene expression, which can persist as long
as 210 days after axotomy,'® and of down-regulation of the NaN gene.!”

In line with this — as demonstrated in patch-clamp studies — there is a loss of
tetrodotoxin-resistant sodium currents in dorsal root ganglion neurons after
axonal transection.'® In addition, there is a switch in the properties of the
tetrodotoxin-sensitive sodium currents in these cells after axotomy, with the
emergence of a rapidly repriming current (i.e. a current that recovers rapidly
from inactivation).!® It has been suggested that the expression of a-III sodium
channel underlies the emergence of the rapidly repriming sodium current.'
Notably, abnormal accumulations of type III sodium channel protein can
be detected close to the tips of injured axons within the experimental

neuromas,”’ a site where aberrant hyperexcitability has been demonstrated.
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Similar, though less extensive, changes occur in sodium channel gene expres-
sion in the chronic constriction injury model of neuropathic pain.?! As would
be expected in view of the changes in sodium channel mRNA, tetrodotoxin-
resistant sodium currents are attenuated and there is more rapid repriming of
tetrodotoxin-sensitive currents in dorsal root ganglion neurons in the chronic
constriction injury model.?!

Increased membrane density of sodium channels and resultant lowered
threshold for action potential generation, coexpression of abnormal combin-
ations of several types of channels with overlapping steady-state activation
and inactivation curves and their resultant cross-activation, together with
the emergence of a rapidly repriming tetrodotoxin-sensitive sodium current
confer instability on the neuronal membrane, and, consequently, precipitate
ectopic impulse generation.??

Delineation of the precise role(s) of each sodium channel subtype in the
pathophysiology of pain is currently underway. For example, a potentially
specialized, pathophysiological role for tetrodotoxin-resistant SNS/PN3 has
been supported by alterations in channel distribution observed in rats with
spinal nerve (LS5/L6) ligation.?® The increased number of large-diameter cells
expressing PN3 protein after SNL may account, in part, for the observed
tactile allodynia. Indeed, evidence shows that spinal administration of an
antisense oligodeoxynucleotide to a unique sequence of SNS/PN3 produces a
selective and reversible block of channel protein expression and prevents the
behavioural thermal hyperalgesia and tactile allodynia evoked by this type of
injury. In contrast, NaN/SNS2, another tetrodotoxin-resistant sodium
channel recently cloned from rat dorsal root ganglion,!”?* does not appear to
contribute to the maintenance of nerve injury-induced changes in nociceptive

thresholds.??

These observations suggest that the primary symptoms of neuropathic pain
may be significantly attenuated by interfering with the expression and func-
tion of PN3. However, the utility of selective blockade of other channel
subtypes as an approach to the treatment of pain will require further careful
study. Nonetheless, it is quite likely that sodium channel blockade will
emerge as a viable strategy for pharmacologic treatment of pain.

Central Sensitization and N-methyl-D-aspartate (NMDA)
Receptor Activation

As already stated, following nerve injury, damaged primary afferent neurons
become spontaneously active and generate ectopic action potentials, which
create a constant drive of input to the spinal cord. This initiates and
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maintains a hyperexcitable state of the spinal cord dorsal horn, termed
‘central sensitization’.

The changes that occur in the periphery following trauma lead to the phenom-
enon of ‘peripheral sensitization’ and primary hyperalgesia. The sensitization
that occurs, however, can only be partly explained by the changes in the
periphery, indicating that the hyperalgesia and allodynia after injury has a
central component. This is the phenomenon of central sensitization.

Several changes have been noted to occur in the dorsal horn with central
sensitization:

® a lowering of activation threshold of spinal neurons;
® an expansion in receptive field size;

e ‘wind-up’, which manifests as a progressive increase in the magnitude
and duration of the response to repetitive painful stimuli;

e a strengthening of the efficacy of synaptic transmission or long-term
potentiation.

These changes indicate that, in the presence of injurious stimuli, the sensory
response generated by the CNS is not fixed, but dynamic or plastic, and for
any pain therapy to be maximally effective we must take into account these
changes.

The dorsal horn is the site of termination of primary afferents and there is a
complex interaction among afferent fibers, local intrinsic spinal neurons and
the endings of descending fibers from the brain. Primary afferent nociceptors
terminate preferentially in laminae I, II and V and release the excitatory
amino acids glutamate and aspartate upon activation. Nerve injury-induced
barrage of nociceptive input leads to the release of glutamate and aspartate
from nociceptor central terminals and causes activation of ionotropic a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors and rapid
depolarization of the postsynaptic membrane, and if the threshold is reached,
action potential is generated. Another ionotropic glutamate receptor, NMDA
receptor, is blocked at resting membrane potentials, because a magnesium ion
plugs the channel pore, and, as a consequence, no current is produced when
glutamate binds to the receptor. However, this block is voltage-dependent,
and membrane depolarization due to sodium influx at the AMPA receptor
removes the magnesium block and causes this channel to open. A number of
neuropeptides, such as substance P, neurokinin A and calcitonin gene-related
peptide (CGRP), are released with glutamate and act on neurokinin 1
(NK-1) receptors, leading to a progressively more depolarized membrane and
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the loss of the magnesium block of the NMDA receptors. This enables gluta-
mate released from primary afferents to generate an inward current upon
binding the receptors; calcium enters into the cell and activates protein kinase
C (PKC) and protein tyrosine kinases (PTKs), which mediate the phosphory-
lation of the NMDA receptor on its serine/threonine and tyrosine residues,
respectively. Phosphorylation of NMDA receptors on its serine/threonine
residues via PKC decreases the magnesium block at resting membrane poten-
tials and produces long-lasting increases in synaptic efficacy.?’ Inhibitors of
PKC have been shown to reduce central sensitization of spinothalamic
neurons and reduce hyperalgesia,”® and mutant mice deficient in PKCy, a
PKC isoenzyme with the spinal cord distribution highly restricted to lamina II
(substantia gelatinosa), do not develop neuropathic pain-related behaviour
after nerve injury.?” Phosphorylation of the NMDA receptor on its tyrosine
residues via the activation of tyrosine kinases also increases excitability by
increasing the probability of channel opening.?® Attention recently has focused
on PTK Src, one of the best studied of PTKs that may be important in patho-
physiological enhancement of excitatory transmission in the dorsal horn of
the spinal cord. The coincidence of Src activation and a rise in the intracel-
lular concentration of sodium — a situation known to occur during high levels
of firing activity — may be important for boosting NMDA receptor function
and inducing persistent alterations in synaptic function.?’

In the normal state, only C-fiber input can reliably trigger central sensitiza-
tion, but the situation changes following nerve injury because some A-fibres
switch chemical phenotype and begin to express substance P and other
modulators, including BDNE, such that low-intensity stimulation begins to
induce central sensitization, which never normally occurs in the naive
animal. In addition, nociceptor input arising from ectopic locations in the
damaged nerve maintains central sensitization, which manifests behaviourally
as allodynia and hyperalgesia.

It is clear that activation of the NMDA receptor is critical for the initiation
and maintenance of the enhanced responsiveness of dorsal horn nociceptive
neurons that occurs in the chronic pain setting. Animal studies have demon-
strated that NMDA receptor or neurokinin antagonists prevent the estab-
lishment of central sensitization, but only NMDA antagonists reverse
established central sensitization.39-32

Accumulating evidence suggests that NMDA receptor antagonists may have a
role in attenuating features of neuropathic pain. For example, as demonstrated
in the chronic constriction injury model, preemptive administration of the
NMDA receptor antagonist MK-801 can prevent the onset of hyperalgesia,3-3*
or, if given after injury, can significantly reduce pain-related behaviour.>*=’
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Similar results were obtained with other neuropathic pain models, indicating
the involvement of NMDA receptors in a number of phenomena associated
with neuropathic pain. In vivo electrophysiological studies also show that
NMDA receptor antagonists significantly reduce the exaggerated responsive-
ness of dorsal horn sensory neurons after nerve injury.3%3° It is noteworthy
that MK-801 has no effect on the frequency of ectopic baseline firing,
suggesting that, in contrast to stimulus-evoked pain, spontaneous pain is not
mediated through spinal NMDA receptors.*

These observations argue for the role for NMDA antagonists in the treat-
ment of neuropathic pain. Unfortunately, antagonists that completely block
NMDA receptors have numerous side effects such as memory impairment,
psychotomimetic effects, ataxia and motor incoordination, limiting their
use in clinical situation. Nevertheless, there still remains a potential for the
development of clinically suitable NMDA receptor antagonists that prevent
the pathological activation of NMDA receptors, but do not interfere with
their physiological function.*® Functional inhibition of NMDA receptor can
be achieved through actions at different modulation sites located on its NR1
(¢1) and one of four NR2 (NR2A-B, €1-4) subunits.*! For example, CP-
101,606, an NR2B subunit-selective NMDA receptor antagonist has been
found to suppress hyperalgesia in neuropathic rats at doses devoid of nega-
tive side effects.*? It is of note that, in contrast to NR2A subunit widely
distributed in the spinal cord except for lamina II, NR2B subunit has a
restricted distribution in laminae I, IT of the dorsal horn, a region strongly
involved in nociception.*>*} This observation, and the results from our study,
in which we were not able to demonstrate antinociceptive effect of the
targeted deletion of NMDA receptor €l (NR2A) subunit on neuropathic
pain-related behaviour in mice (unpublished observations), form the basis
for the expectation that selective inhibition of NMDA receptor NR2B
subunit might offer effective pain relief without a significant incidence of side
effects.

The increase in excitability of spinal neurons after peripheral injury, termed
central sensitization, has been extensively studied. Although the focus of
investigation still remains the spinal cord, and the importance of the spinal
NMDA receptor to the induction and maintenance of central sensitization
has been documented. There is conclusive evidence suggesting that peripheral
injury and persistent input engage spinobulbospinal mechanisms that may
be the important contributors to central sensitization and development of
secondary hyperalgesia.**

A contribution of supraspinal sites to neuropathic pain after spinal nerve
ligation was first reported in the rat.*> The tactile allodynia that develops
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after unilateral ligation of the Ls and L, spinal nerves was found to be
attenuated by inactivation of the rostral ventromedial medulla (RVM) by
lidocaine injection. The lidocaine effect was determined to be localized
within the RVM and independent of an opioid mechanism, suggesting an
inactivation of a descending facilitatory influence from the RVM. These
results were supported in subsequent studies.***” Thus, neuropathic pain
after peripheral nerve injury appears to involve, at least in part, activation of
descending facilitatory influences from supraspinal sites, including the RVM.

In summary, central sensitization, a state of excessive sensitivity triggered by
the nociceptor afferent input due to tissue damage and peripheral inflamma-
tion, can potentially help to protect injured body parts from further injury
while recuperation or healing occurs. However, the survival advantage of the
activity-dependent facilitation of the nociceptive system is lost in patients
with neuropathic pain, which can persist indefinitely past the stage of healing
of the primary injury.

Clinical Presentation and Treatment of Neuropathic Pain

Dramatic differences among the various neuropathic pain states have long
been recognized. Few conditions can match neuropathic pain for the differ-
ences in etiology, clinical features and response to treatment. It might be
argued that conditions such as postherpetic neuralgia, intercostal neuralgia
and trigeminal neuralgia are fundamentally different diseases. However, as
it has been already discussed in the introduction, from the point of view
of underlying mechanism the neuropathic pain syndromes have much in
common; the apparent differences merely reflect the peculiarities of the
ectopic firing process.

The natural course of neuropathic pain varies depending on its etiology. It
may begin immediately or, more often, its onset is delayed for many weeks
after neural trauma and healing of the primary injury. In some patients pain
may begin acutely and acquire other delayed features such as those found in
CRPS. In spite of the diverse aetiology and location of neuropathic pain, the
clinical picture is in many cases surprisingly similar, suggesting that pain in
these disorders shares common mechanisms. The typical patient with neuro-
pathic pain presents to the clinician with a combination of three types of
pain. The first type of neuropathic pain is spontaneous constant pain, which
fluctuates in intensity and can change in character over time. The second type
of pain comprises variable paroxysmal spontaneous attacks or exacerbations
of pain, which are frequently very disturbing to a patient. These two types of
pain are termed stimulus-independent and are usually described as shooting,
stabbing, or electrical. The third type includes stimulus-dependent pains,
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Table 3 Clinical findings in neuropathic pain

Symptoms Characteristics

Sensory changes Raised thresholds or total loss of sensibility in the
painful area

Anaesthesia dolorosa Pain referred to anesthetic region

Hyperaesthesia Increase sensation to a stimulus

¢ Allodynia ¢ Pain elicited by non-noxious stimuli

® Hyperalgesia ® |ncreased sensitivity to noxious stimuli

Hyperpathia Abnormal spatial and temporal characteristics of pain

e Radiation e Spread of pain outside the site of stimulation

o After sensations e Persistence of pain after termination of stimulus
* Prolonged response latency e Delay in sensation after a stimulus
L] L]

Summation Progressive worsening of pain on repeated
stimulation

Paroxysms Attacks of pain of various severity, duration and
periodicity

Pareasthesias Abnormal sensations other than pain (‘pins and
needles’)

Dysaesthesias Abnormal unpleasant sensations, spontaneous
and evoked, which may be painful

Borderline zone pain Pain in area adjacent to denervated skin

Variability of pain severity Pain aggravation with anxiety/emotional stress

Associated psychological Anxiety, depression, insomnia

changes

reflecting the hypersensitivity of the nervous system to many external stimuli,
such as touch, blunt pressure, hot or cold temperatures, and even internal
stimuli such as anxiety or excitement. A summary of various neuropathic
pain symptoms is given in table 3. Treating neuropathic pain is no easy task
and can be very frustrating. Fortunately, results from clinical trials have led
to the improvements in the medical management of neuropathic pain, and a
number of treatments are now available (fig. 2). What follows is a brief
refresher looking at several peripheral neuropathic pain syndromes, their
pathogenesis, clinical picture and therapeutic aspects.

Phantom Pain
Clinical features

One type of pain is experienced by virtually all amputees — stump pain.
Stump pain is universally seen after a limb amputation, and, quite naturally,
it subsides with recuperation. In those few patients who continue to
complain of the pain in the stump careful examination usually reveals patho-
logical findings, such as infection, bone spurs, poorly fitted prostheses,
neuromas, myofascial trigger points, etc. In general, this type of pain is rare
in perfectly healed stumps. It has recently become accepted, however, that
in up to 80% of amputees the missing extremity becomes a site of severe
and excruciating pain — defined as phantom pain — presenting a serious
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Figure 2 Pharmacological treatments of neuropathic pain with respect to a class of

drugs and site of action. The first-line drugs are capitalized. GABA = y-aminobutyric acid;
5-HT = 5-hydroxytriptamine (serotonin); NE = norepinephrine; NMDA = N-methyl-D-aspartate;
SSRIs = serotonin selective re-uptake inhibitors; TCAs = tricyclic antidepressants.

therapeutic problem. Phantom pain should be distinguished from phantom
limb sensation — any non-painful sensation of the absent limb — which is
more frequent than phantom pain. Phantom pain is usually intermittent;
it is described as shooting or squeezing but may also be described as
electric-like and is preferentially experienced in the distal parts of the
phantom limb.
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Pathogenesis

The pathophysiology is complex and not completely understood, although it
is likely that peripheral factors, such as ectopic discharge from the stump
neuromas and sensitization of nociceptors in the pathological stump,
contribute to abnormal firing of spinal pain transmission neurons, which, in
turn, may generate dysfunction in more rostral CNS centres. Results to date
suggest that long-lasting noxious input may trigger and perpetuate long-term
changes at all levels of the neuraxis. A reorganization of cerebral cortex and
thalamus, when adjacent areas invade the representation zone of the deaffer-
ented body part, has been documented in both monkeys and humans
following limb amputation and deafferentiation.*®° This reorganization
was found to be highly correlated with phantom pain and unrelated to the
infrequent topographic referred sensations.’! It should be noted that in
contrast to patients with phantom limb pain who showed massive reorgan-
ization of primary somatosensory cortex, neuromagnetic source imaging
revealed only minimal cortical reorganization in congenital amputees and
traumatic amputees without phantom pain.>? Also, axonal sprouting, which
is known to occur in the spinal cord dorsal horn after nerve axotomy, has
been recently described in the reorganized cortex of amputated monkeys.*3

Treatment

Treatment is difficult. In general, it should be based on non-invasive proced-
ures because surgical treatment can cause further deafferentiation resulting in
aggravation of pain. Early reports suggested that perioperative epidural
blockade may prevent phantom pain and many anesthesiologists started to
offer preoperative epidural catheter to patients scheduled for amputation.
However, some of the clinical suggestions of these reports is questionable
given the number of methodological problems relative to the study design.
Recent evidence now suggests that it may not be possible to prevent phantom
pain by using a preemptive approach.’* Medical treatment is the mainstay of
therapy but has variable benefits if symptoms last longer than one year.
Tricyclic antidepressants (TCAs), sodium channel blockers, anticonvulsants,
NMDA receptor antagonists and calcitonin may be effective in phantom
pain. Several authors have described the analgesic effect of oral and intrathecal
opioids in phantom pain, but control studies proving their beneficial effect
are still lacking.

As already mentioned, intracortical changes may be important in maintaining
phantom limb pain. Intensive use of a myoelectric prosthesis or sensory discrim-
ination training, another form of behaviourally relevant stimulation, may lead
to significant improvements in phantom limb pain along with a significant
reduction of cortical reorganization.”® This stimulation-based approach may



190 Recent Advances in Anaesthesia and Intensive Care 22

benefit patients who suffer from centrally mediated phantom limb pain, but
may be insufficient for those in whom peripheral factors dominate the problem.
In the latter case, biofeedback may be more effective.

Spinal cord stimulation (SCS) can relieve both phantom and stump pain in
many, but not all, amputees. One half of our patients with phantom limb
obtained greater than 50% pain reduction with spinal cord stimulation
(table 4).5¢ Unfortunately, the effect of spinal cord stimulation appears to
wane with time more than in some other conditions. Relief of phantom pain
may sometimes be secondary to relief of the exacerbating stump pain.
The question of whether pre-emptive spinal cord stimulation influences the
development of phantom limb or stump pain remains unresolved.

Avulsion of the Brachial Plexus
Clinical features

Avulsion injury to the brachial plexus represents a special type of pain
typically seen in patients who have been involved in motorcycle accidents.
This injury usually occurs in an abducted and hyperextended position of the
arm. Parry found that of 108 cases of brachial plexus avulsion injury, 98
suffered significant pain.’” Brachial plexus avulsions present as severe
burning, crushing, or paroxysmal shooting pain, which is almost invariably
felt in the dermatome of the avulsed root. Many patients have a feeling that
the hand is on fire or that boiling water is being poured over it. Sudden
paroxysms come unpredictably and are sometimes of unbearable intensity.
Paresthesias are also common and almost all of the patients complain of
tingling, ‘pins and needles’ or feelings of electricity. Nearly all are aware of
a phantom limb with sensations of movement when effort is made to use
paralyzed muscles. Spontaneous remission is very rare and may be delayed
for a number of years. The pain is usually lifelong and is very difficult to
manage.

Pathogenesis

The pain is thought to result from aberrant and spontaneous firing of
deafferented neurons in the spinal cord dorsal horn at the level of the
injury. Subsequently, an abnormality in spinal cord neurons generate an
abnormality in the responsiveness of thalamic neurons, which, in turn, may
generate dysfunction in the cerebral cortex. The lines of evidence suggest
that with time, these high-level abnormalities within the pain pathways
may become independent of the lower-level abnormalities that generated
them.%®



Table 4 Relationship between diseases (presented by sex, age, and pain site) and pain relief >50% by epidural spinal cord stimulation [Reproduced
with permission from Shimoji K, Hokari T, Kano T et al. Management of intractable pain with percutaneous epidural spinal cord stimulation: differences in
pain-relieving effects among diseases and sites of pain. Anesth Analg 1993; 77: 110-116. Lippincott, Williams and Wilkins.]

Disease Sex Age (yr) Subjective pain relief >50%
(mean = SE)
M F Site of pain? Total (%)
H-F N-UE Tr L-E

Carcinoma/sarcoma 29/34P 16/18 62 + 2 11 2/3 40/43 2/5¢ 45/524 (86.5)
Postherpetic neuralgia 17/72 18/54 59 + 4 5/13 6/11 22/88 2/14 35/126° (27.8)
Causalgia 68/101 71/88 517 5/6 32/34 87/98 15/51f 139/189¢ (73.5)
Spinal trauma 4/11 11 51 +8 0 0 0 5/12 5/12 41.7)
SMON 1/3 3/6 63 = 2 0 0/1 2/3 2/5 4/9 (44.4)
Phantom limb 3/7 11 49 =5 0 4/6 0 0/2 4/8 (50.0)
TAO/ASO 1/14 0 67 = 4 0 0 0 1/14 1/14¢ (7.1)
Thalamic syndrome 3/8 01 715 0 3/8 0 0/1 3/9 (33.3)
Tabes dorsalis 3/3 0 70 £ 2 0 0 3/3 0 3/3 (100.0)
Others 8/14 6/18 58 = 4 4/5 1/3 7/9 2/159 14/32 (43.8)

137/267 116/187" 56 * 2 15/25 48/66 161/244 29/199 253/454 (55.7)

aWhen the sites of pain were distributed to more than one region, the most painful site was represented. M, male; F, female; H-F, head and/or face;
N-UE, neck and/or upper extremities; Tr, trunk; L-E, lower extremities; SMON, subacute myelo-optico-neuropathy; TAO/ASO, thromboangitis
obliterans/arterial sclerosis obliterans.

A numerator and denominator in the sex as well as pain relief columns represent number of patients with pain relief >50% and number of patients
treated, respectively. Numbers in parentheses indicate percentage of the patients who showed pain relief >50%. x? test was conducted for evaluation
of a significant difference in occurrence.

¢Significantly lower than Tr (P < 0.01) in the same disease.

dSignificantly higher (P < 0.01) than the overall effect (253/454; 55.7%).

eSignificantly lower (P < 0.01) than the overall effect.

fSignificantly lower than H-F (P < 0.05), N-UE (P < 0.01), and Tr (P < 0.01).

9Significantly lower than H-F (P < 0.05) and Tr (P < 0.01).

hSignificantly higher (P < 0.05) than male patients.

iSignificantly lower than H-F (P < 0.01), N-UE (P < 0.01), and Tr (P < 0.01).
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Treatment

Pharmacotherapy is usually of limited benefit. Good results of dorsal root
entry zone lesions (DREZLs) have been reported in numerous studies and
the overall success rate is in the region of 60% with follow-ups for about
10 years. The dorsal root entry zone lesion procedure involves laminectomy
and electrocoagulation of the dorsal root entry zone lesion of the avulsed
roots. We have had experience with this procedure in our patients with
intractable pain who failed all conservative measures.’>®® Qur results with
dorsal root entry zone lesion in brachial plexus avulsion have demonstrated
that the procedure is efficacious and that complications such as sensory
decrease or motor weakness are not a major concern in these patients with
a paralyzed arm and an aggressive approach may be taken (fig. 3). Although
pain following complete root avulsion is unlikely to respond to spinal cord
stimulation, which depends upon intact ascending afferent collaterals, many
patients have a mixture of root avulsion and partial damage and are likely
to respond to spinal cord stimulation to some extent. In selected patients
who showed partial improvement during trial stimulation prior to surgery
we used to implant cervical epidural electrodes with a subcutaneous receiver
during dorsal root entry zone lesion. However we have been unable to
demonstrate better outcomes with this manipulation. Furthermore, spinal
cord stimulation is only partially effective against a new type of pain
that can appear in some patients as a complication of dorsal root entry zone
lesion.

Complex Regional Pain Syndrome (CRPS)
Clinical features

CRPS, types I and II, is the name now given to a group of conditions formerly
described as reflex sympathetic dystrophy (RSD) and causalgia. CRPS I or
RSD includes patients whose pain and associated features follow a variety of
insults, most commonly relatively minor, and fully recoverable injuries.
CRPS 1II (causalgia) is in all respects similar to CRPS I except the additional
condition that it follows a nerve injury.

The pain is usually present immediately or relatively soon after the injury and
is disproportionate to the initiating cause in distribution, severity and dur-
ation. Although the injury is sometimes easily defined, such as in direct nerve
damage or a fracture, other times it is not easily traceable to a specific event.
The symptoms most frequently mentioned by patients are spontaneous
burning and stinging pain. In CRPS II patients may often complain of symp-
toms related to the neuropathy, such as brief electrical sensations or shooting
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Figure 3 a Surgical view of the dorsal root entry zone (DREZ) procedure in a 43 year-old
patient with phantom pain caused by left brachial plexus avulsion. b A simplified schematic
drawing of the same photograph. The DREZ lesion was carried out along the
intermediolateral sulcus through C, to T, (dotted line). (1) Coagulation electrode inserted
into the DREZ; (2) The root sleeve emptied after brachial plexus avulsion on the injury side;
(3) A rootlet left at the C; level on the injury side; (4) Dorsal rootlets on the intact side;

(5) DREZ area is highly vascularized due to the traumatic avulsion making it difficult to reach

with a coagulation electrode; (6) Dura mater; (7) Posterior spinal artery; (8) Suction catheter;
(9) Sponge gauze.

pain. The pain is constant and is often severe so that any contact with the
affected part and active or passive movement may be extremely painful,
leading to protection of the limb and frequently severe loss of function. In
general, there is a marked variation in symptoms present in patients with
CRPS. Table § lists clinical features of CRPS. Significant findings include
muscle wasting and, thinned, cool skin with hyperhidrosis, sensory, motor
and autonomic abnormalities. Oedema is often present as an early sign.

Muscle wasting and joint stiffness are frequent compounding factors in
CRPS.

Pathogenesis

The primary pathophysiology of CRPS is still poorly understood. Although
chronic inflammatory changes in the periphery and altered central processing
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Table 5 Clinical findings in CRPS

History
Trauma, nerve injury
Early onset

Sensory changes

Spontaneous pain

Evoked pain (allodynia, hyperalgesia)
Musculoskeletal changes

Decreased range of motion

Muscle weakness/wasting

Dystonia

Tremor

Joint stiffness/contracture

Osteoporosis

Autonomic changes
Vasomotor (temperature/colour abnormalities)
Sudomotor (hyperhidrosis/sweating asymmetry)

Dystrophic changes/oedema
Loss of function

Psychological changes
Anxiety/fear/depression

are clearly important, only the role of the sympathetic nervous system in the
mechanisms of pain and other clinical features of CRPS will be briefly
outlined below.

Sympathetically maintained pain is the component of a patient’s pain, which
is maintained by efferent noradrenergic sympathetic activity and circulating
catecholamines. A number of neuropathic pain states may be partly, if only
temporarily, dependent on sympathetic activity.®! SMP as assessed clinically
by the effect of sympathetic blockade is a very variable component of pain in
CRPS, not only between individuals but also in the same individual at
different times. Therefore, sympathetically maintained pain is correctly not
included in the diagnostic criteria for either type of CRPS.!

Normally, sympathetic postganglionic neurons do not communicate with
afferent neurons in the periphery and the sympathetic nervous system is not
involved in the generation of pain. However, there is substantial experi-
mental and clinical evidence in favour of the existence of a sympathetic influ-
ence on pain in CRPS and other pain states. Following peripheral nerve
injury, sympathetic noradrenergic neurons may influence afferent neurons in
several ways. Three sites of sympathetic-sensory interaction after nerve
injury have been identified; the region of the nerve damage itself, undamaged
fibers distal to the nerve lesion and the dorsal root ganglion.
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Activity in sympathetic neurons at physiological frequencies is able to elicit
impulses in C-fibre afferents. The sympathetically induced discharges can be
mimicked by epinephrine and are blocked by the a-adrenoreceptor antagonist
phentolamine.®? Whether sympathetic-afferent coupling occurs in the nerve
proximal to the lesion and whether this coupling is mediated directly by
norepinephrine and/or via the blood flow is not known.

Following peripheral nerve lesion, perivascular sympathetic axons start to
invade the dorsal root ganglions, which contain axotomized neurons, and
form abnormal sympathetic terminal arborizations or ‘baskets’ around some
dorsal root ganglion neurons. This novel sprouting increases with time and,
depending on the type of injury, days to weeks after the nerve lesion, some
dorsal root ganglion neurons are partially or almost completely surrounded
by varicose catecholaminergic terminals. The catecholaminergic varicose
terminals surround preferentially large-diameter neurons, which have been
lesioned but probably also unlesioned ones.®?

Nerve injury-induced sprouting of sympathetic fibres is expected to increase
the amount of sympathetically released noradrenaline, and to enhance its
access to hypersensitive afferent neurons and their axonal endings, even if
the sympathetic efferent barrage remains unchanged. The use of receptor-
selective pharmacological agents has shown that sympathetic-sensory
coupling is mediated primarily by adrenoreceptors of the a2 type, with a
minor role played by al adrenoreceptors.®* It should be pointed out that
receptor up-regulation occurs following peripheral nerve injury,® but at this
stage, the relationship of the increased a-adrenoreceptor presence to neuro-
pathic states is a matter of conjecture. Rather, a-adrenoreceptors normally
expressed by dorsal root ganglion neurons might yield suprathreshold
responses following nerve injury simply due to the electrical hyperexcitability
of axotomized sensory neurons.

Treatment

There are many treatment modalities and drugs that have been suggested in
CRPS - a sure indication that no single treatment is superior to others and
that nothing is consistently successful — but few have been tested in double-
blind, randomized, controlled trials. This is not surprising in a condition,
which has proved so difficult to define, and whose limits are still uncertain.
Also, many treatments suggested have previously been based on ideas and
speculation rather than fact.

Patients with established CRPS should always be referred to a center where
a multidisciplinary program for pain management is available. It is always
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gratifying both to patient and clinician, to obtain analgesia by whatever
means, but pain relief alone is insufficient and every period of even partial
analgesia should be utilized to begin mobilization and rehabilitation. All
treatments should be focused primarily on functional restoration; the use of
more aggressive blocks, pharmacotherapy and psychotherapy is reserved
for patients failing to progress in 2-4 weeks with physical therapy.®® The
principle of functional restoration is based on steady progression from very
gentle movements on an active basis to gentle weight-bearing, such as
carrying light bags in upper extremity syndromes or putting partial weight
on the lower extremity in gait training. Gradual desensitization to increasing
sensory stimuli goes along with increased function. This could include such
strategies as progressive stimulation with silk, progressing to cloths of other
textures, such as towelling, or contrast baths that progressively broaden the
temperature difference between the two baths.

Another basic principle of functional restoration is that if a patient does not
progress in a reasonable time, then other interventions, for example, a
sympathetic and/or somatic block, will be added progressively to give the
patient greater comfort or confidence so that they may proceed to the next
level. It is important to manage oedema, optimize the range of motion and
encourage general aerobic activity throughout. Interdisciplinary pain
management techniques emphasizing functional restoration are thought to be
the most effective therapy; they may work to reset altered central processing
and/or normalizing the distal environment.

Pharmacotherapy should basically include prophylactic drugs used daily
for pain relief and drugs employed for crisis management. Tricyclic anti-
depressants are traditional in neuropathic conditions and seem to be partially
effective in CRPS, especially in patients with anxiety, fear and depression. Of
the anticonvulsant drugs, attention has been recently drawn to gabapentin,
which is reported to help in CRPS, but controlled trials are awaited.
Membrane-stabilizing anticonvulsants such as phenytoin may be useful,
particularly when nerve damage is present or pain is thought to originate
from ectopic site, but again randomized controlled trials are lacking.

Many patients report analgesic effects from simple analgesics, codeine and
non-steroidal anti-inflammatory drugs, and continue to take these drugs in
the absence of more effective treatment. Corticosteroids can be particularly
useful in the early/acute phases of CRPS, particularly in cases where there
is considerable inflammation. Opioids may be effectively employed in the
early stages of CRPS and in crisis management. Although NMDA receptor
antagonists have been considered for management of allodynia and/or hyper-
pathia, numerous side effects limit their clinical use. The challenge therefore
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is to develop subunit- and site-specific NMDA receptor antagonists that do
not interfere with the physiological function of NMDA receptors, but
prevent their pathological activation.*>*! Meanwhile, low-dose subcutaneous
ketamine may have a role in the management of CRPS.

While a variety of block therapies have been the traditional first line of treat-
ment in CRPS, there is very little scientific evidence to support their use.
Blocks should be primarily viewed as providing a pain-free period so that
patient may progress with the functional restoration. Many blocks have been
examined, and the most frequently used are paravertebral sympathetic
blocks and epidural blocks.®” Intravenous phentolamine is widely used in
many centres to identify those likely to respond to more prolonged local
sympathetic blockade. Intravenous regional sympathetic blockade using
guanethidine or bretylium seems to be effective. Sympathectomy has some
theoretical support, but the decision to proceed to sympathectomy should be
made with care. Some patients do very well in the short term after the proced-
ure, but long-term pain relief is poor. Others present with postsympathec-
tomy pain, which may take months to resolve. This procedure is almost
abandoned now.

Although recent randomized controlled trial has shown that spinal cord stimu-
lation can reduce pain and improve the health-related quality of life in
CRPS I, more recent results are disappointing.®® We have reported good
outcomes with spinal cord stimulation in CRPS type IL°® The stimulus
frequencies we used were relatively low (1.6-8.0 Hz) compared to those of
other investigators. Among 189 patients with causalgia treated in this study,
139 (73.5%) reported greater than 50% pain reduction (table 4). In general,
stimulation-produced analgesia tends to decrease during the course of treat-
ment. However, our results demonstrated that the effects of low-frequency
spinal cord stimulation did not wane in the long term. It is recognized that
the higher the frequency of stimulation, the more rapidly the evoked activ-
ities are attenuated. The stimulus frequency of our method was relatively low
compared to that used by other investigators, and the duration of stimulation
was limited to 30 min. at a time. It is likely that our method of low-frequency
and short period stimulation prevents attenuation of the analgesic effect of
spinal cord stimulation.

Diabetic Neuropathy
Clinical features

Peripheral neuropathy is a very common complication of diabetes. This is a
heterogeneous group of disorders that are classified according to nervous
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system involvement: autonomic neuropathy, distal symmetric polyneur-
opathy, proximal motor neuropathy, which is also referred to as diabetic
amyotrophy, and mononeuropathy. Mononeuropathies occur more
frequently in diabetic patients than in the general population, affecting
particularly the motor nerves to the extraocular muscles but also single
peripheral nerves, preferentially at common sites of nerve entrapment or
compression, such as carpal tunnel (median nerve), tarsal tunnel (posterior
tibial), and elbow (ulnar nerve). Involvement of small-fibre sensory neurons
may result in loss of normal pain and temperature sensation, which can
predispose the patient to injury, ulceration, and chronic infection. These
patients may experience neuropathic pain manifesting itself as a burning
sensation, sharp lancinating pains, dull aches, hyperesthesia and allodynia.
Most of these symptoms are often reported to be worse at night. Such
patients may cry out when their feet contact a blanket; they often have a poor
sleep.

Pathogenesis

The mechanisms that contribute to the pathogenesis of diabetic neuropathy
are still not fully understood. They may include direct metabolic comprom-
ise, reduced endoneural blood flow and nerve ischaemia, oxidative stress,
and reduced availability of neurotrophic factors. Morphological studies
show axonal degeneration and segmental demyelination. Both small- and
large-diameter nerve fibres are involved, although initially there is an altered
fibre size population with a shift toward larger nerve fiber diameter. The
combination of axonal degeneration, spontaneous discharges from both
large myelinated and small unmyelinated nerve fibres, hyperglycaemia, and
possibly microangiopathic changes and ischaemia contributes to this painful
syndrome.

Treatment

Treatment relies, to a great extent, on measures that can reduce the risk of
developing diabetic neuropathy, prevent secondary complications and attenu-
ate symptoms. Strict control of hyperglycaemia may dramatically reduce the
risk of developing diabetic neuropathy. Because the most severe complications
involve the diabetic foot, patients must be educated in the importance of
routine foot care. Pharmacological approach is used to treat diabetic neuro-
pathic pain. It is similar to the medical management of other neuropathic pain
syndromes, with some disorders responding variably to different agents.
Tricyclic antidepressants and gabapentin are first-line therapy. Alternative
treatments include other anticonvulsants, mexiletine and tramadol. Treatment
with opioids should be reserved for patients in whom other treatment
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modalities fail. Spinal cord stimulation has been found to work well in painful
diabetic neuropathy and should be considered in patients who do not respond
to conventional treatment.®’

Postherpetic Neuralgia

Clinical features

Postherpetic neuralgia, a chronic pain syndrome experienced by some
patients after the complete healing of acute herpes zoster lesions, is often
refractory to treatment and can persist for years. Although there is no gener-
ally agreed definition of postherpetic neuralgia, many investigators consider
postherpetic neuralgia as pain that persists longer than one month after the
onset of the rash. The incidence of postherpetic neuralgia in patients who
have contracted herpes zoster infection is approximately 10%. Age is the
greatest risk factor; the elderly are more susceptible to postherpetic neuralgia
than are younger individuals. The commonest sites for postherpetic neuralgia
are the mid-thoracic dermatomes and the ophthalmic division of the trigem-
inal nerve, but pain may occur in any dermatome. Postherpetic neuralgia
exhibits the cardinal clinical features of neuropathic pain, namely altered
sensation, stimulus-independent (ongoing) pain, and allodynic pain after
light touch.”® The cause of postherpetic neuralgia is well-defined; skin
changes point at the affected nerve. Unaffected dermatomes provide within-
subject control sites, and patients whose herpetic neuralgia does not persist
past the stage of healing of the acute eruption provide a control population.
Thus, postherpetic neuralgia presents a useful ‘human model’ for the
research into pain mechanisms.”!

Pathogenesis

A number of skin biopsy studies of patients with painful neuropathies have
shown a loss of epidermal innervation. Almost all epidermal neurites are
capsaicin-sensitive nociceptors that signal acute pain. Patients with posther-
petic neuralgia have fewer remaining nerve endings in the affected skin than
those without postherpetic neuralgia.”? Because varicella-zoster virus
destroys the entire primary afferent neuron including the central axon, the
density of neural innervation in the skin reflects the density of the central
projection from primary afferent neurons onto second-order sensory neurons
within the CNS. Recent study provides new insights into the relationship
between neuronal loss and the presence of neuropathic pain.”! A threshold
relationship between the density of remaining epidermal neurites in skin
previously affected by herpes zoster and the development of neuropathic pain
has been described. It is suggested that the absence of postherpetic neuralgia
may require the preservation of a minimum density of primary nociceptive
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neurons, and that the density of epidermal innervation may provide an object-
ive correlate for the presence or absence of neuropathic pain. The phenom-
enon of ‘minimum residual structure’’® may apply to the development of
postherpetic neuralgia. The minimum residual structure hypothesis states
that near-normal function can be preserved after neural injury as long as a
certain minimum number of neurons survive. However, abnormal function
ensues abruptly if neuronal densities drop slightly below the minimum
residual structure value. Minimum residual structure helps maintain function
after mild injury.

Why should a neuronal loss cause postherpetic neuralgia pain? A possible
explanation is that dorsal horn projection neurons become hyperexcitable
after loss of input from peripheral neurons. Additionally, spared nociceptors
in postherpetic neuralgia-affected skin may generate ectopic impulses — the
irritable nociceptor hypothesis’* — contributing to ongoing and allodynic
pain. Furthermore, damage to primary afferents can cause electrical hyper-
activity within the brain. If enough sensory innervation is lost, structural
abnormalities similar to those seen in somatosensory cortex and thalamic
regions after limb amputation may develop and contribute to the pain in
postherpetic neuralgia. Thus, postherpetic neuralgia may be a ‘phantom-
skin’ pain associated with loss of nociceptors.”!

Treatment

Antiviral therapy is not helpful in classic postherpetic neuralgia, although it
might be effective in patients with continuing low-grade infection manifesting
as gradually worsening pain. The important issue of prevention of posther-
petic neuralgia has received considerable attention. Use of antiviral therapy
(aciclovir, famciclovir or valaciclovir) for acute herpes zoster reduces the risk
of developing postherpetic neuralgia and the overall duration of pain.

Postherpetic neuralgia is one of the commonest intractable conditions seen in
pain clinics. Initiating treatment as soon as possible after onset of rash may
be a key in prevention of postherpetic neuralgia.”> All the same treatments
used in acute herpes zoster have been used in postherpetic neuralgia,
although with considerably less success. The mainstay of therapy is often the
use of tricyclic antidepressants. Tricyclic antidepressants have an analgesic
effect in neuropathic pain that is independent of their antidepressant activity.
Since there is often associated depression they represent a logical choice in
this clinical setting. Tricyclic antidepressants have significant side effects such
as orthostatic hypotension, pronounced sedation and anticholinergic actions.
Nortriptyline is now preferred to amitriptyline on the basis of its equivalent
efficacy and better tolerability.”> Topical lidocaine has a good anti-allodynic
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effect on postherpetic neuralgia skin with minimal systemic absorption and
no need for dose titration.”® Treatment with gabapentin - the only drug indi-
cated for the treatment of all neuropathic pain — has been reported to signifi-
cantly reduce average pain ratings and improve quality of life in patients
with postherpetic neuralgia.”” The most frequently documented adverse
effects of gabapentin include somnolence, dizziness, ataxia, fatigue, but it is
generally well tolerated in comparison with other anticonvulsants. In add-
ition to tricyclic antidepressants, topical lidocaine patches and gabapentin,
sustained-release oxycodone has also been identified as an effective analgesic
for postherpetic neuralgia.”®

Alternative treatment approaches should be tried in cases where nothing else
is helping. They include tramadol, selective serotonin reuptake inhibitors,
other anticonvulsants, transcutaneous electrical nerve stimulation (TENS),
topical capsaicin, lidocaine infusion followed by oral mexiletine if the patient
gets a good response, and nerve blocks.”® The outcome with spinal cord stim-
ulation is less predictable, some finding spinal cord stimulation effective and
others not. We have found it useful in approximately 30% of patients with
postherpetic neuralgia.’® Such heterogeneous results may reflect the variable
natural history of the condition.

Key points for clinical practice

® Neuropathic pain results from injuries and disease that affect the
nervous system directly. It is a pathological pain that has no
survival advantage and causes suffering and distress.

® Both peripheral and CNS processes play a role in its
pathophysiological mechanisms. Increased electrical excitability of
sensory neurons following injury and disease, and particularly the
emergence of ectopic firing, represent a fundamental substrate of
neuropathic pain. Increased nociceptor drive triggers and maintains
central sensitization and causes structural reorganization within the
CNS. Finally, sensory processing is irreversibly changed.

e The treatment of patients with neuropathic pain is a complex and
challenging task. The ‘ideal analgesic’ for neuropathic pain is most
unlikely to be found because of the complexity of pathophysiological
and biochemical changes underlying this condition.

o Effective pain therapy requires an understanding of the mechanisms
involved; it needs to be more than symptom management. A better
understanding of the particular mechanisms responsible for pain in
an individual will substantially improve the management of
neuropathic pain.
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The treatment is still largely empirical and often unsatisfactory.
Tricyclic antidepressants and gabapentin are currently the
best-documented therapy for neuropathic pain. Although the use
of narcotic analgesics is highly controversial in this setting,

they can be very useful and should be tried before invasive
therapies are instituted. Alternative treatments include other
anticonvulsants, mexiletine, tramadol and topical agents

(e.g. capsaicin, lidocaine).

General treatment principles are the individualization of therapy
and the titration of the dose. It should be remembered that the
mean dose required for pain reduction with antidepressant is
usually lower than doses necessary to treat depression, and that
the dosages of anticonvulsants used as analgesics are usually in the
anticonvulsant range. Once the decision is made to use these
medications, it is advisable to start with low doses and to increase
the dose gradually until either pain relief is obtained or side effects
are noted.

A rational polypharmacy is often employed. A combination of
drugs targeted at different mechanisms represents a logical choice.

Clinically available substances with NMDA receptor blocking
properties have been shown to reduce spontaneous pain and
hyperalgesia, but have a narrow therapeutic window. Given

the pivotal role of the NMDA receptors in central sensitization
and the strong evidence implicating this phenomenon in
neuropathic pain, newer and safer subunit-selective and
site-selective drugs having an antagonist action at the NMDA
receptor offer a very attractive approach for the management of
neuropathic pain.

Neurosurgical treatment of neuropathic pain should always

follow a reasonable trial of conservative therapy and should be
undertaken only if the patient’s pain has been proved refractory to
all appropriate medical therapy. In general, most ablative surgery
procedures have somewhat unpredictable outcomes with a risk of
further deafferentation resulting in even more pain, and, thus, have
been replaced recently by neuromodulatory approaches such as
electrical stimulation of the CNS.

Spinal cord stimulation is most effective for the treatment of
pharmacotherapy resistant neuropathic pain that is not
infrequently seen in pain clinics. Considering that spinal cord
stimulation is a reversible procedure with a very low risk of
complications and side effects and the fact that it has been shown
to be cost-effective, this treatment seems to be presently underused.
The simplicity, safety, and low-cost of percutaneous epidural spinal
cord stimulation should favour its further dissemination outside the
neurosurgical profession and adaptation by other pain specialists.
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CHAPTER

D. Parker R. Lawton S )

Managing medical mishaps:
learning lessons from industry

The promotion of patient safety by reducing medical error is currently at the
top of the UK Government’s agenda for the National Health Service (NHS).!
Since the publication of An Organisation with a Memory in 2000, the prac-
tice of healthcare professionals is coming under increasing scrutiny from an
anxious public and a scandal-hungry media. Although record keeping is far
from comprehensive, attempts to quantify medical error have suggested that
the problem is endemic.>* It has been estimated that adverse events occur in
10% of all hospital admissions, at a cost to the UK of £2 billion a year.?

All of this means that there is a pressing need for medicine to address patient
safety. An attempt will be made in this chapter to outline the factors that
influence the likelihood of medical failure, and how other sectors, primarily
the safety critical, high-risk industries, have tackled the problem of error.
Many lessons have already been learned elsewhere, and medicine should be
able to benefit from that hard-earned knowledge, and avoid some potential
pitfalls. It has already been recognized that, within medicine, anaesthesiology
and analgesiology are most closely analogous to operators in other high-risk
situations, e.g. pilots’ and so it is important that these specialties are at the

forefront in addressing human error in medicine.®

For the purposes of this chapter, an error may be defined as the failure of
planned actions to achieve their desired ends — without the intervention of
some unforeseeable event.” In any consideration of the role of human error in
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adverse events we always need to keep in mind that to err is human. There is
no such thing as error free performance in human terms. Bearing that in mind,
it is useful to consider a range of ways in which error defined in this broad way
has been categorized by academics with expertise in organizational safety.

Some Useful Distinctions
Levels of human performance

One very influential distinction was made in the 1970s by Jens Rasmussen,
using the ‘think-aloud’ verbal protocols of electronics technicians engaged in
problem solving. He distinguishes three levels of human performance and
describes the types of error likely to occur at each level.3%1°

The skill-based level of performance occurs when tasks are familiar and
actions are governed by stored sets of instructions, without conscious
thought. Performance at this level is generally very good, for example, when
we control the way in which we manipulate a vacuum cleaner. Error at this
level relates to problems with co-ordination of actions.

The rule-based level of performance applies when we try to solve trained-for
problems by the application of stored if-then rules. We match the characteris-
tics of the problem to our stored knowledge of solutions, and then consciously
check that we have selected the correct solution. If we hear the note of the
vacuum cleaner motor is changing, and realize the dust bag is full, we then
apply the stored solution of changing the bag. At this level of performance
error usually stems from application of the wrong rule, or misremembering of
the correct rule. So, for example, we may think the change in note signals a
blockage in the pipe, or a twisted cable, and attempt to solve the problem
that way.

The third level of performance, known as the knowledge-based level, involves
consciously thinking the problem through. This level is relevant when the
problem faced is novel and conscious effort must be made to construct a plan
of action from stored knowledge. In the vacuum cleaning example, this type
of performance would be necessary if the person cleaning had never had to
change a dust bag before, and had to work out from scratch what the new
sound might indicate. Error at this level of performance can arise from incor-
rect knowledge or from the limitations of our cognitive resources. According
to Rasmussen’s model, as expertise and familiarity with a problem increases,
performance moves from the knowledge-based through the rule-based to the
skill-based level. The three levels are not mutually exclusive, but represent a
progression, leading to skilled performance.
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Rasmussen’s model was further developed in 1990, when Reason presented
his Generic Error Modelling System (GEMS) framework. This Generic
Error Modelling System’ describes three main error types, and combines
Rasmussen’s model with the work of Norman'! on error types. At the skill-
based performance level, the kind of errors likely to be made are slips, which
are the result of inattention, or lapses, which are the result of overattention.
The difference between slips and lapses can be highlighted with reference to the
task of starting a car. Chatting to your passenger, and consequently moving off
without fastening your seatbelt would be a slip, whereas reaching round to
grasp an already fastened seatbelt would be a lapse. In both cases, you are
dealing with a routine, straightforward task that demands no conscious
thought. Your attention is captured by a distractor, in this case the passenger,
and a necessary step in the routine is either omitted or repeated. Mistakes
occurring at the rule-based level of performance, on the other hand, are made
with the full conscious attention of the individual involved, who is actively
trying to solve a problem. The most frequent form of rule-based mistakes
involves the misapplication of well-rehearsed problem solving strategies, stored
in memory. This can be broken down further into the misapplication of good
rules or the application of bad rules. In other words either the correct solution
to the problem is applied wrongly, or the wrong solution to the problem is
applied correctly. Full attention is also engaged during performance at the
knowledge-based level. Mistakes that occur at this level of performance
happen when the individual is faced with a problem he or she has never come
across before, and so has no pre-stored solutions available, and has to rely on
on-line problem-solving to construct a solution. This real-time problem-solving
is an effortful process that may be hampered by situational constraints, with
the result that error becomes more likely.

Error and violation

Helpful as these classifications are, they do not tell the whole story. A further
distinction, between error and violation, is necessary to capture the complete
range of ways in which human performance can and does go astray.'?
According to this distinction the chief characteristic of error is that it is unin-
tentional. Indeed, this characteristic was the focus of the definition offered
earlier. Errors arise from information processing problems of various types,
which result in a lack of ability to do the job right. In an organizational
setting, the likelihood of error can be reduced by training, better information
in the workplace etc. When an adverse event occurs as the result of error, it
can usually be understood in relation to one or more individuals. On the
other hand, violation often has nothing to do with ability, and much more to
do with motivation. The chief characteristic of violation is that it represents
a deliberate deviation from normal or recommended practice, it is, at least in
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part, intentional. Therefore the roots of violation are motivational, and can
only be understood with reference to the social context within which it
occurs. In order to reduce the likelihood of violation, organizations must pay
attention to staff morale, and to the prevailing beliefs, attitudes and norms
of organizational safety.

In terms of medical practice, errors are more likely to occur when time is
short, when the task at hand is unfamiliar, when the task is ill-defined and
complex, or when the interface between the individual and the technological
system within which he or she operates is poor. Violations are also made
more likely by time pressure and high workload, but for different reasons.
Here the problem is not that the individual does not know what to do, or is
unable to carry out the correct procedures. Rather the individual decides to
bend the rules and deviates from the procedure in the full knowledge that
they are doing so. The likelihood of violation is also increased when the
procedures to be followed are not workable in the prevailing conditions,
when the equipment necessary to carry out the procedure is unavailable or
when supervision of practice is poor, affording the opportunity to violate.

Active and latent failures

A third distinction, and one that has proved exceptionally useful in the
analysis of organizational accidents, is that between active and latent fail-
ures. Active failures involve unsafe acts, be they errors or violations, by those
on the front line of operations. So, they might involve the operators of
dangerous machinery, the pilot of an aircraft, or the nurses and doctors
working at the bedside or in the operating theatre. Active failures tend to have
immediate and obvious negative consequences. There is often a tendency to
blame the individual at the sharp end, as they are the obvious culprit.
However, the sort of blame culture that this engenders brings many prob-
lems, including the tendency to look no further than the proximal actions of
those involved. A culture of blame leads to low morale among staff who may
be working in situations where error is almost inevitable, and an understand-
able reluctance to report near-misses and incidents that, while not leading to
actual accidents, nevertheless would provide invaluable information to those
charged with making improvements to safety.

Latent failures, on the other hand, arise from the decisions and actions of those
far removed from the front line, in both space and time. These failures, which
tend to involve issues such as work planning, resource allocation and staffing
levels, have no immediate ill effect, but lie dormant within the organizational
system until such time as an unfortunate concatenation of circumstances
allows their effect to be felt.1%13:14
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Latent failures can have two kinds of adverse effect. First, they can translate
into error provoking conditions (e.g. time pressure, understaffing, inadequate
equipment) which ultimately lead to unsafe acts in the form of errors and
violations. Second, they can create long-lasting holes or weaknesses in
organizational defences (e.g. untrustworthy alarms, unworkable procedures,
design deficiencies). Take the example of the capsize of the cross-channel
ferry the Herald of Free Enterprise on its way out of Zeebrugge. Although
the latent and active failures in this case were many, a number stand out as
being obvious systems failures. One such latent failure that resulted in a total
absence of defence against error was the inability to monitor the bow door
from the ship’s control. Despite numerous previous requests from crew
members no alarm had been fitted to indicate whether or not the bow door
was closed. On the day of the disaster the bosun, whose responsibility it was
to close the door, was asleep in his cabin. Another example of a latent failure
that directly lead to errors being made was the tight scheduling of the ferries
which did not allow for sufficient turn-around for loading safely and
performing all the necessary safety checks. Mr Justice Sheen wrote of the
disaster ‘At first sight the faults which led to this disaster were the errors of
omission on the part of the Master, the Chief Officer and the Assistant
Bosun. But a full investigation into the circumstances of the disaster leads
inexorably to the conclusion that the underlying faults lay higher up in the
company. From top to bottom the body corporate was infected with the

disease of sloppiness’.!?

Moving the Focus from the Individual: The Systems
Approach

The move away from the person-centred approach that seeks to identify
individual failures and towards the systems approach necessitated by the
search for latent failures has gathered pace in recent years. A crucial early
contribution came from the late Barry Turner whose seminal book on Man
Made Disasters'® developed the idea of an incubation period for errors
within a system, suggesting that errors could lie dormant until circumstances
allowed their negative effects to take place. Charles Perrow also made an
enormous contribution to this literature, in his book The Normal Accident'”
in which he showed how automation, opacity, and the increasingly complex
nature of the work in high-risk industries lent themselves to error at all levels
of the system. After the event, and with the benefit of hindsight, it is often
possible to trace warning signs of an impending adverse event, but foresight
is naturally more limited. It is clear from experimental work that people tend
to overestimate not only the likelihood that they would have recognized a
warning, but also the amount that others actually know before the adverse
event.'® Wagenaar and Groenweg'® made the point that many accidents seem
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impossible to those subsequently involved — at least, before they happen.
Accidents in complex, highly technical systems, and healthcare would
certainly be among them, are often the result of unforeseeable coincidences
of unpredictable circumstances. No one individual is privy to all the infor-
mation that would be necessary to facilitate prediction of the accident.
Everyone has only a partial set of information. Therefore, blaming the unfor-
tunate individual who makes what may well be the last in a chain of errors
is both unfair and unhelpful.

The basic premise of the systems approach is that human beings are fallible
and that errors will always be made.?’ In the context of healthcare, this
suggests that errors are just as likely to be the consequences as the causes of
poor management of patient safety. This is because, while it is impossible to
‘engineer’ an error-free human being, it is possible to change the conditions
under which humans work. The aim should be to engineer the system to
minimise the likelihood of error and violation. When the systems approach
is taken, the response to an adverse event is not to find out who made a
blunder, but to find out how the defences built into the system to prevent
blunders, failed. In order to prevent future adverse events, a proactive
approach must be taken, attempting to identify and rectify weaknesses in the
system, rather than simply focusing on fixing the individual. Some progress
towards the adoption of a systems approach in healthcare is currently being
made with the setting up of a national reporting system by the National
Patient Safety Agency (NPSA). That agency’s brief is to use the lessons that
can be drawn from analysis of a wide range of data collected with respect to
adverse events, in order to promote patient safety in a blame-free open

environment. !

Organizational Culture

From the analysis above, it is clear that organizational issues are key to the
promotion of patient safety. This is gradually being recognized in the health-
care sector, and it is likely that achieving the right kind of organizational
culture will be a focus in the coming years. Organizational culture is a
slippery concept, but has been concisely defined as ‘a complex framework of
national, organizational and professional attitudes and values within which
groups and individuals function’.?! While a good definition of safety culture
is even more difficult to come by, most commentators agree that advanced
safety cultures have ‘a common commitment to safety as a top-level priority,
which permeates the entire organization’.?? This involves (a) the acknow-
ledgement that the organization’s activites are intrinsically high-risk, and
therefore prone to error, (b) the fostering of an environment in which
individuals feel free to report errors, near-misses and incidents without
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fearing blame, (c) the active involvement of all grades of staff in the devel-
opment and implementation of solutions to safety problems and (d) the
commitment of sufficient time and resources to address safety issues.?!2324
Having a strong safety culture need not have an adverse effect on
throughput. Indeed, the authors of a recent report to the US Institute of
Medicine of the National Academy of Sciences?’ comment that in organiza-
tions with a strong safety culture it is ‘the most critical underlying feature of
their accomplishments’.

This theme is taken up in a recent paper by Reason et al.,>® who suggest that a
constant preoccupation with safety is necessary. The vulnerable organization
is one characterised by blame, denial and ‘the single-minded pursuit of the
wrong kind of excellence’, the last of which, in healthcare, usually means an
unjustified and blinkered focus on a small number of critical indicators such
as number of cancelled operations or bed occupancy rates.

Learning the Lessons

On Tuesday 10th October 1999, at just after 8 am two trains collided two
miles from Paddington station in London, UK. Thirty-one people died in the
accident, including one newly qualified train driver who passed a signal at
red. The Ladbroke Grove Rail Inquiry?” (HSC, 2001) identified both primary
and underlying causes of the event. The primary cause was that one of the
drivers drove past the signal at red and then continued under power without
recognizing that he was entering an unsignalled route. Adopting a person-
centred approach to this incident would result in a focus on the actions of the
driver in question. Why did he pass the signal at danger? Was he intoxicated,
incompetent, unskilled? Was his training adequate? However, it is only with
a much deeper analysis of the latent failures that existed within the system,
that the event can be understood and organizational learning achieved.

The following were identified as situational and organizational factors
contributing to the accident:

o There was persistent difficulty in the sighting of these particular signals,
which had been passed at danger eight times in the previous seven
years.

* The training that the novice driver had received which may not have
included the particular routing the train took on the day in question.

® The bright sunlight which may have accentuated the yellow ‘proceed’
signals.

¢ Problems with communication which meant that new drivers were not
made aware of problems with sighting the signal in question.
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¢ The signaler, assuming that the driver would realise his error and stop
before he reached the points where the crash occurred, did not act swiftly
enough to avoid the collision. This suggests that the same thing had
happened before.

The Bristol Royal Infirmary Inquiry?® in the UK offers another example of an
analysis employing the systems approach, and going beyond the failures of the
consultant surgeons and managers involved. The report discusses a number of
organizational factors, many reflecting the prevailing culture of the NHS at
the time, such as poor teamwork, problems of accountability, substandard
safety arrangements and a lack of openness about data. The report into the
quality of care in paediatric cardiac surgery at Bristol is extensive, but one
overriding theme is the inability of the organization to learn, or even recog-
nize the need to learn, from mistakes. In making recommendations about
strategies for improvement, the report highlights a need to adopt an ‘approach
to safety based on designing safer systems and equipment.... The National
Patient Safety Agency should bring together interested parties to tackle some
of the more persistent causes of unsafe practices’.

A final example, of direct relevance to the anaesthetist, is the recent case of
Wayne Jowett who died in January 2001 following the intrathecal injection of
vincristine. The drug was administered by a doctor in the grade of Senior
House Officer (SHO), working under supervision, directly following the
correct administration of cytotoxic therapy by the intrathecal route. The UK
Department of Health commissioned Professor Brian Toft to undertake the
inquiry into this incident using a systems approach. While the immediately
proximal error was clear, a wide range of factors that had contributed to the
incident were identified, including labelling of syringes, problems with commu-
nication between staff and conflicting protocols. Despite all these failures the
most dangerous single factor identified in the inquiry was the fact that the
syringe containing vincristine could be connected to the spinal needle and that
once in place there were no other defensive mechanisms that prevented the
drug from being administered.

In the past decade there have been five recorded incidents of intrathecal
errors.?’ Furthermore, intrathecal injection errors represent only one form of
misconnection error arising from the use of the standard Luer® connector
across a wide range of medical devices. Some experts in the field*® are now
calling for a new system of connectors that allows for differentiation between
various functions — respiratory, vascular, enteral and neuraxial. In this
example, a persistent cause of unsafe practices has been identified: the stand-
ard Luer® connector. However, redesigning a whole system of connectors is
a complex and expensive project and has the potential to lead to other forms
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of error, e.g. misidentification of connector which, although not fatal in
themselves, could lead to delays in care. Thus, if a new system of connectors
were to be developed designers, psychologists, risk analysis experts and
healthcare professionals would need to be involved in the process. It is the time,
effort and expense of eradicating this kind of latent failure that means that
disciplining the person to ‘blame’ is often the easiest and most emotionally
satisfying strategy.’!

Systems Approaches to Error in Anaesthesia

It is often quoted that the state of anaesthesia is intrinsically unsafe.3> Moreover,
the anaesthetist is in the unusual situation, not unlike that of a pilot, of
performing for long periods of time at the automatic, skill-based level identified
by Rasmussen,® vigilant for long periods of time, yet expected to react quickly
and decisively when appropriate. At this stage the anaesthetist may apply
existing internalised rules or, if none exists, must solve the problem by relying
on experience and knowledge. Thus, the anaesthetist is susceptible to errors
at the skill-based level (e.g. missing an important equipment check when
distracted), the rule-based level (e.g. assuming that increases in heart rate and
blood pressure indicate inadequate anaesthesia rather than disconnection from
the ventilator) or the knowledge-based level (e.g. administration of a drug
contraindicated in a particular condition). Error is not uncommon in anaes-
thesia as a number of recent prevalence studies have shown. In one study?? 89%
of 66 respondents had reported at least one error of drug administration, while
12.5% had caused harm to a patient. In another study,** one drug administra-
tion error was reported for every 133 cases.

While patients expect to experience some pain following surgery they do not
expect complications such as physical injury to arise from the anaesthetic.
Perhaps as a direct result of these expectations litigation rates against anaes-
thetists in some countries are high. It is not surprising then that anaesthetics
as a specialty has always been forward looking. For example, critical incident
reporting was first introduced into medicine in anaesthesia.>> However, in
spite of this, the most influential studies in this area3®3” have identified situ-
ational factors such as inexperience, fatigue, poor communication, failures in
planning and checking, but have not investigated the underlying or organiza-
tional causes of the individual failures. This is changing rapidly in response to
recent UK Government White Papers."> For example, Battles and Shea® used
root cause analysis to investigate errors made by graduate medical trainees.
They identified deficiencies of educational content, problems of program
structure and procedural and management issues. A further study®® identified
root causes and used them to inform the implementation of process changes.
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These included policy changes that led to increased use of forcing or
constraining functions (for example, removal of concentrated intravenous
potassium solutions from floor stocks) and better personnel support (for
example, early awareness of and response to localized changes in patient
numbers). These changes led to reductions in adverse events from 7.2 to
4.0 per 100,000 patient days. Root cause analysis techniques have also been
applied successfully to other indicators of quality such as patient satisfaction*’
and problems with admissions.*!

A recent study* investigated the incidence and nature of organizational
failure before urgent and emergency surgery in a district general hospital.
This was an unusual study in that the 159 cases were studied prospectively
over a 30-day period. Organizational problems were reported to have affected
more than half of the cases overall (54%). The most common organizational
problems affecting the commencement of anaesthesia were a non-urgent prior
case (21 cases) and the inavailability of the results of investigations (16 cases),
both of which led to considerable delays to surgery (average 195 and 150
minutes respectively). Other organizational factors included the surgeon
being unavailable (14 cases), a clinical emergency (13 cases) and the patient
not being prepared for ward (13 cases). While this study did not set out to
make the link between organizational factors and mortality and morbidity,
a qualitative study of risk factors in anaesthesia did. From deaths reported
by anaesthetists in 46 Dutch hospitals, Arbous et al.,* identified 119 deaths
(from a total of 811) where anaesthesia was implicated. Each death was
further analysed to identify the factors contributing to different aspects of
anaesthetic management (cardiovascular management, ventilatory manage-
ment, patient monitoring and other anaesthetic management). Human failure
was identified as a contributory factor in between 60% (for patient
monitoring) and 77% (for cardiovascular management) of the deaths. Other
factors identified in this study were inadequate communication, lack of
supervision and inadequate care. Organizational factors were reported to
have been a contributory factor in between 11% (for cardiovascular manage-
ment) and 40% (for patient monitoring) of the deaths. However the authors
acknowledge, that the human failures reported may also reflect organiza-
tional problems that were not immediately identifiable from the reports. For
example, the decision of an anaesthetist not to send a patient to intensive
care might stem, not from flawed decision making, but from the knowledge
that postoperative facilities are unavailable. It is likely that a large propor-
tion of the human failures identified in this study could be eradicated by
system improvements.

Detailed analysis of adverse events which focuses on the task, situational and
organizational factors that lead to errors and violations, or allows these



Managing Medical Mishaps: Learning Lessons from Industry 219

active failures to breach the systems defences, is one form of organizational
learning. However, for effective safety management this reactive approach is
often ‘too little and too late’.** Moreover, cultural changes are slow and the
prevailing belief, of patients and doctors, that fallibility represents incompe-
tence, makes the reporting of one’s errors or the errors of others unlikely.*’
Following the edict ‘prevention is better than cure’ some organizations have
adopted a proactive approach to error management. This approach assumes
that accidents are only the tip of the iceberg and that treating errors one by
one as they are identified in incident reports is inefficient and cost ineffective.
Dealing with the source of the outbreak is a much more effective approach.
Using a medical metaphor,** error management requires the continual moni-
toring of the ‘safety health’ of the organization through the measurement of
‘vital signs’. The vital signs to be measured and the way this measurement
takes place varies between organizations,'3 but usually includes monitoring at
the task, workplace and organizational levels. For example, in an error manage-
ment tool developed for Shell International Exploration and Production*®
11 General Failure Types were identified through studies of accident records
and observations of working practices. These included failures associated
with procedures, communications, training, incompatible goals, design
and hardware. These ‘vital signs’ are then assessed via checklists that are
constructed from banks of specific indicators (20 items for each failure type)
of the presence of the general failure type (e.g. for procedures an indicator
might be — is the permit to work schedule available at the work location,
while for hardware an indicator might be — in the last month have you had
to borrow any equipment from another team or site). These banks of items
are developed by task specialists and scored by those people doing the job.
The result of this procedure is a profile of the safety health of the organiza-
tion which identifies those general failure types that are most in need of
improvement. These are the organizational factors, the process assumes, that
are most likely to give rise to errors in the near future.

Conclusions

The feeling that ‘It won’t happen to me’ reflects what psychologists term the
‘illusion of control’.*” While it is a comforting philosophy, in actual fact
everyone makes errors. Those that occur in medicine are usually not the
result of laziness, ignorance or plain lack of professionalism on the part of a
few bad doctors and nurses. While there probably are a few bad nurses and
doctors, they should normally be identifiable by applying the principles of
attribution theory,*® consistency, distinctiveness and consensus. In practical
terms, if a nurse or doctor repeatedly makes errors (high consistency), those
errors take different forms and occur in different situations (low distinctive-
ness) and are errors that other people are unlikely to make (low consensus),
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then it is more than likely that this pattern of errors reflects some problem
with the individual. However, the errors made by these bad nurses and
doctors are too few to account for the large numbers recorded in recent
studies.! As we have seen, errors are a consequence of the systems in which
human beings work and the way they are ‘wired up’ to do the job. Everyone
is lazy in the sense that they prefer not to waste information processing
resources on routine tasks, but instead rely on heuristics or ‘rules of thumb’
in problem solving. Everyone is ignorant in that there is so much information
available and medicine develops so quickly that it is very difficult to have the
most up to date research findings at our fingertips. Health professionals are
no better or worse than any other human being in this respect. If we are to
learn from mistakes, we must accept our limitations and endeavour to design
systems that, by compensating for these limitations, prevent errors arising, as
well as detecting and defending against them when they do.
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CHAPTER

E. Hallinan N.].H. Davies I O

Legal issues in anaesthesia
and intensive care

Anaesthesia today is remarkably safe and generally predictable. Standards of
training and equipment are high. Nonetheless adverse incidents still occur,
ranging from simple dental damage to catastrophic injury or even death.
Patients today are less willing to overlook minor injuries such as a chipped
tooth or a broken crown, and will seek compensation far more readily. At the
other end of the scale, if a patient has suffered a major adverse consequence
of anaesthesia as a result of negligence, it is morally right that he should
receive full compensation. In the most serious cases, where the patient dies,
the anaesthetist may even face criminal charges. This article will review the
principles behind a legal action for clinical negligence, and also consider
consent and criminal liability. Finally, we will briefly examine the initial
impact of the Human Rights Act.

Civil Claims

If a patient believes that he has suffered injury, his main remedy is to seek
compensation by a civil action. He may have a claim in contract or in tort.

Contract

A claim for breach of contract is most likely to arise in private practice. There
is a contractual agreement to provide medical treatment in return for
payment, either directly by the patient or by an insurance company to which
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the patient has paid premiums. For example, an anaesthetist might undertake
to keep a patient free of awareness under general anaesthesia. It is generally
accepted that there is no such contract for UK National Health Service
(NHS) treatment because this is free and provided by statute. Any contribu-
tion made to the NHS by a tax-paying patient does not form the basis of a
contract with an individual hospital or doctor.

In practice, a patient’s rights to seek compensation for breach of contract will
mirror their rights in tort (see below). The contract implies that the doctor
will use reasonable care and skill, but does not guarantee success or cure
unless the doctor promises this. Any doctor would be foolish to do so. Even
the apparently simple operation of vasectomy may fail.!

Tort

Tort is a civil wrong, and it is far more common for an injured patient to
bring a claim for the tort of negligence. To succeed, he will need to establish
first that the doctor owed him a duty of care, second that there had been a
breach of that duty, and third that, as a consequence, the patient sustained
an injury which was reasonably foreseeable. This last part, called ‘causation’,
is often disputed. For example would an anaesthetist’s failure to use an elec-
trocardiogram (ECG) monitor at induction affect the outcome of, say,
sudden severe anaphylaxis occurring at that time?

Duty of care

It is well established in English law that a doctor owes his patient a duty of
care. In a 1925 case,> Lord Stewart said, ‘if a person holds himself out as
possessing special skill and knowledge, and he is consulted, as possessing such
skill and knowledge, by or on behalf of the patient, he owes a duty to that
patient to use due caution in undertaking the treatment’.

Breach of duty

A doctor will be negligent if he fails to meet the standard of a responsible
colleague. This was first formulated in the 1957 decision of Bolam v Friern
Hospital Management Committee’ when Justice McNair stated ‘a doctor is
not negligent if he has acted in accordance with the practice accepted as
proper by a responsible body of medical men skilled in that particular art’.
Bolam was a psychiatric patient who suffered a broken hip during electric
shock therapy. He alleged that it was negligent to administer this therapy
without the use of a muscle relaxant. The Jury (such cases were decided by a
Jury in 1957) rejected this allegation after considering the standard set down
by Justice McNair.
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In anaesthesia, there are often several opinions on how a patient should prop-
erly be managed. The Bolam judgment recognized that a particular manage-
ment might be considered appropriate, even if pursued by only a minority of
doctors, provided that it is a responsible minority.

A further gloss to this principle, adding the need for reason, was applied in the
recent case of Bolitho v City and Hackney Health Authority.* A two-year-old
boy was admitted to hospital with croup. Following admission a junior doctor
failed to attend when he suffered further episodes of croup. Although the boy
seemed to recover quickly, half-an-hour later he stopped breathing, had a
cardiac arrest, sustained brain damage and eventually died. It was admitted
that the doctor’s failure to attend was negligent, but Court considered the ques-
tion of causation: what was the consequence of this failure, or what would have
been the outcome had the doctor attended? The boy’s mother argued that if the
doctor had attended, she would have passed a tracheal tube and prevented the
cardiac arrest. However the Court established that the doctor would have
decided 7ot to intubate the boy, and so the claim did not succeed.

The mother’s argument failed in both the Court of Appeal, and also the House
of Lords where the validity of the expert evidence was considered. Lord
Brown Wilkinson stated ‘if, in a rare case, it can be demonstrated that the
professional opinion is not capable of withstanding logical analysis, the Judge
is entitled to hold that the body of opinion is not reasonable or responsible’.
The maxim ‘T am a responsible doctor and I have always done it this way’ is
therefore no longer tenable if it cannot stand up to this logical analysis.

The anaesthetist, as a specialist doctor, will be expected to exercise the ordin-
ary skill of his specialty.® In law it is acceptable not to reach the highest
standards. The required standard is no higher than ‘ordinary’.

Trainee anaesthetists, even when relatively junior, often work alone without
direct supervision. Nonetheless any trainee, even in a specialist area, is
expected to carry out his duties with the skill necessary for safe patient care,
and appropriate to the post he fills. Inexperience in that post is no justifica-
tion for a lower standard. In Wilsher v Essex Area Health Authority® a
neonatal intensive care trainee mistakenly inserted a catheter into the umbil-
ical vein rather than an artery. Lord Justice Mustill said ‘the standard is not
just that of the averagely competent and well-informed junior houseman (or
whatever the position of the doctor) but of such a person who fills a post in
a unit offering a highly specialized service’.

Is this too harsh a test in a specialty that can only adequately train and
educate through practical experience? Not when examined from a patient’s
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perspective. Any patient expects adequate care under all circumstances. It
therefore behoves the profession to teach trainees to recognize when a situa-
tion is outside their competence, and ensure they ask for direct supervision if
needed.

Protocols and guidelines

What if an anaesthetist departs from hospital protocols and guidelines,
which occurs quite commonly in busy clinical practice? Such documents may
not set the appropriate standard of care in a particular case. However in
reality the court is likely to rely on them as evidence of accepted practice, and
an anaesthetist’s reasons for departure will be subject to the court’s logical
scrutiny.

Res ipsa loquitur

The burden of proof is normally on the patient to prove the doctor’s negli-
gence. However when there is no obvious or ready explanation for an injury,
the patient may try to rely on the doctrine of res ipsa loquitur. This literally
means ‘the thing speaks for itself’, or in other words, common sense points
inexorably to negligence.

Res ipsa loquitur is rarely appropriate now because the civil procedure rules
allow the patient access to all relevant material. His experts can therefore
provide an informed opinion. However, this doctrine may be used in some
anaesthesia claims, for example awareness, where it is argued that a patient
cannot have been anaesthetized to the appropriate standard. In Ludlow v
Swanson Health Authority,” it was held that if the patient was conscious and
experiencing pain during the period of surgery, then negligence can be inferred,
even without expert evidence that awareness can only occur if reasonable
anaesthetic care is not given (this is not necessarily true under all circum-
stances, for example in some obstetric cases, or unexpected extreme hypo-
tension). In Saunders v Leeds Western Health Authority,® a four-year-old
suffered cardiac arrest under general anaesthesia. Experts stated that the heart
of a fit child does not arrest if proper anaesthetic care is provided. In Glass v
Cambridge Health Authority’ the court received similar expert evidence in the
case of an adult and applied the doctrine.

Res ipsa loquitur was examined at length by the Court of Appeal in Ratcliffe v
Plymouth and Torbay Health Authority, Exeter and North Devon Health
Authority.'® A patient underwent arthrodesis of his right ankle under both
general and spinal anaesthesia, and suffered an unexplained serious neuro-
logical defect on the right side below his waist. Magnetic resonance imaging
(MRI) showed a lesion in the spinal cord at T11-T12, and another less
distinct lesion at T9. The anaesthetist maintained that since the spinal was
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given at L3-L4, it could not have caused damage consistent with the clinical
findings nor the lesions seen on MRI. The judge found that the anaesthetist’s
care had been appropriate, and that although the spinal injection had caused
the nerve damage the mechanism could not be identified. It was possible that
the operation had triggered an unexplained reaction in the central nervous
system (CNS). The patient’s claim failed.

At appeal the patient argued that the judge had incorrectly dismissed the
application of res ipsa loquitur and should have found that the patient’s
condition inferred negligence. The patient further argued that once the
doctrine was raised it was the defendants’ responsibility to rebut the infer-
ence, and they could not do so by suggesting an explanation that could only
be considered a possibility. The Court of Appeal considered whether res ipsa
loguitur had any place in clinical negligence claims. Although it had merit in
some circumstances, for example an operation on the wrong limb or a
retained swab, even if the doctrine was raised, the patient’s case was likely to
be supported by expert evidence. The appeal failed. It should therefore be
sufficient for a doctor to show that he took all reasonable care, although it
is naturally helpful if he can also offer a plausible (even if improbable) explan-
ation for any injury.

Lord Justice Hobhouse said ‘res ipsa loquitur is no more than a convenient
Latin phrase used to describe the proof of facts which is sufficient to support an
inference that a Defendant was negligent and therefore to establish a prima facie
case against him’. He went on to say ‘...res ipsa loquitur should be dropped
from the litigator’s vocabulary and replaced by the phrase a prima facie case.
Res ipsa loquitur is not a principle of law, it does not relate to or raise any
presumption. It is merely a guide to help to identify when a prima facie case is
being made out. Where expert and factual evidence has been called on both
sides at trial its usefulness will normally have long since been exhausted’.

Causation

Once the patient has established that a breach of duty has occurred, he must
then prove that the breach caused the injury. The Courts generally apply the
‘but for’ test: but for the negligence would the injury have occurred in any
event? This may be obscure as many patients have co-existing illnesses, and
so the full harm caused by the negligence may be difficult to assess. This area
can give rise to much argument between the parties involved. If an injury is
judged more likely than not to have resulted anyway from co-existing disease,
the patient cannot recover any damages. This was the case in Hotson v East
Berkshire Area Health Authority'' where there was a delay in the diagnosis
of a slipped epiphysis, but no damages were awarded for the loss of a 25%
chance of recovery.
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Contributory negligence

Are there circumstances in which the actions of the patient can be said to
have contributed to his injuries? In principle, if a patient fails to give a full
history at assessment or comply with postoperative instructions, the defence
of contributory negligence should be available. However, we have been
unable to find any reports where a finding of contributory negligence was
made against a patient. This may reflect a reluctance by the Court to limit an
award if there is evidence that the patient did not appreciate the conse-
quences of failing to answer questions or follow the doctor’s advice. However,
in a recent unreported County Court decision, Pidgeon v Doncaster Health
Authority, the Health Authority was found to be negligent in the reporting
of a cervical smear test, but two-thirds of the liability was attributed to the
patient’s negligence in failing to attend for follow-up smears, despite clear
written instructions to do so.

Consent

It is unlawful to administer medical treatment to an adult who is conscious
and of sound mind without his consent. Refusal by a competent adult to accept
treatment (even mechanical ventilation), no matter how illogical or unrea-
sonable, must be respected. Unlike some other jurisdictions, in this country
we have no doctrine of ‘informed consent’. Nonetheless the doctor has a duty
to inform the patient, in a way he understands and without pressure, the
reason for the treatment, its nature, the likely outcomes, and the likely conse-
quence of refusing treatment. Sufficient information should be given to
enable him to make an educated choice, and time allowed for any questions.
The precise amount of information is a matter for professional opinion,
taking account of what a reasonable patient might expect. The General Medical
Council suggests that good practice demands a level of information above
that determined by existing caselaw.

Some patients are unable to give consent. Parents give consent for their very
young children. However even quite young children may have a good under-
standing and insight into their condition, and it is good practice to involve
both child and parents. The situation is more complicated for an older child,
who may well have a full understanding of his condition, perhaps even more
than his parent, and a keener appreciation of the consequences of treatment.
Section 8 of the UK Family Law Reform Act 1969 provides that a minor who
has attained the age of 16 years is able to give consent for any surgical,
medical or dental treatment, putting him in the same position as an adult.

The issue of consent with children who had not yet reached 16 years was
considered in Gillick v West Norfolk and Wisbech Area Health Authority'?
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which held that a child under 16 years could consent to treatment, in this
case contraception, if they understood what was involved. By contrast in
Re S (a minor: consent to medical treatment)'® the Court considered the
ability of a 15%-year-old patient (S) to give consent, and found that S was
not ‘Gillick competent’.

For the adult psychiatrically ill patient, the same principles apply. Compe-
tence to give consent requires the patient to be able to understand the infor-
mation given by the doctor and to use it to make a reasoned judgment. Even
the most severe psychiatric illness may not preclude insight into a physical
condition and therefore competence to give consent. This was underlined in
Re C (adult: refusal of treatment)'* where a schizophrenic was held compe-
tent to refuse the amputation of his foot. In Re F (mental patient: steriliza-
tion)'3, the UK House of Lords held that the test to be applied for any
operation or treatment in adults incapable of giving consent is the same as
the test laid down in Bolam — a doctor will not be negligent if he or she acts
in accordance with a responsible body of medical opinion.

What are the consequences of failing to obtain valid consent for medical
treatment? In principle, the patient could claim for battery (touching inten-
tionally without consent), but the Courts have severely limited such an action
in medical cases, unless consent was fraudulently obtained. Chatterton v
¢ involved a patient who consulted a chronic pain specialist for treat-
ment of a painful hernia scar. Following a phenol nerve block, she had an
area of numbness down one leg which affected her mobility. She bought an
action for battery on the grounds that she had not given full consent to the
procedure because she had not been warned of the risk of numbness. Justice
Bristow said ‘once the patient is informed in broad terms of the nature of the
procedure which is intended, and gives her consent, that consent is real, and
the cause of the action on which to base a claim for failure to go into risks
and implications is negligence, not trespass’. The House of Lords endorsed
this approach in Sidaway v Bethlem Royal Hospital Governors.'” Lord
Scarman said ‘it would be deplorable to base the law in medical cases of this
kind on the torts of assault and battery’.

Gerson

What is the position of the patient who is temporarily incompetent, for
example already under general anaesthetic and requiring further surgery to
which he has not consented? If that need arises as an emergency, surgical
procedures can be lawfully carried out. In Re F' the House of Lords consid-
ered that, as a matter of public policy, clinicians should be able to give
necessary treatment in emergencies without risking an action in tort. This
treatment should be limited to what is necessary and cannot be reasonably

delayed.
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Overview of Recent Claims

In an internal unpublished review by the UK Medical Protection Society of
150 anaesthetic claims the commonest serious incidents were:

e Absent or inadequate supply of fresh gases.

e Difficulty with laryngoscopy.

* Misplacement, displacement or blockage of an endotracheal tube.
¢ Disconnection or misconnection of the breathing circuit.

e Failure of intravenous access.

® Awareness under general anaesthesia.

There was a broad spectrum of injuries. Dental damage was the basis for
claim in as many as 58 cases. Under most circumstances dental damage is
avoidable with the careful use of the laryngoscope. Almost all such cases will
be settled promptly, usually for no more than the costs of appropriate remed-
ial dental treatment.

There were just six cases of awareness under general anaesthesia, which are
unlikely to be defensible if there is any question of faulty equipment, diver-
gence from accepted practice, or poor standard of record keeping. Any
patient is entitled to expect to be safely and adequately anaesthetized during
surgery. Sometimes the patient genuinely confuses events during emergence
from anaesthesia with those during the operation itself. The compensation
awarded may be much higher if the claim is not limited to pain and discom-
fort during the procedure, but the patient develops some sort of psychiatric
injury as a result of the traumatic experience. This more serious injury can
be greatly mitigated by an early sympathetic reaction from the anaesthetist
and other hospital staff to any complaint of awareness.

Other claims include nerve injuries allegedly sustained during anaesthesia.
Some will be indefensible, but ulnar nerve lesions can occur despite the most
careful positioning and monitoring of the patient. However, once again, such
a claim will be disappointingly difficult to defend if there is any question of
departure from usual practice or inadequate record keeping.

In 11 claims, the patient sadly suffered a fatal or catastrophic brain injury
during the course of general anaesthesia. Sometimes the cause is obvious, but
there may be occasions where there is no obvious explanation. The court is
then faced with a range of expert evidence from both sides, and the judge will
have to decide on the most likely explanation. This arose recently in Williams
v South Glamorgan Health Authority,'"® where a patient became cyanosed
during general anaesthesia, and suffered a cardiac arrest resulting in very
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severe hypoxic ischaemic encephalopathy. In the absence of any other likely
explanation, the claimant alleged that the anaesthetist, a Senior House Officer
(SHO), allowed an excessive flow of anaesthetic gas into the breathing circuit
causing barotrauma and bilateral pneumothoraces. The claim failed. The
Judge preferred the evidence of the Senior House Officer, and found it more
likely that the claimant’s injuries were caused by an anaphylactic reaction to
suxamethonium.

No Fault Compensation Schemes

In the Williams case, the Claimant suffered devastating personal injury as a
result of anaesthesia, yet will receive no compensation and will probably
have to rely on the State for long-term care. Since many claims in clinical
negligence fail, is there any room for a no fault compensation scheme in
the UK?

It is easy to see the attraction of such a scheme. If a patient has trusted
himself to the care of doctors and suffers injury, why should he have to prove
that this was caused by negligence in order to receive compensation? Legal
processes are lengthy and costly, and especially for claims arising from UK
NHS treatment, there are obvious arguments that these costs would be better
directed towards improving patient care.

However, there is resistance to such schemes. Claimant lawyers point out
that it is unlikely that the State would be able to fund compensation for all
patients to the level of awards currently allowed by the courts. Patients
who are successful under the present scheme would therefore be at an
advantage.

Possible models include schemes allowing tariffs of awards for specific
classes of injuries. This type of scheme will not provide compensation for
financial losses, such as loss of earnings, and is more likely to cover minor
injuries. Alternative models could cover the serious injuries related to events
around the time of birth. For example, the American states of Virginia and
Florida have created no fault schemes for these injuries, funded by a levy on
obstetricians and hospitals. This effectively removes the patient’s right to sue,
and raises concerns as to whether the negligent doctor is held properly
accountable for his actions. It is still necessary for the patient to prove caus-
ation, i.e. that the medical care of the birth caused the injury, and relatively
few patients receive compensation through these schemes.

In New Zealand, a no fault scheme covers all injuries resulting from medical
mishap or error, with the exception of mental injury. However, since the
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scheme was originally conceived, it has undergone review as the compensation
it provided was inadequate and the medical profession was perceived as
escaping censure. There is now mandatory reporting by doctors of medical
errors resulting in personal injury, which has resulted in a complex and
multi-layered complaints system. The merits of no fault scheme for the UK
will no doubt continue to be debated.

Criminal Culpability

There may be occasions where a patient dies as a result of a doctor’s error that
is so outside the scope of responsible practice that the doctor faces a criminal
investigation. The question is then what distinguishes an error which might be
considered negligent from an error for which society demands a criminal
conviction and punishment? A charge of murder is unlikely because of the
need to prove the mens rea, or intent, to kill the patient. However several
doctors have been charged with manslaughter, and anaesthetists are particu-
larly vulnerable since an apparently minor error may result in the swift and
newsworthy death of a previously fit patient.

An anaesthetist has the dubious distinction of being at the heart of a case
in which The House of Lords defined the criteria for involuntary
manslaughter by doctors in Regina v Adomako (UK)." Previously, the tests
for such cases were similar to that used in prosecutions involving careless
driving — was the defendant reckless to the risk of causing death or injury
by dangerous driving? To be proved reckless, the defendant must have
created an obvious and serious risk, without having given thought to the
possibility of there being any such risk, or having recognized the risk,
nonetheless gone on to take it. The House of Lords felt that this test was
not appropriate for medical cases because doctors treat patients whose lives
may already be at high risk, and in such an expert field the criteria of what
the ordinary prudent individual would appreciate would not be applied in
the same way.

The House of Lords held that the appropriate test in medical manslaughter
based on breach of duty is whether the doctor had been grossly negligent.
The ingredients of involuntary manslaughter in such cases are therefore,
firstly, the existence of a duty, secondly, breach of that duty causing death,
and thirdly, gross negligence justifying a criminal conviction of manslaughter.
The third limb of the test defines the criminal nature of the prosecution, and
is a question solely for the jury, considered against the background of all the
facts of the case. In this case, Dr Adomako was a locum anaesthetist who
failed to notice that his paralyzed patient had become disconnected from the
ventilator during eye surgery. The House of Lords upheld the conviction.
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They found that the jury was entitled to conclude that his failure to monitor
the patient’s breathing (the disconnect alarm failed to sound) was more than
‘mere inadvertence’ to an obvious serious potential risk. Dr Adomako’s
failure therefore constituted gross negligence of the degree necessary for
manslaughter.

The Human Rights Act 1998

The Human Rights Act came into force in the UK in October 2000, and
provides that the rights set out in the European Convention of Human Rights
will affect domestic law. The rights most likely to impact on medical law are
the right to life (Article 2), the right not to be subjected to torture or to
inhuman or degrading treatment or punishment (Article 3), and the right to
respect for private and family life (Article 8).

Under the Act, it is unlawful for a public authority to act in a manner incom-
patible with a convention right. Although there has been some debate as to
what constitutes a public authority, there seems little doubt that it will
include a Health Authority or Trust. It will also include ‘any person certain
of whose functions are public in nature’. The definition of a public body still
needs clarification in these early days, but there seems to be doubt as to
whether it would apply to treatment given in the private sector, or by General
Practitioners.

Article 2 (the right to life) raises interesting questions about the validity of
‘do not resuscitate’ orders, or the obligation of a state to provide lifesaving
treatment. If a lack of resources led to inadequate provision of intensive care
beds, would the resulting death of a patient form the basis of a claim under
the Act? The answer appears to be ‘possibly’. In Osman v UK,?° the Euro-
pean Court accepted that the effect of Article 2 was that there would be a
violation of the article if authorities did not take ‘measures’ within the scope
of their powers which, judged reasonably, might have been expected to avoid
a real and immediate risk to the life of an identified individual or individuals.
However, the Court also held that obligations imposed by this article should
not be interpreted so as to ‘impose an impossible or disproportionate burden
on the authorities’.

The European Court has never considered whether Article 2 could require
the state to provide lifesaving treatment. However, prior to the enactment of
the Human Rights Act, our domestic courts considered the issue of funding
lifesaving treatment in Regina v Cambridgeshire Health Authority ex parte B.2!
The Master of the Rolls, Sir Thomas Bingham stated ‘difficult and agonizing
judgments have to be made as to how a limited budget is best allocated to
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the maximum advantage of the maximum number of patients. That is not a
judgment which the Court can make. In my judgment, it is not something
that a Health Authority such as this Authority can be fairly criticized for not
advancing before the Court’. It would appear that, although the Court will
be reluctant to interfere with a Health Authority’s allocation of resources in
relation to medical treatment, the Health Authority may be required to
justify its choices.

Article 3 deals with the prohibition of torture. In D v UK,?? the European
Court was asked to considered the case of a person who was being deported
to St Kitts where he would no longer receive the life prolonging treatment for
AIDS that he had been receiving in the UK. The Court considered that his
deportation would amount to inhuman treatment and would violate Article 3.
More recently in Regina v (Pretty) v Director of Public Prosecutions and
others, involving a patient with motor neurone disease, the Court considered
the impact of Article 3. Lord Steyn recognized that the final stages of this
disease might be inhuman and degrading, but was certain there was no action
or inaction on the part of the authorities that was subjecting her to inhuman
and degrading treatment. The House of Lords also suggested that the failure
to provide pain relief might amount to an infringement of the Act. This raises
the possibility that a right to treatment that relieves pain, but not that neces-
sarily saves life, could be established.

This is a fast developing area of law and there is little doubt it will impact on
issues relating to the provision of medical services. It may be used to high-
light the increasing demands placed on our finite NHS.
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CHAPTER

G. Stanley ].N. Cashman 1 1

Education and training in anaesthesia

Education and training are terms that are used loosely and interchangeable
in medicine, but which encompass different concepts. Indeed a comparison
of education and training reveals them to have almost diametrically opposed
attributes (table 1) and yet both are equally important in the development of
doctors.!? Education has been defined as the process which results in a
persistent, predetermined alteration in behaviour usually reflected by the
acquisition of new knowledge, skills or attitudes by the learner.? Increasingly
traditional techniques for instruction with their emphasis on factual learning
are being replaced by the teaching of professional competencies such as
communication and problem solving skills. It has been suggested that the
following common themes should be addressed when considering education
in anaesthesia.’

e Whom do we teach?

e What do we teach?

® What are the most effective teaching methods?

* How do we measure the effectiveness of our teaching?
¢ Can we improve the effectiveness of our teachers?

This chapter will examine aspects of the educational process relevant to the
practice of anaesthesia. The various components of the training process,
beginning with medical student education and progressing through the
training grade to the established practitioner, will be considered. Much of
the discussion will be based on the US and European (particularly UK)
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Table 1 Comparison of education and training

Education Training
Intrinsically valuable Practically useful but without intrinsic worth
Broad Circumscribed
Open ended Closed ended; focuses on specific skills
University objectives Professional objectives
Promotes further growth Inhibits further growth
Difficult to teach, learn Easy to teach, learn
and examine and examine

Adapted from McManus |, 1995.2

experience but the overall content of the chapter is relevant to anaesthesia
and education regardless of geographical location. There is a geographical
variation in the roles of academic departments of anaesthesia. In North
America, Australia, South Africa and much of Europe, university depart-
ments of anaesthesia are responsible for postgraduate training in anaesthesi-
ology. In contrast in the UK and the Republic of Ireland university
departments of anaesthesia are primarily responsible for the education of
undergraduates and of postgraduates studying for higher degrees. Many
academic departments of anaesthesia in the UK provide a great deal of
support to the schools of anaesthesia in the training of anaesthetic trainees.
However, some distinction between institutions dedicated to education from
those dedicated to training is thought to be desirable.*

Undergraduate Education and Training in Anaesthesia
The undergraduate medical curriculum

The length and content of the undergraduate medical curriculum varies
widely between countries and even within any one country.’ The structure
of medical education in North America differs from that of the UK and
Australasia, being very similar in the US and Canada. The length of training
required for a medical degree in member states of the European Union is
stipulated in Article 23 of European Community directive 93/16/EEC but
this directive provides little detail regarding the content of the training.’

The Institute for International Medical Education is a newly established insti-
tution entrusted with the development of ‘global minimum essential (core)
requirements’ for medical education. The institute has developed a three-
phase plan for the introduction of a global medical curriculum and has
collected together a glossary of Medical Education Terms (www.iime.org).®
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Duration of the undergraduate medical curriculum

The main difference between medical education in North America compared
with the UK and Australasia is that, on the whole, a prior baccalaureate
degree is required before admission into medical school. As a result there is
a corresponding reduction in the total duration of study, which has implica-
tions for anaesthesia as a topic in the undergraduate curriculum. In the US
over 95% of medical graduates have completed at least 4 years of a previous
degree consequently the duration of the medical course is only 3 years.”
However, there are a few North American schools that provide a combined
college and medical school programme. In these schools the overall duration
of study is a little over S years,” which is very similar to the duration of study
in Europe and Australia. In Europe European Community directive
93/16/EEC specifies that the length of training for a medical degree leading
to full registration (i.e. including pre-registration posts) should be 5500 h or
6 years.’ In a move towards the North American model a number of medical
schools in Australia and in the UK have introduced Graduate Entry Medical
Programmes — GEMPs. Typically such courses last 4 years, which is similar
to the duration of medical courses in North America.®® Selection to graduate
entry medical programmes is based on performance in a common entry test
such as the Graduate Australian Medical School Admission Test, which tests
understanding of scientific language and reasoning in social sciences, the
humanities, biology, chemistry and physics.'°

Anaesthesia and the undergraduate medical curriculum

It is recommended that for each member state of the European Union there
should be a single ‘Competent Authority’ charged with regulating the
primary medical qualification (European Community directive
93/16/EEC).> The Education Committee of the General Medical Council
(GMC) has been discharging that role for more than a century within the
UK, although it is the universities that are primarily responsible for the
delivery of medical student training. In the UK anaesthesia was included as
a subject that should be a component of every course of professional study
and examinations by the GMC in 1912. However, 35 years later anaesthesia
as a subject was omitted from the GMCs recommendations and another 33
years elapsed before it was reinstated into the curriculum by the GMC. This
change of recommendation by the GMC was brought about because of the
expansion of the specialty of anaesthesia into the fields of resuscitation, pain
relief, intensive and perioperative care. At the time the Education
Committee of the GMC proposed that students during their clinical clerk-
ships should be taught by a specific period of instruction and clinical
attachment in a Department of Anaesthesia.!! In a refinement of its recom-
mendations on the undergraduate medical curriculum the GMC introduced
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the concept of a system-based core curriculum founded on a series of core
goals and objectives which covered:'?

¢ Knowledge
e Skills
¢ Attitudes and behaviours.

This has now become the established format for training. Basic and
advanced life support, intensive care medicine, perioperative management
of the surgical patient and the relief of pain (acute and chronic), are all
included in this new systems-based approach. Nevertheless, the role of
anaesthesia within the undergraduate curriculum has not been clearly
defined with the result that anaesthesia has not figured very prominently
in the medical school curriculum.!® In the US, most medical schools
include pharmacology lectures, in relation to anaesthesia in the pre-clinical
years and then have brief rotations through the anaesthesia department,
often as part of a surgical block and sometimes only on an elective basis.
Few medical schools incorporate a visit to the operating room to reinforce
physiological and pharmacological principles at the pre-clinical as
opposed to clinical level. The use of multimedia in the form of a pre-
recorded CD-ROM presentation or even interactive DVD has become
increasingly common. European universities provide more formal lecture
time than UK medical schools but fewer provide a regular period of
attachment to an anaesthesia department than UK medical schools. In
contrast UK establishments provide more in-theatre teaching than their
European counterparts.'*

One topic that the medical school curriculum currently fails to address
adequately relates to the impaired physician and the issue of chemical depend-
ency. This topic is of considerable importance to anaesthetists. One in 15
doctors in the UK may suffer from some form of dependence on alcohol or
drugs during their lifetime.!® In Australia and New Zealand 1.3% of all regis-
trars in anaesthesia suffer from a drug related problem requiring intervention
during their training.'® Whether the prevalence of drug addiction is higher in
anaesthetists compared to other medical specialists remains controversial.
One study has suggested that anaesthetists are not the highest risk group
amongst doctors'” whereas another study suggests that anaesthesiologists are
three times more likely to become substance abusers than other physician
groups.'® Mortality in addict anaesthetists is more than 15% over 5 years'’
and more than a quarter of all cases of fentanyl abuse present for the first
time as a fatal overdose.!® Rehabilitation programmes succeed in 60-80% of
the cases but residents in anaesthesia need to be redirected to another medical
specialty.’’
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New teaching techniques for undergraduates

Innovation in the medical curriculum has been accompanied by development
in teaching techniques. In particular a paradigm shift from the methodolo-
gies of structure- and process-based to problem- and evidence-based learning
and measurements of outcome.?’ One such explicit analytical approach is
Clinical Problem Analysis (CPA), which aims to assist students not only in
problem solving but also in organizing learning.?! This technique addresses
the topic of how medical students learn to cope with complex clinical cases
and how they construct differential diagnoses for such cases. Novice students
may learn to solve clinical problems by emulating experts’ behaviour.
However, experts use efficient strategies for discriminating among alternative
hypotheses in an organized step-wise manner, whilst non-experts typically
generate large numbers of possible diagnostic hypotheses belonging to widely
different disease categories. 2> By repeated use of clinical problem analysis
as well as accumulation of clinical experience, students gradually develop
finely tuned knowledge structures that they learn to apply when appropriate.
Clinical problem analysis is claimed to have a number of advantages over
traditional clinical presentations:?3

e Explicitly addresses co-morbidity and drug-drug interactions
® Geared to treatment

e Takes into account both causes and consequences of the patient’s
current condition

e Can (even) be used in unsolved cases.

Promoting anaesthesiology to medical students
as a career choice

Relatively few studies have addressed the importance of undergraduate
education for future recruitment into the specialty. In the UK, graduates at
entry to medical school are more likely than non-graduates to choose general
practice as a career whereas those who took an intercalated degree are more
likely than others to choose a hospital medical specialty.?* The duration of
the undergraduate anaesthetic exposure and the level at which it occurs
seems to have very little influence on graduates’ subsequent choice of anaes-
thetics as a career. In particular a well-structured anaesthetic rotation does
not appear to make anaesthesiology more appealing for the potential future
anaesthesiologist. The career choices of graduates from two London Medical
schools was not significantly affected by whether or not they had undergone
a comprehensive undergraduate anaesthetic training programme.?’ Further-
more experiences in anaesthesia during internship and residency were
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important for only a minority of graduates (1-in-5 female graduates and
1-in-7 male graduates).?® Whilst anaesthesia recruitment is not related to the
duration of undergraduate anaesthesia exposure it is influenced by other
factors such as perceived life-style, the application of physiology and pharma-
cology to patient care, practical and procedural aspects of practice, specific
role models who were influential and encouraging, and chance.?*28

Postgraduate Education and Training in Anaesthesia

The UK has one of the smallest anaesthetic workforces in Europe with 9.6
trained anaesthetist per 100,000 head of population, the figure rises to 14.5
per 100,000 when trainees are included.?’ In contrast within the US, there is
a six-fold variation in anaesthetic manpower; with 4.3 anaesthesiologists per
100,000 head of population in parts of Texas rising to 25.5 per 100,000 in
parts of Illinois.3° In the US, where there has been a huge expansion of the
so-called hospital specialist or ‘hospitalist’, the number of anaesthesiologists
may well increase. Such hospital specialists have a background in general
medicine and have become the surrogate care provider once a patient is
admitted to the hospital. It is likely that anaesthesiologist may function in an
hospitalist-type role in the future, especially in predominantly surgical units.

Trainee anaesthesiologists

Choosing anaesthetics as a career

There does not seem to be any association between technical orientation and
a tendency to gravitate to technologically orientated specialties such as
anaesthetics.3! Nevertheless a number of attempts have been made to develop
career selection instruments to assist doctors in their career choice. One such
instrument Sci45 has been shown to be valid in matching individuals’
personal and professional preferences to possible career specialty choices.??

Pre-anaesthesia experience: In the US, it was traditionally accepted that most
trainees would do a preliminary year of either general surgery or internal
medicine, with the bias towards surgery before they start the anaesthetic
programme. With the emergence of so-called transitional programmes that
offer rotations through a number of specialties, including paediatrics, these
have started to become more popular with future anaesthesiologists. The
emergence of the perioperative physician in anaesthetic practice has also
tended to move some of the bias away from surgery back to medicine. In the
UK, the mandatory 6-month’s pre-registration clerkship in both medicine
and surgery may make the decision-making process a little easier. Recently
the UK GMC has accepted a proposal from the UK Royal College of Anaes-
thetists for a 4-month module in anaesthesia, pain management and intensive
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care for pre-registration house officers. As a result there are now several pre-
registration rotations that offer some anaesthesia and/or intensive care expe-
rience. The Australian and New Zealand College of Anaesthetists stipulates a
period of 24 months in general hospital appointments, which must not
comprise more than 6 months in anaesthetics or intensive care medicine
before anaesthetic specialty training can commence.?3 In contrast, in Canada
there has been a move towards direct entry into residency training from
medical school for all graduates.’*

Selections of trainees for anaesthetic rotations

There is a clear need to attract trainees of the highest quality into anaes-
thetics. Already some medical schools are attempting to psychologically
‘profile’ students into specialties virtually from day one! While it is certain
that not everyone will agree with this new approach it has to be recognized
as one possible strategy for the future. This could lead to a focusing of
medical education on a sub-specialty right from the outset and a ‘general’
medical school education could become a thing of the past. With the ever-
increasing costs of healthcare and the development of ‘super-specialties’,
there may be a strong political and economic motivation to support this
approach.

The challenge is to recognize at time of application those individuals who are
likely to attain a measure of success in anaesthetics but, unlike in industry,
formalized personality assessment is not a commonly used tool. The obser-
vation that there is significant heterogeneity in the personality of anaes-
thetists®* has recently been confirmed.3® Nevertheless it has been suggested
that attributes such as empathy, strong internalization of pro-normative
values, and the ability to work well within either structured or open settings
are conducive to superior performance in the specialty.?”3% Psychological
profiling such as the 16PF personality questionnaire and the California
Psychological Inventory (CPI) have been used to identify those personality
traits associated with success.’®3’ The most important traits would seem to
be social skills assertiveness, sensitivity and emotional maturity. In contrast,
assessment of motor skills as part of an anaesthesiology selection process has
attracted little attention. Tests such as the Crawford small-part dexterity test
and the steadiness hole test can predict motor skills in surgical trainees.*’

Pre-interview screening can assist in the ranking of applicants ahead of inter-
view. Such screening may combine academic measures such as scores and
grades, performance measures and prior achievement/experience. Computer-
assisted data management has been used to provide automatic sorting of
selection parameters and calculation of ranking as well as maintenance of a
concise information profile for each candidate.*' The process is subject to



244 Recent Advances in Anaesthesia and Intensive Care 22

other variables such as candidate preferences, particularly in respect of the
perceived prestige of a particular training programme.?® Furthermore the
potential for bias to be introduced at interview has led to the suggestion that
the interview should be conducted ‘blind’.*?

Training in anaesthesia and the postgraduate medical curriculum

Until 1987, the duration of residency training in anaesthesia in the US was
3 years. This included the internship year in medicine or surgery. At the time,
this duration of training was one of the shortest in the world for the specialty.
After 1988, a fourth year was added, making the specific anaesthesia training
period 3 years, still a relatively short time, certainly by UK standards. Since
then, fellowship programmes have grown considerably in areas such as crit-
ical care, pain management, paediatrics, obstetrics and cardiac anaesthesia.
There are certification examinations in the first three of these subspecialties
and many trainees complete 4 years of anaesthesia training. In Europe there
is much greater diversity than in the US in the organizational background of
postgraduate medical education. European Community directive 93/16/EEC
lays down the minimum standards for specialist postgraduate training but
this directive is the consolidation of several previous directives and parts of
it are more than 20 years old.

Currently the overall duration of training (Basic, Intermediate and Advanced)
in anaesthesiology in western European countries (5 years) is in line with the
US. The duration of training in central and eastern European countries is
shorter (4 years) and longer in the UK (7 years).?>*

With such a widely diversified specialty it is particularly challenging to decide
how to use the relatively short training period to its best advantage. In add-
ition to clinical education, the Accreditation Council for Graduate Medical
Education (ACGME) mandates that a programme should emphasize inter-
personal skills, effective communication, and professionalism.** Graduating
residents should be able to work independently, responsibly, with integrity
and must demonstrate a commitment to excellence and the ethical principles
of clinical care. They must learn to develop a relationship with patients,
engage in active listening and provide an opportunity for input and ques-
tions. They should always remain sensitive and responsive to cultural differ-
ences, including awareness of how these differences can affect the
perioperative course on a number of levels e.g. extent of family involvement

and cultural differences in pain perception.*

It is important that new trainees have a broad framework on which to build
(table 2). Yet despite attempts to produce a clearly defined curriculum for
residency programmes, formalized nationally accepted objectives have not
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Table 2 European Academy of Anaesthesiology anaesthetic training programme

General surgery

Obstetrics

Gynaecology

Orthopaedics

ENT and other forms of surgery within the mouth

Neonatal/paediatrics

Neurosurgery

Cardiac surgery

Ambulatory surgery

Intensive care/internal medicine

Resuscitation and emergency medicine

Preoperative assessment and postoperative care including management of
acute pain

Management of chronic pain

Training to teach others

Administration/budgeting

Research

ENT - ear, nose and throat.

been devised with the result that each residency programme adapts to
provide its own programme of study and this leads to incongruence.? In
Canada, each residency programme is required to have clear educational
goals with respect to knowledge, skills, and other attributes for residents at
each level of training and for each major rotation.*® Residents must be
afforded a reliable system for communication and interaction with supervis-
ory physicians. In the US, the Residency Review Committee (RRC) has
mandated that a trainee carry out a certain minimum number of procedures
(table 3).* For the majority of programmes, these numbers are not difficult
to attain and their role is probably more to provide a secondary framework
for programmes to work with rather than as a basis for punitive action.
Residents are also required to keep a detailed log of their cases. This
logging system has recently become internet-based and it allows for very
sophisticated data analysis, not just of individual residents but of
programmes as a whole. However, the value of the anaesthetic log-book has
been questioned.*’

Modern technology is now a clear element in medical education. The use of
interactive CD-ROMs and internet-based learning modalities are playing an
ever-increasing role,***’ and departments must decide how to incorporate
these advances into their curriculum.’® These computer-based learning tools
still need to be fully evaluated.’® One novel aspect of training that is being
incorporated into the US programmes relates to the emerging role of the
anaesthesia provider in areas of business management, career planning,
hospital politics and operating room dynamics.
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Table 3 Clinical components for residency education in anaesthesiology**

Cardiothoracic and vascular

Anaesthesia for 20 patients undergoing surgical procedures involving
cardiopulmonary bypass

20 intrathoracic (thoracotomy, thoracoscopy) noncardiac cases

20 other major vascular cases (including endovascular cases)

Neurosurgery
20 procedures involving an open cranium, some of which must include
intracerebral vascular procedures

Obstetrics

40 anaesthetics for vaginal delivery

A minimum of 20 anaesthetics for cesarean section

Evidence of direct involvement in cases involving high-risk obstetrics

Orthopaedic and trauma
10 major trauma cases

Paediatrics
Anaesthesia for 100 children under the age of 12 including anaesthesia for 15 infants
<1 year of age and neonates <45 weeks postconceptual age

Pain: acute and non-acute

25 nerve blocks for management of patients with acute, chronic, or cancer pain
disorders

Documented involvement in the management of acute postoperative pain, including
familiarity with patient-controlled intravenous techniques, neuraxial blockade, and
other pain-control modalities

Practical procedures

Significant experience with certain specialized techniques for airway management
(such as fibreoptic intubation, double lumen endotracheal tube placement, and
laryngeal mask airway management), central vein catheter placement, pulmonary
artery catheter placement, peripheral artery cannulation, transoesophageal
echocardiography, evoked potentials, and electroencephalography

Pre and postoperative care

Documented involvement in the systematic process of the preoperative management
of the patient

A postanaesthesia-care experience of 2 contiguous weeks, which must involve
direct care of patients in the postanaesthesia-care unit and responsibilities for
management of pain, haemodynamic changes, and emergencies related to the
postanaesthesia-care unit. Designated faculty must be readily and consistently
available for consultation and teaching

Regional techniques

50 epidural anaesthetics for patients undergoing surgical procedures, including
caesarean sections

50 subarachnoid blocks performed for patients undergoing surgical procedures
40 peripheral nerve blocks for patients undergoing surgical procedures

Intensive care

A critical care rotation, including active participation in patient care by anaesthesia
residents in an educational environment in which participation and care extend
beyond ventilatory management, and active involvement by anaesthesiology faculty
experienced in the practice and teaching of critical care

This training must take place in units in which the majority of patients have
multisystem disease
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Sub-specialty training in anaesthesia: If time is a limiting factor in general
anaesthetic training, then it is a critically scarce commodity when it comes to
sub-specialty training. The need for particular sub-specialty training has led,
quite appropriately, to the development of fellowship programmes, which
commonly occur in the fifth and final year of training.?3

Evaluation of training programmes

It is extremely important that all training programmes are held to some level
of standardized performance and regulated by members of our own profes-
sion. In the US, all programmes have to be visited and accredited at regular
intervals by the Accreditation Council for Graduate Medical Education.
Within the Accreditation Council for Graduate Medical Education, each
specialty has its own oversight Residency Review Committee, which will visit
programmes on a regular basis every 3-5 years or more frequently, depending
on the reports from previous visits. These visits are carried out by a designated
‘field-operative’ who has been specially trained to critically appraise a resi-
dency programme and compare it with acceptable benchmarks. The Residency
Review Committee may put a programme ‘on probation’ if there are a
number of deficiencies or citations in that programme and it even has the power
to close a programme if there are serious deficiencies or recurrent citations in
key areas.** A European Hospital Visitation Programme was created in 1989
by the European Academy of Anaesthesiology and since 1996 has been
administered jointly with the European Board of Anaesthesiology. However,
unlike in North America, Australia and the UK this programme is entirely
voluntary. The visitation team of three includes one member from the host
country. The main criteria for assessment are similar to those of the Residency
Review Committee and a registration certificate is normally valid for up to 5
years. So far 38 institutions have been visited in various European countries.’?

Assessing the competence of trainees in anaesthesia

The competent clinician possesses the intellectual capacity to make valid
medical judgements and the technical expertise to implement such judge-
ments.’3 The objective of assessment should be the development of reliable
measures of performance which have predictive value for clinical competence
and also have a formative educational role.** Miller has proposed a pyramid
of competence that conceptualizes the essential facets of clinical competence
(fig. 1).>> According to this model competence encompasses basic facts
(‘knows’), applied knowledge (‘knows how’), behavioural rather than cogni-
tive performance (‘shows how’) and actual performance (‘does’). Thus
competence embraces knowledge, cognitive and clinical skills and cannot be
assessed by any one test of performance. Performance-based testing aimed at
assessing ‘does’ and ‘shows how’ using standardized patients, simulated
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‘Does’ Performance assessed in vivo
Undercover simulated patients; video logs

‘Shows how’ Performance assessed in vitro
OSCEs; simulated patient-based tests

‘Knows how’ Clinical context-based tests
MCQs; essays; orals

‘Knows’ Factual tests
MCQs; essays; orals

OSCE - Objective Structured Clinical Examination
MCQ - Multiple Choice Question

Figure 1 Pyramid of competence.5®

patients and Objective Structured Clinical Examinations (OSCEs) is prefer-
able to old style testing assessing ‘knows’ using Multiple Choice Questions
(MCQs) in evaluating clinical performance.’® The combination of at least
three different forms of assessment and their collation (‘triangulation’)
provides a much more reliable index of performance. Furthermore bench-
marks for defining competence and thresholds for attaining competence must
be clearly delineated.’* Unfortunately criterion-referenced standard-setting
procedures are time consuming and simpler less transparent methods may
find wider acceptance.’” In the context of assessing competence the evalua-
tion of trainees’ progress falls into two categories:

¢ In-training examinations
¢ In-training assessment

In-training examinations: Despite much concern examinations can be con-
sidered to have a variety of useful functions.? These include:

* Licensing function
¢ Graduating function
e Ranking function
* Motivating function
¢ Integrative function

¢ Informing function
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The graduating function is a surrogate for the licensing function, which in
turn ensures a minimal level of competence (summative assessment), whereas
the informing function (formative assessment) provides feedback.

One of the most widely used tools for measuring factual knowledge is the
MCQ format. Advantages of the MCQ format include: high reliability and
feasibility, tests much knowledge in a short time, quick and accurate marking
and low cost. Whereas disadvantages include: low face validity especially
if used as the sole assessment, test factual recall not judgement, difficult to set
with potential for confusion/ambiguity and encourages guessing. Different
formats and marking schemes have been devised for MCQs but pass stand-
ards should be determined using criterion-based rather than norm-based
referencing. It has been suggested that negative marking, a technique almost
entirely confined to medical and dental examinations in the UK, should be
rejected because it discriminates between students on the basis of their risk-
taking behaviour®® although not everyone agrees with this premise.

Oral (viva voce) examinations are a component of many certification
processes, but despite their popularity they lack reliability and validity and
do not correlate well with other measures of performance. The development
of techniques for modification of the oral examination may address some of
the concerns regarding reliability and validity. Much greater structure can be
achieved in the clinical case oral examination using formats such as Chart-
Simulated Recall*® and Structured Question Grid®® but neither format seems
to be a substantially better than the traditional clinical case oral examination
format. A structured oral examination format using standardized questions,
global rating scales and anchored performance criteria has been found to
perform more favourably than traditional formats in both surgical®! and
anaesthetic®® oral examinations.

The American Board of Anesthesiology and American Society of Anesthesi-
ologists jointly have developed an annual in-training MCQ examination that
has a formative role. The examination is similar to the former’s MCQ which
is the first step towards Board Certification (i.e. summative role).®® The Euro-
pean Academy of Anaesthetists also conducts an in-training examination to
provide feedback to trainees and programme directors. The examination is
based on the Academy’s Part I MCQ examination.’? In the UK and in Ireland
there is no formative in-training examination but the respective fellowship
exams are in effect mid-training exams. In contrast the Diploma examination
of the European Academy and the fellowship examination of the Australian
and New Zealand College of Anaesthetists are end-training examinations.
Indeed the Australasian examination is a required pre-requisite for progress
to the final year of the residency programme.33
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While the American Board of Anesthesiology’s Diploma examination for
graduating residents in the US and the Royal College of Anesthetists Fellow-
ship examination in the UK are clear examples of milestones in the evalua-
tion process, such benchmarks cannot tell the whole story. Written and oral
assessments of knowledge and clinical practice in the examination setting are
important but will always be criticized as not truly evaluating performance
in a ‘real-world’ setting. Increasingly more sophisticated methods such as the
use of real patient or simulated patient interactions and objective structured
clinical examinations are being employed to assess clinical performance.>*
Nevertheless, the Accreditation Council for Graduate Medical Education is
beginning to recognize the value of more meaningful real-world assessment
processes. In their 10-year Outcomes Project, initiated in 2000, the ACGME
aims to radically change the way trainees are evaluated in every specialty
using a much more goal-oriented approach to learning and evaluation.**
Finally it is interesting to report that the Nordic Federation for Medical
Education has expressed the view that specialist training in Europe should
follow a comprehensive formative evaluation process rather than an Ameri-
can style Board examination system.®*

In-training assessment: It is a key component of residency training
programmes in North America, Europe and Australia. At the present time in
the US, all residents in anaesthesia are formally evaluated at least every
6 months. The methods by which programmes do this are extremely varied but
usually it involves faculty within the department submitting written reports
on residents progress during the preceding 6 months.®*¢ Many programmes
now conduct these evaluations ‘on-line’ using the Internet or a departmental
intranet. Some programmes have developed a points system to grade the
trainees on what they consider key characteristics, usually refinements of the
original elements of clinical competence defined by the American Board of
Anesthesiology.®? These include:

e Essential attributes such as ethical and moral behaviour, honesty and
integrity

* Acquired professional skills, such as communication, adaptability and an
advocacy for quality care

* Knowledge acquisition
® Judgement

¢ Clinical skills.

Some departments have even introduced weighting systems to refine the
process further. Thus in a survey of over 100 programmes, it was found that
judgement was rated somewhat higher than knowledge, although both were
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considered important attributes. The scores related to judgement were there-
fore weighted slightly higher than knowledge in the final evaluation
analysis.®® Finally residents are required by the Accreditation Council for
Graduate Medical Education to make an anonymous, confidential, evalua-
tion of faculty and the programme as a whole, at least once a year. In some
departments residents numerically grade the faculty in key areas and then
aggregate scores are used to either reward or chastise those that deviate from
an accepted norm!

Anaesthesia simulators

Simulation and role-play form one of the most important techniques in the
area of experiential learning and currently the use of sophisticated anaes-
thesia simulators is undergoing extensive evaluation. Gredler has proposed
two major classes of simulation: tactical-decision simulations and social-
process simulations.®” In tactical-decision simulations the emphasis is on the
collection and interpretation of data and the development of a strategy to
achieve a specific goal. In social-process simulations the emphasis is on the
study of human interactions and communication. Medical simulators are
mainly of the tactical-decision type and can be further sub-divided into
comprehensive ‘realistic’ simulators, small-scale computer-based trainers and
manikins.> Manikins have an established place in teaching and assessing
manual skills such as Basic Life Support whilst interactive computer simula-
tion allow clinical problems to be attempted in an interactive environment.’
In comprehensive simulator design a number of key issues need to be
addressed in order to assess complex cognitive and interpersonal skills.®®
Thus the evaluation techniques must:

e Define what constitutes the skill and specify the criteria against which
performance can be assessed

* Develop evaluation procedures that permit accurate and reliable
observations of these activities

e Standardize the content and format of the evaluation procedures

e Establish standards for identifying individuals who do not achieve
acceptable levels of proficiency

An assessment of the validity (the degree to which the test truly measures
what it is intended to measure), the reliability (measure of consistency and
precision) and the feasibility (basically cost) of the evaluation procedures are
also important. Simulated patients (actors programmed to portray the roles
of patients) have also been shown to satisfy the requirements for validity,
fairness and reliability.” Not everybody is convinced that it is possible to
separate out and assess separately different skills from the content of the
problem.”°
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Setting up a simulator is an expensive proposition but they are being used
with increasing frequency and, in some US programmes, they have become a
mandatory component of the training of residents and have also been val-
idated as an assessment tool in medical student evaluation.”! Simulators have
numerous advantages. Residents can work through repeatedly a variety of
potentially life-threatening clinical scenarios without compromising patient
safety. There are even a few departments that use the simulator as part of the
resident selection process at the time of medical student interview!

Board certified anaesthesiologists

The perception of specialty board certification as a standard of excellence
would appear to be valid as an association between board certification status
and positive clinical outcome has been demonstrated.”> However, continuous
professional development, the process of life-long systematic learning, is
necessary for the maintenance of competence of all practitioners.’! An appre-
ciation is needed of what, how and why clinicians learn and change; how
better programmes of education can be designed; and ways in which organ-
izations can provide such education.” Two different systems to ensure that
anaesthesiologists maintain their clinical competence have been devised in
North America although both require participation in continuing medical
education activities in order to accrue points.”* In contrast to the Canadian
system (Maintenance of Competence Program; MOCOMP)”® the American
approach to recertification (Continued Demonstration of Qualifications;
CDQ)”® includes a written examination. Schemes similar to the Canadian
scheme are being introduced in Australia (Maintenance of Standards;
MOS)”7 and in the UK.

Recertification

The member boards of the American Board of Medical Specialties including
the American Board of Anesthesiology have set up a recertification procedure
to encourage doctors to continue learning and keep up to date.®® Prompted
by initiatives at the federal, state and local levels, the American Board of
Anesthesiology announced in 1989 its intention to introduce a system for
voluntary recertification of its diplomats and in 1995 introduced the concept
of time-limited certification. All diplomates who were certified on or after
January 1st, 2000, would be required to re-certify 10 years after their ori-
ginal certification date. Those diplomates who received certification prior to
this date would be encouraged to volunteer for recertification, but it would
not be mandatory. The recertification process involves the candidate being a
practicing anaesthesiologist with a permanent, unrestricted medical license,
documentation from their facility chief of staff (or equivalent), which attests
that their clinical performance is commensurate with acceptable standards of
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practice and the accrual of sufficient credit hours of Continuing Medical
Education. Candidates are then eligible to take a written MCQ examination
that assesses basic and sub-specialty knowledge, but it is not necessary to
answer all questions to achieve a passing grade. In contrast the Maintenance
of Competence Program, which is designed to be more flexible and non-
coercive is based on self directed education, peer evaluation and scholarly
contribution but does not include any summative assessment.

In the UK anaesthesiologists have up to now been required to attend recog-
nized courses of Continuing Medical Education (now Continuing Education
and Professional Development (CEPD)) for a minimum number of hours
(50 per year) but recently a more stringent, revalidation process with a 5 year
cycle has been proposed.”®”® This requires not only attendance at Continuing
Education and Professional Development approved courses (annual target of
50 CEPD points) but also peer and patient evaluation together with the
keeping of a log-book.

Conclusion

Over the last few years there has been a significant change in the role and
image of the anaesthesiologist. We are being increasingly respected as periop-
erative physicians and as leaders in operating room and hospital management.
It only seems appropriate that this role should extend increasingly into the
realm of education. For the medical student there is much to be gained from
spending time with anaesthesiologists, either by reinforcing basic principles of
physiology and pharmacology in the real-time operating room setting or by
introducing important practical techniques such as line placement and airway
support. For trainees new to our profession we need to make a commitment
to afford them the highest quality educational experience and to mentor and
evaluate them in a logical and meaningful manner. We have a responsibility to
fuel the renaissance in our specialty from the ground up by producing impec-
cable role models today for the anaesthesiologists of tomorrow.
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CHAPTER

E. Rowland H. Binns 1 :

Resuscitation

Introduction

Resuscitation from cardiopulmonary arrest is one of the most cost-effective
interventions in medicine. Unfortunately, survival after cardiac arrest
remains poor despite several decades of research in advanced cardiac life
support. Research itself is a highly sensitive issue in a group of patients in this
situation. The ethical dilemmas of lack of informed consent, and possible
withdrawal of accepted treatments in randomized trials designed to investi-
gate new interventions are paramount. Mammalian models, primarily canine
and porcine, provide one avenue for prior exploration, but definitive trial
evidence in human beings requires meticulous planning, to prevent mere
inclusion in a trial compromising the clinical outcome. In cardiopulmonary
resuscitation, time is the crucial denominator of success, and delay created by
randomization or choice of therapy is clearly unacceptable.

Despite these constraints there have been a number of significant advances in
resuscitation in the last decade. There has been a change in emphasis on
where, who by and with what resuscitation takes place. In recognition that
the majority of arrests take place outside hospital, and that ventricular fibril-
lation remains the commonest rhythm at the time of arrest, resuscitation by
first responders and bystanders has become the target in both the USA and
Europe. Defibrillators have evolved to accommodate this ethos. Automatic
External Defibrillators (AED) are capable of analyzing the surface electro-
cardiogram reliably and will discharge semi-automatically for an appropriate
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recognized rhythm so that they can be used by minimally trained individuals.
Biphasic, and perhaps triphasic defibrillation waveforms are superceding
the traditional monophasic waveforms, with equivalent or greater efficacy at
lower energies. Pharmacological therapy built into most advanced life support
protocols are being tested against alternatives for vasopressor and antidys-
rhythmic action. There is also a growing recognition that a return of spontan-
eous circulation (ROSC) is not the end of resuscitation, and that many
interventions during and immediately after initial advanced life support have
the potential to improve long-term survival and neurological outcome.

Defibrillation

Of all interventions designed to improve survival from cardiac arrest, defib-
rillation from pulseless ventricular dysrhythmia is the most efficacious. Issues
of when, how, with what waveform and energy the heart is defibrillated are
the focus of many new developments in cardiopulmonary resuscitation.

Biphasic Defibrillators

Since 1962 when Lown et al.! showed that the human heart could be safely
defibrillated with a transthoracic countershock, the majority of defibrillators
have employed monophasic waveforms. Although experiments with biphasic
waveforms were conducted in these early days, for the last 40 years the
monophasic shock has been universal in clinical practice. Monophasic defib-
rillators remain standard in the vast majority of UK hospitals and ambulances.
A monophasic waveform consists of current in the positive direction only. This
current either decays exponentially to give the monophasic truncated wave-
form; or takes the form of a damped sine wave (fig. 1a). These different forms
of monophasic waveform have similar efficacy. In biphasic waveforms the
current polarity is reversed midway through the discharge to give both positive
and negative current. Again this takes two forms, the truncated exponential
decay (BTE) (fig. 1b) and one where the decay is attenuated to give a recti-
linear biphasic waveform (BRL) (fig. 1c).

Animal studies

Biphasic defibrillation has been studied since the early 1980s*® and used

increasingly since then because of the need to provide effective shocks with
low energy. Implantable cardiovertor defibrillators require low energy, high
efficacy waveforms to reduce generator size and increase longevity. Biphasic
waveforms were shown first in animal models to have superior defibrillating
properties.*> Tang et al. used a pig model of ventricular fibrillation of 4 and
7 min duration to compare the efficacy and safety of biphasic (three 150-]
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Figure 1 Defibrillator waveforms a) damped sine wave monophasic, b) truncated
exponential biphasic, c) rectilinear biphasic, and d) triphasic.

shocks) and monophasic (200-, 300-, 360-shocks) waveforms.® Biphasic
shocks were associated with a higher rate of successful defibrillation, and
significantly less impairment of myocardial function. Other workers have
examined the relative effectiveness in terminating prolonged ventricular
fibrillation of 10 min duration in dogs,” and of 5 min duration in pigs.® Both
defibrillation threshold and resuscitation times were significantly lower in
the biphasic groups.

Electrophysiology studies in human beings

As implantation of automatic internal cardiac defibrillators has increased,
so studies performed in the electrophysiology laboratory during their testing
have increased our knowledge of biphasic defibrillation in man.®'?
Randomized trials demonstrate equivalent or greater efficacy of biphasic
over monophasic waveforms at the same or lower energy requirements both
for internal and external defibrillation.!'-!3

In 1998, the American Heart Association reviewed the evidence for a state-
ment on the use of biphasic defibrillation applied to advanced life support.'
At this time there were only three reports of the use of biphasic defibrillation
in out-of-hospital cardiac arrest and only one comparative study which was
not randomized.!> While they gave a class Ila recommendation (‘acceptable
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and useful, fair-to-good evidence provides support’) for biphasic defibrilla-
tors, they emphasized that this did not imply a higher recommendation than
that for traditional monophasic devices. Despite this, biphasic automatic
external defibrillators have replaced earlier models for emergency team use
in the USA.

Further experimental work randomizing therapy between biphasic and
monophasic waveforms in implantable cardioverter defibrillator patients
supports this change.'® Observational studies in populations where biphasic
automatic external defibrillators are now standard for out-of-hospital arrest
report higher efficacy in termination of ventricular fibrillation than from
monophasic defibrillators and comparable patient outcomes.!”>!8

Randomized clinical trials

Finally, a randomized trial in the clinical setting of out-of-hospital ventricular
fibrillation cardiac arrest has compared fixed 150-] biphasic shocks to accel-
erating 200-360 monophasic shocks."”” Automatic external defibrillators
were randomly preset to one or other waveform on a daily basis in four
emergency medical services systems. Of 338 patients with cardiac arrest, 115
had a cardiac aetiology, presented with ventricular fibrillation and received
at least one shock from an automated external defibrillator. Biphasic wave-
forms were more effective at terminating ventricular fibrillation (100% vs
84%, P = 0.003) and achieving return of spontaneous circulation (76% vs
54%, P = 0.01). There was a non-significant trend towards increased
survival to hospital admission, and no difference in survival to discharge.
Despite this, those defibrillated using the biphasic technology were more
likely to have good cerebral function.

The rapidly accumulating data in favour of biphasic waveforms over
monophasic waveform justify replacement of both in- and out-of-hospital
defibrillators. Research into the potential merits of triphasic waveforms
(fig. 1 d) is under way.?*

Myocardial Dysfunction and Defibrillation

Defibrillation is not a benign therapy. The recognition of myocardial
dysfunction after resuscitation from ventricular fibrillation has prompted
research into whether this is caused by the ischaemia or treatment given to
reverse the dysrhythmia. Early death following initial return of spontaneous
circulation can be largely attributed to heart failure and/or recurrent ventricu-
lar fibrillation. This post-resuscitation myocardial dysfunction was initially
observed in controlled studies in both pigs and rats.?!??
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Whether the number of shocks applied, the energy level used, or the cumu-
lative energy given is most strongly related to myocardial damage is also
important clinically. Xie et al. performed a series of experiments on rats to
investigate this.>®> Animals received precordial compression and manual
ventilation of the lungs after 4min of ventricular fibrillation and after a
further 6 min were defibrillated with a single shock at either 2], 10], or 20].
Myocardial function, expressed as dP/dt at 40 mmHg arterial pressure, was
decreased, and left ventricular diastolic pressure was increased in close rela-
tion to the energy level. Survival was also prolonged by lower defibrillation
energies with means of 5, 15 and >24h for 20, 10, 2] shocks respectively. In
the same Sprague-Dawley model, Gazmuri ef al. showed that repetitive
shocks, if low energy, do not accentuate systolic dysfunction but impair dia-
stolic function by left ventricular dilatation.?*?*

Animal studies comparing myocardial function after monophasic waveform
shocks with lower energy biphasic shocks are consistent with observations in
human beings during implantation of implantable cardioverter defibrilla-
tors.?® Reddy found significantly more ST elevation after a 200-] monophasic
defibrillation than a 115- or 130-] biphasic waveform.?”

Defibrillation at the lowest energy sufficient to terminate ventricular fibrilla-
tion should be the objective in order to reduce post-resuscitation mortality.
Early work on triphasic currents suggests that 80% tilt waveforms may have
lower defibrillation thresholds than biphasic ones,2%?® but further work is
needed before these waveforms are used routinely in human beings.

Analysis of Ventricular Fibrillation Waveform

The chances of successful defibrillation from ventricular fibrillation decrease
by 10% each minute from the onset.?’ As the vast majority of arrests occur
outside hospital, the time needed to bring a device to the patient is likely to
be at least 5 min, but more commonly 10 min or more. Ventricular fibrilla-
tion matures from coarse to fine over time, and this can help predict the like-
lihood of success at defibrillation. Increasing evidence suggests that in
ventricular fibrillation of longer duration, perhaps as short as 4 min, the like-
lihood of defibrillation to a pulse-generating rhythm is increased if perfusion
with chest compressions precedes the initial shock. Hence an analysis of
ventricular fibrillation from the surface electrocardiogram which correlates
with duration and likely outcome of defibrillation would enable emergency
teams to differentiate which patients should be shocked immediately and
which receive cardiopulmonary resuscitation for a few minutes first. One
such form of analysis is the ‘scaling exponent’ which is an estimate of the
fractal self-similarity dimension of the ventricular fibrillation waveform,
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Figure 2 Scaling exponent with early and late ventricular fibrillation (Modified from Angelos
MG et al.,*® with permission).

based on the recognition that ventricular fibrillation is chaos?®3' (fig. 2). The
scaling exponent rises gradually from onset of ventricular fibrillation (1.18
*+ 0.03) through the first Smin (1.29 * 0.06) to a plateau at 12-14 min
(1.75 = 1.89), and is independent of variables which affect amplitude
including body habitus, electrode type and placement, etc. It has been shown
to predict defibrillation success for out-of-hospital ventricular fibrillation
arrest in man.3? Future automatic external defibrillators may have the ability
to read and interpret the scaling exponent and direct resuscitation attempts
accordingly.

Perfusion Prior to Defibrillation

Although defibrillation is often capable of terminating ventricular fibrillation
of even prolonged duration, it frequently does so by conversion to pulseless
electrical activity or asystole. It is for this reason that return of spontaneous
circulation and survival to arrival and discharge from hospital are the only
important endpoints for any new resuscitation intervention. In one series of
1497 patients who received at least one of the first three stacked shocks as
part of their resuscitation attempt ventricular fibrillation was terminated in
76%, but in 76 % of these converted to a pulseless rhythm.3* The likelihood
of defibrillating to a pulse-generating rhythm declines with duration
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of ventricular fibrillation, and this is thought to result from prolonged
myocardial ischaemia due to unperfused coronary arteries. A study in dogs
compared immediate defibrillation with defibrillation after epinephrine and
90's of cardiopulmonary resuscitation for 7.5 min of ventricular fibrillation.34
Immediate defibrillation gave return of spontaneous circulation in 21% of
animals against 64 % in the pretreated group, with demonstrable increase in
coronary perfusion. In swine with 8 min of ventricular fibrillation, immediate
defibrillation was compared against 2 min of cardiopulmonary resuscitation
and a cocktail of drugs before the first shock. This pre-perfused group
resulted in a higher degree of return of spontaneous circulation (77% vs
22%) and 1h survival (44% vs 0%).>° Further work in pigs using both
biphasic and damped sinusoidal monophasic waveforms showed greater
termination of ventricular fibrillation with 6 min of prior cardiopulmonary
resuscitation. 46% of pre-treated animals converted to a pulse-generating
rhythm, while none of those shocked immediately did.

Recently work further demonstrates the importance of prior cardiopul-
monary resuscitation treatment by actually re-inducing ventricular fibrilla-
tion after defibrillation to pulseless rhythms and then defibrillating again
after cardiopulmonary resuscitation.?” Fifteen dogs were randomized into
three groups after 12 min of untreated ventricular fibrillation. Group 1 was
defibrillated immediately, Group 2 received 4 min of advanced cardiac life
support and then defibrillated, Group 3 was defibrillated at 12 min, electric-
ally re-fibrillated and then given 4min of advanced cardiac life support
before repeat defibrillation. All animals in Groups 1 and 3 were converted to
pulseless electrical activity or asystole at first defibrillation. After 4 min of
advanced cardiac life support all Group 2 and 3 animals were converted to
sinus rhythm. Although Group 1 had 4min less ventricular fibrillation,
Groups 2 and 3 paradoxically had shorter resuscitation times (251 and 245
vs 459s) and improved 1h survival (10 of 10 vs 1 of 5).

Cobb et al. introduced a 90s cardiopulmonary resuscitation algorithm into
the standard automatic external defibrillator protocol for a population-based
study of human ventricular fibrillation arrest. They compared the survival
and neurological status of patients receiving this treatment to historical
controls in the same emergency services catchment area.’® Survival was
improved from 24-30% (P = 0.04), with the majority of the benefit seen in
patients for whom the initial response time was greater than 4 min (17-27%,
P = 0.01). The proportion who survived with favourable neurological
outcome also increased (17-23%, P = 0.01).

The cut-off for duration of ventricular fibrillation after which perfusion
therapy prior to defibrillation is beneficial is not clearly defined, but believed
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to be around 5min.?* This would then apply to the majority of out-of-
hospital cardiac arrests that do not receive bystander cardiopulmonary resus-
citation.

Automated External Defibrillators

The majority of cardiac arrests occur in the community and defibrillation of
ventricular fibrillation remains the most efficacious intervention for
improving survival.*’ It is exquisitely time-sensitive, hence the need to
improve speed of access to life-saving defibrillating equipment. The auto-
mated external defibrillator has been developed to provide public access to a
device that accomplishes much of the decision-making in whether a shock is
appropriate, and can therefore be operated by minimally or even untrained
personnel. Following spoken commands and diagrams, electrocardiogram
electrodes are fitted to the chest wall of the victim and the automated
external defibrillator interprets the electrocardiogram and instructs the
operator to discharge a shock if applicable. These devices are now standard
for many paramedical services, and available in selected public places.
Specific settings in which their viability and safety have been tested are on
airplanes*’*? and in casinos.*
Automated external defibrillators need to have as high a sensitivity and speci-
ficity for shockable rhythms as possible.**** Failure to achieve high speci-
ficity will result in pulseless electrical activity and asystole being treated
inappropriately with the resultant myocardial damage as well as delay in
more effective treatment. A low sensitivity would prevent patients from
getting their best chance of survival. A recent retrospective analysis examined
these variables by analysis of automated external defibrillator readings from
cardiac arrest over a 3 year period.*® Data was examined by both paramedics
and physicians and each case individually and independently reviewed.
A total of 3,448 automated external defibrillator rhythms were studied, with
the primary objective the correct identification and defibrillation of ventricu-
lar fibrillation or ventricular tachycardia. Sensitivity and specificity for
appropriate management of a shockable rhythm were 81 and 99.9% respect-
ively. Positive and negative predictive values were 99.6 and 95.5%. Of the
132 errors found, 42% were automated external defibrillator dependent, the
others due to operator factors.

To justify their placement in public places, and access to the lay first
responder, automated external defibrillators have to be straightforward and
safe to use. Gundry et al. undertook a study comparing the response of naive
sixth-grade children to trained paramedic teams to a mock cardiac arrest
scenario.*” The endpoint was time to successful delivery of a shock from an
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automated external defibrillator for simulated ventricular fibrillation. Perform-
ances were also videotaped to ensure safety of use including complying
with automated external defibrillator prompts to remain clear of the
mannequin. Mean time to defibrillation was 90 * 14s for the children and
67 * seconds for the paramedics. Although this difference is highly signifi-
cant statistically (P = 0.0001), the real-time increase of 23 s is so small that
the possibility of a successful resuscitation attempt by the children remains
comparable to that of the trained personnel.

Automated external defibrillators have been shown in numerous observa-
tional studies to improve return of spontaneous circulation and survival.*%*
In the setting of existing emergency services®’!
responders including police’>% there is further evidence of their efficacy, with
some randomized data. Their increasing availability in the public domain for
operation by lay first responders requires changes in the law limiting liability
for bystander resuscitators.>* In the United Kingdom the Defibrillatory Advis-

ory Committee has been set up early in 2002 to implement deployment of
55

and using non-medical first

automated external defibrillators.

One outstanding issue with automated external defibrillators is what the
delay time should be from a delivered shock to re-analysis that may direct a
further shock. Most devices are programmed for immediate rhythm analysis,
yet commonly there is a short period of electrical silence or poorly organized
activity before the re-initiation of ventricular fibrillation or before sinus
rhythm supervenes. Blouin et al. examined data from automated external
defibrillators over an 18 month period in all patients who received at least
one shock from an automated external defibrillator and in whom ventricular
fibrillation/ventricular tachycardia recurred.’® Twenty percent of all recur-
rences were within the first 6, 73% by 60s and 90% by 200s. Automated
external defibrillators need to have the capacity for repeated re-analysis, and
be programmed to advise their operators on contemporaneous measures
such as chest compressions.

Drugs in Resuscitation

The advanced cardiac life support drugs include epinephrine, atropine, bicar-
bonate, calcium and arguably lidocaine, amiodarone, procainamide and
bretylium. The benefit of each of these is uncertain, in fact a prospective
study of the use of these drugs during in-hospital arrest demonstrated signifi-
cantly decreased survival from primary cardiac arrest for all of them
(P < 0.001) except lidocaine (P = 0.01) and amiodarone which was not
used.’” Obviously, the greatest chance of a desirable outcome from cardiac
arrest exists when the rhythm is ventricular fibrillation or tachycardia and
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defibrillation is immediately performed. These patients may achieve return of
spontaneous circulation before any drugs are administered and this will
greatly bias the findings of this study. As cardiac arrest becomes prolonged, the
possibility of a favourable result declines and the potential for varied rhythms,
aetiological diagnoses and acidosis will lead to more pharmacological input.
This trial therefore, serves merely to highlight the need for randomized trials
for individual drugs in the Advanced Life Support (ALS) armamentarium.

Vasopressors
Epinephrine

The role of epinephrine in resuscitation arises from two actions: peripheral
vasoconstriction and myocardial inotropy. The former action focuses the
limited cardiac output available from chest compressions into the organs of
high oxygen dependency, the brain and heart. The second B-agonist mediated
action makes sense for a few causes of cardiac arrest, but in most cases
results in an even higher demand for work from an already ischaemic
myocardium. Even in cardiac arrest of non-cardiac cause, myocardial tissue
highly sensitive to reductions in coronary flow will be ischaemic post arrest.
Any advantage in myocardial oxygen delivery may be offset by an increase
in myocardial oxygen demand. These concerns lead to two questions: should
we use high-dose epinephrine as an adjunct in resuscitation attempts unre-
sponsive to the first few cycles of treatment? And is epinephrine the vaso-
pressor of choice or would another vasopressor be preferable?

High-dose epinephrine

Until the most recent resuscitation guidelines, patients not responding to the
first three cycles of CPR +/— defibrillation might receive high-dose epineph-
rine. Early experimental work on animals and uncontrolled human studies
encouraged this practice, and in a swine model it was shown that the balance
between myocardial oxygen supply and demand was improved.’® High-dose
epinephrine has been shown to improve arterial diastolic pressure,®
ary perfusion pressure®® success rates of resuscitation®-®> and neurological
outcome. These results motivated two randomized trials presented in the
same issue of the New England Journal of Medicine in 1992. Brown et al.%
enrolled all patients with primary cardiac arrest excepting those felt to be
secondary to overdose. They were randomized to receive either epinephrine
0.02mgkg™" or epinephrine 0.2 mgkg ™" as their first vasopressor medication,
equivalent to 1.4mg vs 14mg for a 70kg man. Comprehensive outcome
measures of return of spontaneous circulation, survival to hospital admission
and discharge, and neurological outcome showed only a small, insignificant
trend to improvement in the high-dose group. Stiell et al.** used higher doses

coron-
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still of epinephrine. Victims of cardiac arrest both in- and out-of-hospital were
randomized to receive up to five doses of epinephrine either 7mg or 1 mg at
5 min intervals according to existing protocols. Again, no significant difference
was found between the high-dose group (n = 317) and the standard-dose
group (n = 333) in patients surviving for 1h (18% vs 23%), or surviving to
hospital discharge (3% vs 5%). Among survivors, there was no significant
difference in the proportion recovering the best category of cerebral perform-
ance (90% vs 94%). Subgroup analysis, including out-of-hospital and
in-hospital cohorts, failed to identify any groups who appeared to benefit from
high-dose epinephrine, and suggested that some may have worse outcomes.
These two studies have largely discredited the use of high-dose epinephrine in
cardiac arrest, although as an inotrope and vasopressor in peri-arrest and
hypotensive crises it still has a role. A retrospective cohort study shows that
the total cumulative dose of epinephrine clearly predicts unfavourable neuro-
logical outcome after cardiac arrest with ventricular fibrillation.®®

Alternative Vasopressors

Epinephrine has been the vasopressor of choice for over 40 years of
cardiopulmonary resuscitation. Its B- and oy-adrenergic effects increase
myocardial oxygen consumption, magnify global myocardial ischaemia and
increase the severity of post-resuscitation myocardial dysfunction. Recent
work searching for an alternative has concentrated on vasopressin (human
anti-diuretic hormone), and a,-adrenergic agonist agents.

ap-agonists

Early work in the 1960s used asphyxia-induced ventricular fibrillation in the
dog model of cardiac arrest. Redding and Pearson studied the effects of
epinephrine versus a selective a-agonist methoxamine and found greater
success with the latter.®>®” More recently Roberts et al. examined each drug’s
effect on myocardial and cerebral blood flow during cardiopulmonary resus-
citation in dogs.®® Both were higher after methoxamine and were associated
with significantly greater post-resuscitation cardiac output and survival.

In animals Sun et al.®® compared the effect of a-methylnorepinephrine
(aMNE), a selective a,-agonist, with epinephrine and placebo in Sprague-
Dawley rats. The animals were subjected to 8 min of untreated ventricular
fibrillation before ventilation and chest compressions commenced. The study
drugs were administered 2 min later, and at 4 min all animals were success-
fully defibrillated. There was no difference in resuscitation rates or coronary
perfusion pressure between animals receiving aMNE and epinephrine.
However, left ventricular diastolic pressure, cardiac index and dP/dt,, were all
improved by the new drug and post-resuscitation survival was significantly
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Table 1 Resuscitability and survival from VF arrest of 4 and 8 min duration after four
drug regimes given during cardiac arrest

VF Resuscitability Survival, h J

4 min

Epinephrine 5/5 82+ 4 20+ 8
Phenylephrine 5/5 41 + 102b 3+ 1ab
Epi+esmolol 5/5 31 + 1123b 6 + 23b
Saline placebo 4/5 12 = 11 12+9

8 min

Epinephrine 5/5 6.6 = 4.9 26 =9
Phenylephrine 5/5 38 = 143k 5+ 3ab
Epi+esmolol 5/5 30 + 102P 9+ 52
Saline placebo 3/5 25=*1 16 = 10

VF, ventricular fibrillation; epi, epinephrine.
3P < 0.01 vs epi; °P < 0.01 vs saline.

Modified from Tang W et al.,”® with permission.

greater (all aMNE animals survived >72h, epinephrine mean of 19h,
placebo mean of 16h). Pre-treatment with an adrenoreceptor blocking
drug-, yohimbine, abolished the effect. They conclude that aMNE is as effec-
tive for initial cardiac resuscitation and associated with markedly improved
myocardial function and survival.

A further elegant study on Sprague-Dawley rats analyzed the mechanisms of
post-resuscitation myocardial dysfunction seen with epinephrine.”® Tang et al.
used four different drug regimes in 40 animals after either 4 or 8 min
untreated ventricular fibrillation. Ventilation and precordial compression
was initiated at the time of drug administration and defibrillation was
attempted 4 min later. Myocardial function, expressed as dP/dt4y, coronary
perfusion pressure, number of shocks needed to terminate ventricular fibril-
lation and survival were the outcomes. The four drug regime were epineph-
rine, epinephrine with B;-adrenoreceptor blocker, a selective a-agonist
phenylephrine, and saline placebo. The results are shown in table 1 and
figure 3. Myocardial dysfunction and total energy required to defibrillate
was significantly higher in the epinephrine alone group, and effect this was
partially abolished by the addition of esmolol. Duration of survival was
decreased in line with this. The longest survival and lowest degree of myocar-
dial dysfunction was seen with phenylephrine. There have been no recent
comparisons of a-agonists and epinephrine in man.

Vasopressin

Vasopressin is known to improve cerebral blood flow during cardiopul-
monary resuscitation’! but whether this is beneficial to neurological recovery
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Figure 3 Effects on recovery of myocardial function after resuscitation (expressed as
dP/dt,) of four drug regimes given during cardiac arrest. VF = ventricular fibrillation;

PC = pre-cordial compression; Px = time of drug administration; DF = defibrillation;

PH = phenylephrine; E = epinephrine and esmolol; SAL = saline; EPI = epinephrine alone
(Modified from Tang W et al.,”® with permission).

is uncertain. It has also been shown to increase coronary perfusion during
human cardiopulmonary resuscitation’> and to achieve survival in patients

with cardiac arrest refractory to epinephrine.”

Wenzel et al. performed a study in the porcine model.”* After 4 min of cardiac
arrest and 3 min of cardiopulmonary resuscitation they randomly assigned
animals to accelerating doses of vasopressin (0.4, 0.4, 0.8 units/kg), epineph-
rine (45, 45, 200mgkg™! pg/kg) or placebo at 5 min intervals. As a marker
of cerebral perfusion aortic diastolic pressure was recorded. This was signifi-
cantly higher in the active drug versus placebo groups, and in vasopressin
over epinephrine. After 22 min of arrest (with CPR from 4 min) defibrillation
was attempted. All the pigs receiving epinephrine or placebo died, all on
vasopressin survived (P < 0.05). Neurological examination at 24 h showed
only an unsteady gait in these survivors. Magnetic resonance imaging of the
brain showed no cerebral pathology at 96 h.

The first trial comparing vasopressin to epinephrine in man recruited
40 patients who had not responded to three countershocks in the pre-
hospital setting.”> The group that received vasopressin had 50% more
admitted to hospital, and a 66% increase in those alive at 24 h.
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Recently a larger randomized controlled trial in man has refuted the advan-
tage of vasopressin over epinephrine. Stiell et al. tested 40 units vasopressin
against 1 mg epinephrine as the initial vasopressor for in-hospital cardiac
arrest, using epinephrine for all subsequent vasopressor doses.”® No advan-
tage was shown in survival to 1h, to hospital discharge or neurological
outcome. The authors concluded that vasopressin is not a viable alternative
to epinephrine, perhaps a little surprising when there was no adverse change
in outcome, and only a single dose was given such that 88% of the patients
received some epinephrine. Further work substituting vasopressin for
epinephrine throughout the resuscitation attempt is needed, but this is now
greatly hampered in the USA by the withdrawal of the waiver of informed
consent for trials of this nature.

As yet therefore, there are no large-scale comparative trials of epinephrine
against alternative vasopressors in man. The animal and small human studies
above provide a compelling argument for work of this nature to be under-
taken. Given that over 60% of patients achieving return of spontaneous
circulation in out-of-hospital cardiac arrest do not survive to hospital
discharge, new pharmacology that reduces the cardiac and neurological
sequelae of cardiac arrest has great potential to improve mortality.

Antidysrhythmias

Except for the use of atropine for asystole, which itself has not been shown
to improve outcome, antidysrhythmic drugs are given in cardiac arrest for
ventricular fibrillation or pulseless ventricular tachycardia. Lidocaine has
long been employed in this regard for resistant and recurrent ventricular
dysrhythmia. This has arisen due to its proven Class 1A activity in pulse-
generating ventricular tachycardia, but it has never been shown to improve
outcome in cardiac arrest. Numerous other antidysrhythmics have come in
and out of favour in resuscitation. Bretylium, Mg?*, procainamide have all
been used, but there is increasing evidence that they do not alter outcome, in
part because of their prodysrhythmic action.

Lidocaine

Lidocaine, while effective at terminating ventricular tachycardia, has signifi-
cant negative inotropic effects on the myocardium which can be prolonged.
In animal models of myocardial ischaemia lidocaine may be prodys-
rhythmic.”” There is no randomized trial of lidocaine versus placebo in out-
of-hospital cardiac arrest. Herlitz ef al. performed a retrospective,
non-randomized analysis of all patients with ventricular fibrillation cardiac
arrest in Goteburg during a 12 year period.”® Of 1,212 cases, lidocaine was
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given in 405 (33%). Factors affecting its use included whether individual
staff present were authorized for its administration. Those who received lido-
caine for sustained ventricular fibrillation had significantly higher return of
spontaneous circulation and survival to hospital (38% vs 18%, P < 0.001),
but survival to discharge was no different. Even in the subgroup who
achieved a pulse-generating rhythm, survival to arrival at hospital (94% vs
84%, P < 0.05) but not discharge was improved.

Amiodarone

Amiodarone has proven efficacy in preventing recurrent ventricular and
atrial tachycardia.”” It is one of very few dysrhythmics not associated in
randomized controlled trials with an increased mortality.882 In reducing
mortality in survivors of sudden cardiac death and those with sustained
syncopal ventricular tachycardia, it falls short of the efficacy of the
implantable defibrillators,?*34 but is safer than placebo.®S Chronic amiodarone
administration increases the energy requirements for both biphasic® and
monophasic®” defibrillation of ventricular dysrhythmias, shown well in
patients with implantable defibrillators. This might suggest it would reduce
the potential for successful resuscitation from cardiac arrest, but the electro-
physiological and antidysrhythmic properties of the drug differ greatly
between chronic oral administration and acute intravenous use. Intravenous
amiodarone is widely used for frequent or incessant, destabilizing ventricular
dysrhythmias in the hospital setting,3%-°
lidocaine or procainamide.®3-%°

particularly when unresponsive to

Initial animal studies suggested that amiodarone might give additional
benefit in cardiac arrest.”! Encouraged by this, Kudenchuk et al.*? set up the
large multi-centre ARREST trial comparing amiodarone to placebo in out-
of-hospital cardiac arrest due to ventricular fibrillation. Patients received
either 300 mg of amiodarone or its diluent, polysorbate 80, as placebo. The
hypotensive effects of amiodarone are in part due to this solvent. Qualifying
criteria in 504 patients were continuing ventricular fibrillation or pulseless
ventricular tachycardia resistant to the first stack of three defibrillating
shocks, or recurrent after this. Average time to drug administration was
greater than 20min after multiple shocks, endotrachea intubation and
epinephrine had failed to restore a viable rhythm. This seminal paper showed
that recipients of amiodarone were more likely to survive to hospital admis-
sion (44% vs 34%, P = 0.03). It was underpowered to detect an advan-
tage in survival to hospital discharge, but there was not even a trend to
improvement (13.4% vs 13.2% for placebo). One argument against using
amiodarone routinely for refractory ventricular fibrillation/ventricular tachy-
cardia is that in this study costs are raised by higher admission rates to
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hospital without providing long-term benefit to patients.”® The prolonged delay
before amiodarone was given clearly raises the possibility of a Type II error,
where a real and sustained survival advantage of the drug, if given early, has
not been detected. ARREST is the first large randomized trial to show a benefit
of any antidysrhythmic drug against placebo in out-of-hospital cardiac arrest.

Amiodarone versus lidocaine

The amiodarone compared with lidocaine for shock-resistant ventricular
fibrillation (ALIVE) trial from Toronto was published in March 2002.°* This
randomized 347 patients with ventricular fibrillation out-of-hospital cardiac
arrest who either remained in the rhythm after three shocks, one dose of
epinephrine and a further shock, or had recurrent ventricular fibrillation.
Trial drugs were administered in a ‘double dummy’ fashion so that each
patient received either amiodarone and lidocaine placebo or amiodarone
placebo and lidocaine. Doses were Smgkg™" amiodarone and 1.5 mgkg™!
lidocaine. The primary study endpoint was survival to admission to intensive
care, with deaths recorded in the emergency department not considered
admitted. Survival was 22.8% in the amiodarone group, 12.0% in the lido-
caine group, P = 0.009. This absolute survival advantage of 10.8% equates
to a number needed to treat of 10. This remarkable result was consistent
across subgroups, and is despite an average time from dispatch of the emer-
gency services to arrival on the scene of 7 min, and to drug administration of
25 min. This study provides convincing evidence for the use of amiodarone
as first line antidysrhythmic medication in shock-refractory VF (fig. 4).

Magnesium

Magnesium dilates coronary arteries, suppresses automaticity and inhibits
calcium influx into myocytes, all actions that suggest magnesium supple-
mentation could be cardioprotective.” This is supported by an association of
low serum magnesium concentration with cardiac dysrhythmias, sudden
death and reduced survival after myocardial infarction.’® Two major studies
of magnesium supplementation after myocardial infarction have had
opposing conclusions. The LIMIT-2°7 study, with a remarkable sample size
of 2,300 from a single centre in the UK, found a 24% improvement in
mortality with magnesium sulphate given within 24 h of a myocardial infarc-
tion as bolus followed by infusion. The much larger ISIS-4°® study found a
non-significant trend to higher mortality. One proposed explanation for the
failure of ISIS-4 to prove a benefit is that the magnesium was given too late,
after thrombolysis, such that it was not present to protect from reperfusion
injury. Subgroup analysis of the ISIS patients does not yield any signifi-
cant benefit, either for those with early treatment, or for those without
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Figure 4 Effect of treatment with amiodarone or lidocaine on the rate of survival to

hospital admission of patients with refractory or recurrent VF cardiac arrest (ALIVE study).
VF denotes ventricular fibrillation. Return of spontaneous circulation refers to transient return
before the administration of the study drug (Modified from Dorian P et al.,% with permission).

thrombolysis. LIMIT-2 did not show a reduction in dysrhythmias. Despite this,
magnesium remains recommended for recurrent and refractory ventricular
tachycardia, particularly in the context of hypomagnesaemia.

As an adjunct to resuscitation from cardiac arrest Mg?* has been tested now
in both in- and out-of-hospital settings. The MAGIC trial randomized 156
patients with any rhythm cardiac arrest to receive 8 mmol Mg?* bolus plus
32mmol over 24h or placebo.”” Standard advanced life support protocols
were followed in tandem with the study drug. There was no significant differ-
ence between Mg?" and placebo groups in return of spontaneous circulation
(54% vs 60%, P = 0.44) or survival to hospital discharge (21% vs 21%,
P = 0.98). In the pre-hospital setting, Allegra et al.'”® studied 109 patients
with ventricular fibrillation refractory to the first three shocks. Epinephrine
and either 2 g of MgSO, or placebo were given from pre-filled syringes and
acute life support protocol continued. Again, no benefit could be shown for
return of spontaneous circulation (25.5% vs 18.5%, P = 0.38), survival to
hospital admission or to discharge (3.6% vs 3.7%, P = 1.0). A further
randomized double-blind placebo controlled study has been performed in
Leeds, UK.!°! One hundred and five patients with out-of-hospital cardiac
arrest and refractory ventricular fibrillation received 2-4g of MgSO, or
placebo. They found a non-significant trend to greater return of spontaneous
circulation at the scene or in the Accident and Emergency Department
(17% vs 13%), and to survival to hospital discharge (4% vs 2%), with an
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odds ratio for return of spontaneous circulation of 1.69 for patients treated
with magnesium.

Buffers

Sodium bicarbonate has been part of the arsenal of advance life support for
around 335 years, but in the last decade doubts about its efficacy and indeed
safety have greatly reduced its use. The 1992 American Heart Association
guidelines for cardiac arrest gave it Class I status for pre-existing hyper-
kalaemia, Class Ila status (likely to be beneficial) for pre-existing metabolic
acidosis or tricyclic overdose, Class IIb (no well-established evidence) after
prolonged cardiac arrest.!?? The latest edition of AHA/ESC Guidelines do not
clearly allocate sodium bicarbonate to any class, but discuss its use in various
cardiac arrest scenarios.!'®® This reflects the uncertainty and controversy
surrounding the use of buffers.!9%105

Severe blood acidaemia (pH < 7.1-7.2) suppresses myocardial contractility,
predisposes to ventricular dysrhythmias, causes venoconstriction, and
impairs oxygen delivery.!% It is not illogical therefore, to administer exogen-
ous buffer as an adjunct to resuscitation from cardiac arrest, in which a
combination of metabolic and lactate acidosis is usual. This assumes that
acidosis resulting from ischaemic injury is itself detrimental to successful
resuscitation. However, there is evidence that acidification of the cellular
milieu protects the myocardium from further ischaemia.!®” Furthermore, far
from reversing myocardial intracellular acidosis, bicarbonate has been shown
in pigs to increase the intracellular acidosis,'%1% reduce cardiac output and
lead to neurologically detrimental hypernatraemia and hyperosmolality. It
also shifts the oxyhaemoglobin curve to the left, which could reduce oxygen
delivery to the tissues.

Experimental work

Animal work in recent years has aimed to resolve this dilemma. In part, the
impetus for this is a realization that the massive post-resuscitation mortality
from myocardial dysfunction is related to the degree of acidosis. Sun et al.
compared three different buffers to placebo in a rat model of untreated
ventricular fibrillation cardiac arrest lasting 4 and 8 min.''"® Cardiopul-
monary resuscitation was commenced and either NaHCO; as a CO,-
generating buffer, Carbicarb® or tromethamine as CO,-consuming buffers or
saline placebo injected into the right atrium. After a further 2min of
cardiopulmonary resuscitation the rats were all successfully defibrillated.
There was no difference in energy requirement for defibrillation. In the 4 min
ventricular fibrillation group left ventricular function was significantly
decreased in all animals, but less so in the Carbicarb® and tromethamine
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arms. This was mirrored by an increase in survival time. With 8 min of
untreated ventricular fibrillation these effects were magnified and survival
improved by all buffer agents against placebo. The authors conclude that
while buffers may not improve return of spontaneous circulation, they may
ameliorate post-resuscitation myocardial dysfunction and hence improve
survival. Nevertheless, later work by the same group in the same model
yielded conflicting results. In this series the degree of myocardial impairment
was increased, and survival foreshortened.'!!

Bar-Joseph et al. studied the same three buffers in a dog model of prolonged
ventricular fibrillation."'? After 10 min of untreated cardiac arrest, cardiopul-
monary resuscitation was commenced and epinephrine given at 5 min inter-
vals. Buffer or placebo preceded defibrillation. Resuscitation was continued
until return of spontaneous circulation for 40 min. Buffer-treated animals
had higher return of spontaneous circulation (7/9 NaHCO;, 6/10
Carbicarb®, 2/10 saline), and this was achieved twice as fast with sodium
bicarbonate than with saline. Other workers using the dog model have
confirmed these results, finding the best level of return of spontaneous circu-
lation and survival in subjects given sodium bicarbonate in combination with
epinephrine and cardiopulmonary resuscitation before defibrillation is
attempted.'!3

Overall, the tide of experimental evidence is again moving towards the view
that buffers improve both return of spontaneous circulation and survival in
cardiac arrest. The scenarios that most support their use are in combination
with vasopressors, after prolonged ventricular fibrillation arrest from 4 to
12 min, and with a short period of cardiopulmonary resuscitation before
defibrillation is attempted. This picture is close to the reality of most out-of-
hospital cardiac arrests.

Human studies

Data in human beings is highly limited. A retrospective study looked at 273
patients successfully resuscitated out of a series of 619 arrests.!' Arterial
blood-gases were recorded at admission to the emergency department. Of these
273 patients, 215 received an average of 79 mmol ™! sodium bicarbonate, while
58 had no exogenous buffer. Those receiving buffer had had resuscitation 3
times longer, and were less likely to have had ventricular fibrillation as their
initial rhythm. Despite these two greatly differing prognostic factors there was
no difference in survival between the groups.

The most recent prospective randomized trial performed in 1995 used the

buffer mixture Tribonat'!® compared to saline placebo in out-of-hospital
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asystolic or ventricular fibrillation arrests not responding to the first shock.
Survival to discharge was 10% in the buffer group versus 14% for saline.!!®
Further randomized trials in out-of-hospital cardiac arrest setting are needed
to define if and when buffers should be used.

Out-of-Hospital Cardiac Arrest and Bystander Resuscitation

The majority of cardiac arrests take place outside the hospital, and survival
in this setting can be an order of magnitude less than in hospital. Out-of-
hospital arrests are less likely to be witnessed and the availability of
medically trained personnel, defibrillators and drugs which may alter
outcome are all subject to delays. Numerous studies have shown that survival
is increased in victims of cardiac arrest who receive cardiopulmonary resus-
citation from bystanders.!’”'"” In the Swedish Cardiac Arrest Registry of
10,966 individuals survival rate was 2.7 times higher for those for which
bystander cardiopulmonary resuscitation was attempted.'”® The King
County, Washington cohort of 7,265 cardiac arrests from 1983 to 2000
report a multivariate-adjusted odds ratios of 1.45 and 1.69 for dispatcher-
assisted and non-assisted cardiopulmonary resuscitation compared to no
bystander cardiopulmonary resuscitation.'?!

Questions which arise from this are how to encourage bystanders to offer
cardiopulmonary resuscitation, how to educate bystanders in basic life
support techniques, and how to make available the necessary technology, in
particular public access defibrillators. Factors likely to increase the offering
of bystander cardiopulmonary resuscitation are public awareness and atti-
tude, and the aesthetic advantage of not having to give mouth-to-mouth
rescue breathing, as discussed below. Anyone is potentially a witness to
cardiac arrest, hence if cardiopulmonary resuscitation training is to be prior
to witnessing an event it must be universal. The only feasible way to achieve
this is in schools, as suggested by Zipes.'?? As both the knowledge and the
practical proficiency needed for quality cardiopulmonary resuscitation are
attenuated with time, refresher courses would have to be available for indi-
viduals willing to retain these skills.

Alternatively, bystanders can be offered instructions of basic life support at
the time of witnessing an arrest by the emergency services dispatchers.
Dispatcher-assisted cardiopulmonary resuscitation has not been universally
shown to improve outcome, due mainly to the inherent time delay in
explaining techniques. When compared to outcome for victims who receive
bystander cardiopulmonary resuscitation without instructions, dispatcher-
assisted cardiopulmonary resuscitation gives a trend to decreased survival.'?!
This however, is not a randomized study, and it is clear that bystanders
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feeling able to offer cardiopulmonary resuscitation without instruction may
have already had some experience or training, and will begin cardiopul-
monary resuscitation earlier. What is certain is that dispatcher advice greatly
increases the proportion of victims who do receive bystander cardiopul-
monary resuscitation, and that this therefore increases survival.

Factors that modify the effect of bystander cardiopulmonary resuscitation on
survival have also been studied, and although these findings are largely
predictable, they do help define where the focus on education should be.!??
Factors associated with the effects of bystander cardiopulmonary resuscita-
tion include: the response time if the interval between collapse and the start
of bystander cardiopulmonary resuscitation is short, if both chest compres-
sions and ventilation are performed rather than either alone, if the bystander
is a non-lay person, the response time of emergency medical services, the age
of patients and if the arrest is outside of home. The latter is perhaps
surprising given that cardiac arrest in the home has the worst outcome, in
part because it is often unwitnessed.

Alternatives to Traditional Manual CPR

The impetus to develop new protocols and new techniques for cardiopul-
monary resuscitation is to improve perfusion of the heart and brain while the
circulation is arrested. Approaches include interposed abdominal compres-
sion (IAC-CPR), active compression-decompression (ACD-CPR), phased
thoracic-abdominal compression-decompression (PTACD-CPR), and inva-
sive forms of cardiopulmonary resuscitation. All of these require additional
personnel and/or equipment, and in most cases intensive training is necessary
for effective and safe usage. Convincing evidence for their efficacy lies largely
in the in-hospital setting.

Interposed Abdominal Compression CP1R

Abdominal compressions interspersed with chest compressions can double
the effective circulating volume for cardiopulmonary resuscitation alone.'?*
Abdominal compression should be sited in the midline equidistant from
xiphi-sternum and umbilicus, and aim to produce a pressure of 100 mmHg,
similar to that needed to palpate the abdominal aorta. The technique is
simplest in practice with abdominal and chest compressors either side of the
patient (fig. 5). Of 17 controlled animal studies using this technique, 16 have
confirmed positive haemodynamic effects compared to standard cardiopul-
monary resuscitation.'?® Initial concerns over the safety of the technique, in
particular a possible increased risk of vomiting or visceral trauma, have not
been borne out by practice in over 400 patients.'?® In human beings there
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Figure 5 Interposed abdominal compression cardiopulmonary resuscitation.

have been four randomized trials of IAC-CPR, three in hospital. The first of
these showed significant improvement in return of spontaneous circulation,
and survival to 24h and to hospital discharge.'?” The second also shows
improved return of spontaneous circulation and 24 h survival. Pooled data
from these two studies gives a 24 h survival of 33% versus 13% for standard
cardiopulmonary resuscitation. Neurological outcome was also better in the
in-hospital trial patients. The pre-hospital study showed no difference in
outcome.'?” The technique is not recommended as a last-ditch therapy when
standard cardiopulmonary resuscitation fails. The American Heart Associa-
tion recommend the use of TAC-CPR in the in-hospital environment where
personnel sufficiently trained in the technique exist.!*°

Active Compression-Decompression

The principle behind this technique is that active decompression reduces
intra-thoracic pressure and hence increases venous return, ‘priming the
pump’ for the next compression. A hand-held suction device is applied to
the chest wall, and this requires some skill in its use, as well as a greater
expenditure of energy on the rescuer’s part. Early data showed improved
haemodynamic variables of arterial pressure and vital organ perfusion, but
the results from clinical trials are inconsistent. On the positive side, a French
study showed one year survival rates improved from <2% to 5% by the use
of ACD-CPR."! Other large studies'*>"'3* have found no significant benefit,
with equal resuscitation success scores and survival of 12% and 13% for
CPR and ACD-CPR groups respectively. Factors associated with improved
outcome include rigorous and repetitive training. There is some concern over
safety, and certainly women with large breasts and those with chest wall
deformities are not suitable for this device. Overall 4 clinical studies have
been favourable and 4 neutral, and it is felt that ACD-CPR has a role with
suitably trained rescuers.
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Figure 6 The Lifestick® for phased chest and abdominal compression-decompression CPR.
Chest compression (A) is coincident with abdominal decompression (B). This is followed by
chest decompression (C) and abdominal compression (D) (Modified from Tang W et al.,'
with permission).

Phased Chest and Abdominal Compression-Decompression

This technique improves circulation and vital organ perfusion by combining
the latter two principles. The Lifestick® (Datascope, Fairfield, New Jersey)
has been devised to provide alternate thoracic and abdominal compression
and decompression using a see-saw action between the two suction pads.'3’
(fig. 6). Experimental studies demonstrate impressive haemodynamic effects
of three-fold increase in coronary perfusion pressure, and improved cerebral
blood flow and minute ventilation. This is mirrored by improved resuscita-
tion and 72h survival rate.!3®'37 Large-scale clinical trials are underway.
A German pilot study was unable to show improved survival using Lifestick
CPR compared to standard CPR in human beings, but the sample size was
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small and there were incidental significant differences in presenting
dysrhythmia and cause of cardiac arrest between the groups.'??

Invasive CPR Techniques

Open chest direct cardiac massage is highly dependent on experienced
trained personnel present both at the time of arrest, and subsequently for
aftercare. The haemodynamics of direct cardiac massage are superior to
closed chest cardiopulmonary resuscitation'?® but there is no convincing
evidence that this translates into improved survival, not surprising given the
inevitable morbidity of urgent thoracotomy.'*'*> The few small trials in
human beings emphasize that any advantage from direct cardiac massage
requires that it is applied early after cardiac arrest commences, not as an
endstage rescue attempt.'* In one series of 49 patients, no survival benefit
was seen from open-chest cardiopulmonary resuscitation, but this was not
commenced until over 20 min of cardiac arrest had elapsed. In specific situ-
ations: cardiac arrest due to pericardial tamponade, pulmonary embolism and
penetrating chest trauma, direct cardiac massage has life-saving potential and
can be used by appropriately trained personnel.!#4145

New devices for minimally invasive direct cardiac massage are under devel-
opment, aiming to reduce the morbidity from a large, rapidly performed
thoracotomy.'*® Through a 2 cm incision a wand-like instrument is inserted
into the thorax to directly compress the heart. This technique has been
shown to be relatively easily learnt by physicians of varying disciplines.'*” In
animal models it produces better organ perfusion and is a promising new
development in cardiopulmonary resuscitation.'#8

Emergency cardiopulmonary bypass has been used both experimentally and
in small human studies.'*»'* It can be applied through the femoral vessels
without need for thoracotomy. In certain situations including hypothermic
arrest and that due to drug overdose, it has shown promise. There are no
significant outcome studies to date.

Ventilation Issues
Is mouth-to-mouth breathing necessary in out-of-hospital cardiac arrest?

In the out-of-hospital setting where the majority of cardiac arrests occur,
initial basic life support is likely to be provided by family, friends and other
bystanders. Traditionally Basic Life Support intersperses mouth-to-mouth
artificial respiration with chest compressions. The technical difficulty of
performing rescue breathing in this way, combined with concerns about its
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aesthetic acceptability, prevent a significant proportion of victims of cardiac
arrest receiving bystander cardiopulmonary resuscitation. Studies show that
frequently only a third, and as low as 16% of patients suffering witnessed
arrest receive cardiopulmonary resuscitation from bystanders.'*13! Anonym-
ous questioning of healthcare providers consistently reveals a strong reluc-
tance to give mouth-to-mouth breathing.”~'5* From this, the question arises
of whether artificial ventilation is necessary in the early stages of an arrest.
Furthermore, there is increasing evidence that pauses in chest compressions
necessary to allow rescue breathing result in rapid falls in coronary perfusion
pressure, which then takes significant time to re-establish. Central arterial
oxygenation actually remains relatively high for a substantial period after

cardiac arrest.'%’

Numerous animal models have shown that although rescue breathing
improves arterial oxygen saturation and pH over chest compressions alone,
in ventricular fibrillation cardiac arrest there is no resultant improvement in
survival.’>¢ In pigs, direct comparison of chest compressions interrupted for
breathing (CCRB) with chest compressions alone (CC) demonstrated higher
coronary perfusion pressures, marked increase in the number of chest
compressions received per minute and improved left ventricular blood flow
in the chest compressions group.'” Other work in swine shows that these
differences translate into a greatly improved outcome, with 12 of 15 versus
2 of 15 (P < 0.0001) pigs surviving neurologically intact to 24 h.!8

Not surprisingly, in asphyxial cardiac arrest the converse is true. Experi-
mental data strongly supports the combined use of chest compression with
simulated mouth-to-mouth breathing over each intervention alone.'3%1%0 In
real life, the cause of an arrest is rarely obvious, even to trained personnel,
but nevertheless, the majority of out-of-hospital events are not primarily
asphyxial, and those which are have a high chance of full recovery of
around 80%.

Bystander cardiopulmonary resuscitation is often under the instruction of a
telephone dispatcher. Explaining the technique of rescue breathing is
complex and lengthy compared to that for chest compressions alone,
prolonging downtime with no basic life support before the emergency
services arrive at the scene. Studies in training lay persons on mannequin
mock arrests show great advantages in the chest compression only protocol,
both in circulation achieved and the time taken for cardiopulmonary resus-
citation to commence.!'®!

A large randomized trial has now been performed in the setting of out-of-
hospital cardiac arrest in Seattle, with bystanders offered instruction by
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telephone dispatchers either for chest compressions alone, or with rescue
breathing.'®? Survival to hospital discharge was 14.6% chest compressions
compared to 10.4% rescue breathing P = 0.18. Instruction could be
completed in 81% of the chest compression only group and 62% in the
traditional cardiopulmonary resuscitation group (P = 0.005), and took
1.4 min longer.

Computer simulations of blood flow and gas exchange have been used to
predict the quality of cardiopulmonary resuscitation with chest compressions
alone, and with 5:1 and 15:2 compression:ventilation ratios.!®> As chest
compressions increase blood flow and ventilation increases arterial oxygen
values, an appropriate measure of cardiopulmonary resuscitation efficiency
should combine these as oxygen delivery. In the early stages of cardiopul-
monary resuscitation the best oxygen delivery is provided by chest compres-
sion alone, but by 4 min, hypoxia tips the balance to favouring combined
cardiopulmonary resuscitation, with a 15:2 ratio better than 5:1.

Overall the prevailing opinion is that in the context of bystander cardiopul-
monary resuscitation in out-of-hospital cardiac arrest chest compressions
alone are at least, if not more, effective than combined with mouth-to-
mouth breathing. This is in a scenario where medical help is on the way,
and there is no obvious respiratory cause of circulatory arrest. In the above
trial, patients who were subsequently felt to have had a respiratory primary
arrest had a survival to hospital discharge of 75.7% versus 80.7% for the
CC and CCRB groups respectively, P = 0.39. It would be ideal if it were
possible to determine quickly by telephone the likelihood of a primary
respiratory cause, perhaps on the basis of age. A move to this simpler
protocol of cardiopulmonary resuscitation for lay bystander use increases
the willingness to offer victims this life-saving intervention from 50% to
over 90%.162

Inspiratory Impedance Threshold Valve

The inspiratory impedance threshold valve (ITV) is a small plastic device that
attaches to an endotracheal tube in situ (fig. 7). It was developed for use with
active compression-decompression cardiopulmonary resuscitation. It allows
the rescuer to freely ventilate the patient’s lungs but impedes airflow during
the decompression phase of cardiopulmonary resuscitation, hence reducing
intrathoracic pressure and increasing venous return.'®* The device has been
shown to improve bloodflow throughout the heart and brain when used with
standard CPR'®’ and especially with ACD-CPR!¢® (fig. 8). In experimental
studies in pigs, 24 h survival rates (17 of 20 vs 11 of 20 in control) and neuro-

logical recovery were significantly improved.!®”
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Figure 7 Inspiratory impedance threshold valve (From Lurie K et al.,®* with permission).

Work in human beings is at an early stage, but there is one randomized study
in patients receiving ACD-CPR for out-of-hospital cardiac arrest.!®® Here
400 patients had either an active or a sham inspiratory impedance threshold
valve attached immediately following endotracheal intubation. There were
significant improvements in return of spontaneous circulation and 24h
survival and a positive trend in survival to hospital discharge. This device is
likely to become common practice in cardiac arrest management, and may
even be of use in the absence of endotracheal intubation.

After Return of Spontaneous Circulation
Aims of resuscitation

Advanced life support measures discussed above essentially concentrate on
achieving a return of a pulse-generating rhythm. Success in attaining return
of spontaneous circulation in out-of-hospital cardiac arrest varies in different
settings from less than 3% to 33% in the USA.'*%1¢* However, only around
20% of these patients survive to hospital discharge, and only around 50% of
these without significant neurological impairment.'”® Deaths after return of
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Figure 8 Blood flow during cardiopulmonary resuscitation in a porcine model of ventricular
fibrillation. Bar graphs show mean organ blood flow. CPR = cardiopulmonary resuscitation;
ITV = inspiratory impedance threshold valve; ACD = abdominal compression-decompression
(Modified from Lurie K et al. Circulation 1995; 91(6): 1629-32, with permission).

spontaneous circulation are almost invariably due to cardiovascular or
neurological failure, and most occur in the first 48h of intensive care.!”!
As the organs most sensitive to nutrient and oxygen deprivation, the heart and
brain function deteriorate both with circulatory arrest of increasing duration
and as a result of reperfusion injury.'”?> Therapies aimed at protecting these
tissues in the time immediately after return of spontaneous circulation have
the potential to improve survival five-fold. These therapies may be better
applied during initial resuscitation, such that their protective and regenerative
properties are present at the onset of reperfusion. Resuscitation can hence be
thought of in two phases, return of spontaneous circulation and support for
heart and brain to prevent early mortality and morbidity.3°
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Table 2 Potential treatments for preservation of cardiac and brain function after return
of spontaneous circulation in cardiac arrest

Use of lower energy defibrillation energies to reduce myocardial dysfunction
Alternative vasopressors that do not increase myocardial oxygen consumption
Hypothermia of high oxygen dependency tissues, especially brain
Inspiratory impedance valves
Mechanical circulatory support: Intra-aortic balloon pumps
Cardiopulmonary bypass
Minimally invasive direct cardiac massage
Inotropic support (dobutamine)
Metabolic support (Glucose-insulin-K*, amino acids)
Kare channel openers
Na*/H* exchange blockers (cariporide)
Calpain inhibitors
Antioxidants
Regulation of gene expression

Potential Therapy for Preservation of Cardiac and Brain
Function

Many of these treatments are experimental, in some cases theoretical without
even convincing animal evidence for efficacy. Potential avenues for future devel-
opment are listed in table 2. The more experimental approaches in the second
half of this list are reviewed in detail in the excellent summary on resuscitation
from prolonged ventricular fibrillation by Angelos, Menegazzi and Callaway.*
Of special mention is the use of mild hypothermia, discussed below.

Hypothermia

Several studies have shown that mild hypothermia markedly reduces cerebral
damage arising from cardiac arrest in dogs.!”>"'7¢ The mechanism for this is
not clear but a reduction in cerebral oxygen consumption, suppression of free
radical formation, preservation of ATP content,'”® and reduction in
acidosis'”” have all been postulated. Early clinical work in human beings has
shown encouraging improvements in neurological recovery.!$%!8! Nagao
used a combination of emergency cardiopulmonary bypass, coronary reper-
fusion therapy and mild hypothermia in patients unresponsive to initial
conventional cardiopulmonary resuscitation.'® Mild hypothermia was
induced in those with systolic blood pressures of over 90 mmHg and
Glasgow Coma Scores of 3-3, and continued at 34°C for at least two days.
Fifty-two percent of patients receiving hypothermia survived with good
recovery. Feasibility and safety studies using external cooling blankets to
induce mild hypothermia in human beings revealed no adverse outcome.'®3

The first two randomized trials to use hypothermia as an adjunct to resusci-
tation were reported in February 2002.'8%185 Both trials found a significant
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Figure 9 Survival of victims of cardiac arrest successfully resuscitated and alive at admission
to hospital treated with and without mild hypothermia (HACA study) (Modified from ref. 184,
with permission).

improvement in survival to hospital discharge with good neurological func-
tion. In the Austrian study'®* 273 patients with ventricular fibrillation
cardiac arrest were included if they responded to initial resuscitation
attempts achieving return of spontaneous circulation and survival to hospital
admission. They were randomized to receive mild hypothermia of 32-34°C
over 24 h or standard treatment with normothermia. Outcome was assessed
in a blinded manner and primary endpoint was a favourable neurological
outcome at 6 months. This was defined as good recovery or moderate
disability and was seen in 55% of the hypothermia group, 39% of controls.
Mortality at 6 months was also improved (41% vs 55%) with no increase in
complications (fig. 9).

The Australian study'®’ enrolled 77 patients who remained unconscious after
return of spontaneous circulation from ventricular fibrillation arrest and simi-
larly randomized them to hypothermia of 33°C or normothermia, in this study
for 12 h. Outcome was sufficient recovery to allow discharge from hospital to
home or a rehabilitation facility. This endpoint was reached by 43% of the
hypothermic group and 26% of the normothermic patients. After adjusting for
base-line differences and length of resuscitation, the odds ratio for a good
outcome with hypothermia as opposed to normothermia was 5.25 (P = 0.001).

These two studies represent the first demonstration of clinical efficacy of any
therapy in preventing brain damage after cardiac arrest.
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neuropathic pain (continued)
postherpetic neuralgia 199-201
treatment 187, 188f
NMDA receptors, and neuropathic pain
182-186
no-fault compensation schemes, and
clinical negligence 231-232
nosocomial infections, antibiotic-
resistance see antibiotic
resistance, in intensive care units
NSAIDs (nonsteroidal
anti-inflammatory drugs)
clinical uses 12
mechanism of action 10-12
stereochemistry 39
see also COX enzyme system

Objective Structured Clinical
Examinations (OSCEs) 247-248
open chest cardiac massage 282
opioids
effects on airway tone 103
stereochemistry 38-39
optical isomers 32-33
see also drug chirality
organizational culture, and medical
errors 214-215
osteoarthritis, COX-2 inhibitor trials
15-16

pain
COX enzyme roles 12-13
neuropathic see neuropathic pain

patient safety, and medical errors see
medical errors

peripheral neuropathic pain see
neuropathic pain

peroxisome proliferator activated
receptors (PPAR) 9

PGG/H synthase see COX enzyme
system

PGH synthase see COX enzyme system

phantom pain 187-190, 191

pharmacological agents in resuscitation
see drugs in resuscitation

phased chest and abdominal
compression-decompression
CPR (PTACD-CPR) 281-282

phenylephrine, in resuscitation 270,
271f

N-phenylethyl amitryptyline 83

Index

phospholipase A,, and arachidonic acid
formation 2-3
polymer microspheres, for local
anaesthetic delivery 79
postoperative mortality
perioperative risk reduction
strategies 123-127
clinical studies 127-129
preoperative identification of
high-risk patients 120-123
risk factors 117-120
postgraduate education and training
anaesthesia simulators
251-252
assessment of competence
247-251
careers in anaesthesiology
242-243
continuous professional
development 252-253
evaluation of training 247
medical curriculum 244-247
selection of candidates
243-244
postherpetic neuralgia 199-201
potassium channels, and local
anaesthetic action 68, 69, 72
pregnancy, COX enzyme roles 19-20
prenylamine 84-85
prilocaine, stereochemistry 47, 50
profopol, effects on airway tone 102
prone position ventilation
and arterial oxygenation 140-143
clinical uses
acute respiratory failure 146-149
brain-injured patients 149-150
general anaesthesia 150-151
obese patients 151-152
trauma patients 149
physiological effects
alveolar ventilation 138-139
lung volumes 135-136
pulmonary perfusion 139-140
regional lung inflation 136-138
respiratory mechanics 136
response to, respiratory factors
143-145
technique 152-153
complications 153-154
and ventilation-induced lung injury
145-146
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prostaglandin endoperoxide synthase
see COX enzyme system
prostanoids
cardiovascular effects 16-17
central nervous system effects
17-18
in gastrointestinal tract 13-16
in inflammation and pain 12-13
inhibition of synthesis 10-12
receptors 7-9
renal effects 17
and reproductive system 19
synthesis of 1-2, 5-7

quaternary amines, as local
anaesthetics 81-82

racemic mixtures, nomenclature
33-35

reflex sympathetic dystrophy (RSD)
see complex regional pain
syndrome (CRPS)

renal function, COX enzyme roles
17

reperfusion injury, after resuscitation
285-286

therapeutic interventions 287-288

reproductive system, COX enzyme roles

19-20
res ipsa loquitur, and civil claims
226-227
rescue breathing, comparison with
cardiopulmonary resuscitation
282-284
resuscitation
active compression-decompression
CPR 280
bystander resuscitation 278-279
defibrillation
automated external defibrillators
266-267
biphasic defibrillators 260-262
and myocardial dysfunction
262-263
and prior perfusion 264-266
ventricular fibrillation waveform
analysis 263-264
drugs in
ay-agonists 269-270
amiodarone 273-274, 275f
buffers 276-278
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epinephrine 268-269
lidocaine 272-273
magnesium 274-276
vasopressin 270-272
inspiratory impedence threshold valve
284-285, 286f
interposed abdominal compression
CPR 279-280
invasive techniques 282
phased chest and abdominal
compression-decompression
CPR 281-282
reperfusion injury after 285-286
therapeutic interventions
287-288
role of ventilation 282-284
rheumatoid arthritis, COX-2 inhibitor
trials 15-16
rofecoxib 11-12
VIGOR study 15
ropivacaine
cardiac toxicology see cardiac
toxicity of local anaesthetics
stereochemistry 47, 49, 69-71

salicylate, COX enzyme inhibition
by 10
salmeterol, for asthma 105-106
secondary hyperalgesia, COX enzyme
roles 18
sensory nerve blockade, stereoselectivity
of local anaesthetic enantiomers
75-78
sevoflurane 51f
simulators, for anaesthesia training
251-252
sodium bicarbonate, in resuscitation
276-278
sodium channels
local anaesthetic action 68-69
and sodium channel structure
66—68
stereoselectivity of enantiomers
72
and neuropathic pain 180-182
spinal sensitization, and neuropathic
pain 182-186
stereochemistry of drugs see drug
chirality
surgery, mortality risk after see
postoperative mortality



308

systems approach, and medical errors
213-214
anaesthesia-related errors
217-219
lessons from previous incidents
215-217

tetrodotoxin (TTX), as local
anaesthetic 83-84
Th-1/Th-2 system, and asthma
management 109
theophyllines, for acute asthma 103-104
thiopental
effects on airway tone 102
stereochemistry 40f, 42-47
thromboxanes
cardiovascular effects 17
synthesis of 1-2, 6,7
see also prostanoids
tonicaine 82
tort
breach of duty 224-226
causation 227
contributory negligence 228
duty of care 224
and hospital protocols 226
res ipsa loquitur 226-227

Index

training and education see education
and training

undergraduate education and training
careers in anaesthesiology 241-242
medical curriculum 238-240
teaching techniques 241

vasodilators, and postoperative
mortality 125
vasopressor drugs, in resuscitation
ay-agonists 269-270
epinephrine 268-269
vasopressin 270-272
ventilation-induced lung injury, and
prone position ventilation
145-146
ventilation, prone position see prone
position ventilation
Vioxx (rofecoxib) 11-12
VIGOR study 15
voltage-gated ion channels
local anaesthetic action 66-69
and neuropathic pain 180-182

zafirlukast, for asthma 106-108





