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Preface

This, the 10th edition of Veterinary Anaesthesia, is a direct descendant of Anaesthesia & Narcosis of Animals &
Birds by Sir Frederick Hobday published in 1915 by Bailliere, Tindall and Cox. The 1st edition of Veterinary
Anaesthesia, which had marked similarities to Hobday’s book, was written by Professor ].G. Wright and
published in 1942. Wright’s intention was to ‘incorporate in a small volume the present status of know-
ledge on anaesthesia in the domestic animals’. This he accomplished in 198 small pages with fewer than
100 references to publications — including many to his own work. Since then tremendous advances have
been made and now almost every week that passes sees new publications relating to veterinary anaesthe-
sia and its related subjects.Thus, we have had to acknowledge the impossibility of including a comprehen-
sive bibliography in this edition, but we have selected references which should provide a useful
introduction to the literature. In addition, we have indicated where attention should be given to material
published before computerized databases became available because, despite the increasing complexity of
anaesthesia, simple methods also work.

Although extensively revised, the general concepts remain as in previous editions. The aim is still to
provide a text for undergraduate veterinary students, a reference work for veterinarians in general prac-
tice and laboratory scientists, and a stimulating introduction to the subject for those wishing to specialize
in veterinary anaesthesia through the examinations of the Royal College of Veterinary Surgeons, the
American College of Veterinary Anesthesiologists and the European College of Veterinary Anaesthesia.
Because we believe that clinical anaesthesia encompasses much more than an exercise in applied pharma-
cology, emphasis is still on the effects of clinically useful doses of drugs and of practical techniques in an-
imal patients, rather than on pharmacological effects demonstrated in healthy experimental animals in
laboratories.

We wish to express our appreciation of the invaluable help given by Mrs Lorraine Leonard, librarian of
the University of Cambridge Veterinary School, and the librarians at the Royal College of Veterinary
Surgeons in tracing older references. Mr Stephen Freane of the Royal Veterinary College gave much assis-
tance with computer-generated figures. Finally, our warmest thanks are due to the publishers for their
patience, and especially to Deborah Russell whose encouragement ensured completion of the manuscript.

L.W.Hall
K.W. Clarke
C.M. Trim
2000



General considerations

INTRODUCTION

The clinical discipline concerned with the
reversible production of insensibility to pain is
known as ‘anaesthesia’, a term coined by Oliver
Wendell Holmes in 1846 to describe a new phe-
nomenon in a single word. It is essentially a prac-
tical subject and although becoming increasingly
based on science it still retains some of the attrib-
utes of an art. In veterinary practice anaesthesia
has to satisfy two requirements: (i) the humane
handling of animals and (ii) technical efficiency.
Humanitarian considerations dictate that gentle
handling and restraint should always be em-
ployed; these minimize apprehension and protect
the struggling animal from possible injury.
Technical efficiency is not restricted to facilitation
of the procedure to be carried out on the animal, it
must also take into account the protection of per-
sonnel from bites, scratches or kicks as well as the
risks of accidental or deliberate self-injection with
dangerous or addictive drugs. Moreover, today it
is considered that personnel need protection from
the possible harmful effects of breathing low con-
centrations of inhalation anaesthetic agents.

While anaesthesia has precisely the same mean-
ing as when it was first coined, i.e. the state in
which an animal is insensible to pain resulting
from the trauma of surgery, it is now used much
more widely and can be compared to terms such as
‘illness” and ‘shock” which are too non-specific to
be of real value. Starting with the premise that

‘pain is the conscious perception of a noxious stimu-
lus’” two conditions may be envisaged: general
anaesthesia where the animal is unconscious and
apparently unaware of its surroundings, and anal-
gesia or local anaesthesia where the animal, although
seemingly aware of its surroundings, shows
diminished or no perception of pain.

General anaesthesia is a reversible, controlled
drug-induced intoxication of the central nervous
system in which the patient neither perceives nor
recalls noxious or painful stimuli. Analgesia may
be produced by centrally acting drugs such as
morphine given in doses insufficient to produce
unconsciousness or by substances having a local,
transient, selective paralytic action on sensory
nerves and nerve endings (local anaesthetics). The
analgesia produced by these latter substances may
be classified as local or regional, applied as they
are by topical application, subdermal or submu-
cous infiltration and by peripheral, paravertebral
or spinal perineural injection.

The anaesthetist aims to prevent awareness of
pain, provide immobility and, whenever this is
needed, relaxation of the skeletal muscles. These
objectives must be achieved in such a way that the
safety of the patient is not jeopardized during the
perianaesthetic period. Many animals fear and
resist the restraint necessary for the administration
of anaesthetics thereby increasing not only the
technical difficulties of administration but also
the dangers inseparable from their use. A fully
conscious animal forced to breathe a strange and
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possibly pungent vapour struggles to escape and
sympatho-adrenal stimulation greatly increases
the risks associated with the induction of anaes-
thesia. For this reason, veterinary anaesthetists
often employ sedative drugs to facilitate the com-
pletion of general anaesthesia as well as to over-
come the natural fear of restraint inherent in
animals and to control any tendency to move sud-
denly during operations under local analgesia.

In addition, the veterinary anaesthetist must
recognize that not only does the response of each
species of animal to the various anaesthetics differ
due to anatomical and physiological differences,
but that there is often a marked variation in
response between breeds within each particular
species. Another factor which must be considered
is that in many parts of the world veterinarians
must perform tasks without highly skilled assist-
ance and when employing general anaesthesia,
after inducing it themselves, have to depute its
maintenance to a nurse or even to a lay assistant.
(It must be pointed out that in many countries,
including the UK, the delegation of tasks related to
anaesthesia to an untrained person may in law be
considered negligent if a mishap occurs). Thus, the
continued development in recent years of safe,
simple, easily applied techniques of general anaes-
thesia and regional analgesia, together with the
institution of nurse and anaesthetic technician
training programmes, are particularly welcome.

CLASSIC TEACHING RELATING TO PAIN

As anaesthesia is invoked to prevent appreciation
of pain, any study of the discipline of anaesthesia
must be related to an understanding of what con-
stitutes pain. The old classic teaching on pain
involved a hard-wired, modality specific, line spe-
cific, single pathway which coupled stimulus with
pain sensation. Anatomists labelled the axons and
nerve cells according to this single relay transmis-
sion system. It commenced in the periphery with
fine myelinated (Ad) and unmyelinated (C-fibre)
afferents which possessed such high thresholds for
stimulation that they only responded to noxious
stimuli. Sherrington (1900) termed these structures

‘nociceptors’ but he realized that impulses in them
would not necessarily lead to pain sensation
unless the central nervous system accepted them
and conveyed them to a pain-perceiving region of
the brain. The nociceptor fibres were found to end
preferentially on cells in laminae 1, 2 and 5 of the
dorsal horn and from there impulses were be-
lieved to reach the thalamus by way of spinothala-
mic fibres which ran in the ventrolateral white
matter of the spinal cord. From the thalamus
impulses were said to reach a site of pure pain sen-
sation (pain centre) in the association areas of the
cerebral cortex.

Afferent mechanisms

In recent years pain studies have resulted in an
almost explosive expansion of knowledge relating
to pain mechanisms in the body and have shown
that these earlier ideas must be abandoned in
favour of an interlocking, dynamic series of bio-
logical processes which need still further invest-
igation. It is apparent that in the periphery the old
picture of fixed property nociceptor cells in dam-
aged tissue passively detecting the products of cell
breakdown does not accurately represent what is
actually happening. The tissue breakdown prod-
ucts have been shown to have both direct and in-
direct effects on sensory afferent nerves. The role
of unmyelinated sensory fibres themselves in
inflammation as proposed by Lewis (1942) is, how-
ever, now well established. Leucocytes attracted
into damaged tissues secrete cytokines which have
both powerful systemic and local effects. Sub-
stances such as nerve growth factor synthetized
locally in damaged tissue are also involved in pain
production (McMahon et al., 1995). The sym-
pathetic nerves play a role in the inflammatory
process, new o, adrenergic, bradykinin and opiate
receptors appear and there are a group of C-fibres
which seem to be completely silent in normal
tissue but which are activated by ongoing
inflammation.

It is now also clear that certain types of pain are
produced by afferents with large diameters out-
side the range of nociceptors. There is evidence
that secondary mechanical hyperalgesia, which
develops in healthy tissue surrounding injury or in
distant tissue to which pain is referred, can be



mediated by the thick tactile sensory fibres. These
pains are probably provoked by impulses in nor-
mal low-threshold afferents entering the central
nervous system, where they encounter highly
abnormal central nervous circuits that amplify or
reroute the signals of normally innocuous events.

The afferent fibres convey information to the
central nervous system in two quite different
ways. Sensory fibres which have been changed by
their contact with damaged or inflamed tissue dis-
charge impulses in a characteristic spatial and tem-
poral pattern. The second way is by transport of
chemicals from the tissues along axons towards
the dorsal root ganglion. In response to changes in
these relatively slowly transported chemicals the
chemistry and metabolism of the cytoplasm and
cell membrane, including its central terminal
arborizations, is altered. This consequently affects
the post-synaptic cells of the central nervous
system.

Pain and the central nervous system

The first cells of the central nervous system on
which the afferents terminate are not exclusively
simply relay cells. They form integrated groups
with both summation and differentiation func-
tions as well as inhibitory and facilitatory mech-
anisms. The facilitatory functions appear to
become active following noxious inputs and this
results in the development of a hyperalgesic state
(Treede et al., 1992; Woolf & Doubell, 1994). In
addition, there are also powerful inhibitory sys-
tems in this region and their failure may contribute
to hyperalgesia.

The modulator role of the spinal cord in trans-
mission of nocioceptive signals from the periphery
to the brain has been known for many years, and
new evidence as to the complexity of the system
and both the excitatory and inhibitory influence of
many different neurotransmitter substances
emerges continually (Dickenson, 1995, Marsh
et al., 1997). Knowledge of these pathways forms
the basis for the provision of pain relief by the
epidural or intrathecal administration of analgesic
drugs. To date the opioid pathways remain the
most important system involved in the production
of analgesia at the spinal level, although noradren-
aline, the natural ligand acting at o, adrenocep-
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tors, also has a major role in the spinal modulation
of nocioception. Opioid receptors and o, adreno-
ceptors are present in laminae 1 and 2 of the dorsal
horn, the area involved in the reception and modu-
lation of incoming nocioceptive signals, and their
density and, in the case of opioid, the proportion of
each type of receptor differ at different levels of the
spinal cord (Bouchenafa & Livingston, 1987, 1989;
Khan et al., 1999). The density of opioid receptors is
labile, increasing in response to chronic pain
(Brandt & Livingston, 1990; Dickenson, 1995), and
changing with age (Marsh et al., 1997).

In both brain and spinal cord, a new receptor
has been identified which although sharing a high
degree of sequence similarity with opioid recep-
tors is not activated by opioids. This receptor was
named the ORL-1 (opioid receptor-like) receptor.
Subsequently the endogenous peptide ligand for
ORL-1 was identified and named orphanin FQ or
nociceptin. This peptide has a widespread distri-
bution throughout the nervous system. Despite its
structural similarity to opioid peptides, nociceptin
(which has now been synthesized) appears to
work through entirely different neurological path-
ways, and it is thought that these pathways might
be involved in the modulation of a broad range of
physiological and behavioural functions (Meunier,
1997; Darland & Grandy, 1998). In the midbrain the
ORL-1 receptor type has a dense to moderate level
of expression in the periaqueductal gray matter, an
area known to be involved with nocioceptive pro-
cessing, and where electrical stimulation or opioid
agonist agents will produce intense analgesia
(Meunier, 1997; Darland & Grandy, 1998). In the
spinal cord of the rat, ORL-1 receptors are found in
the superficial layers (laminae 1 and 2) of the dor-
sal horn, in areas similar to those where opioid
receptors are located. The density of neurones
expressing the ORL-1 receptor varies in different
areas of the spinal cord. The most recent work
(unpublished results quoted by Darland &
Grandy, 1998) suggests that these neurones are
internuncial neurones, and do not themselves
project forward to the thalamus.

The position of nociceptin in relation to anal-
gesia is still unclear. From the anatomical locations
of the ORL-1 receptors it was anticipated that noci-
ceptin would cause analgesia by both spinal and
supraspinal mechanisms. In the whole animal,
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nociceptin does provide analgesia through spinal
mechanisms, as intrathecal injection in rats pro-
duced a dose-dependent reduction of a spinal
nocioceptive flexor reflex, and produced beha-
vioural antinocioception in the tail flick test. These
effects were not accompanied by sedation or
motor impairment, and could not be reversed
by antagonists of the opioid, o, adrenoceptor ag-
onist or GABA-A receptors, thus suggesting that
they acted through a mechanism as yet unknown
(Xu et al., 1996). However in rats and mice noci-
ceptin given by intracerebroventricular injection
unexpectedly antagonized the analgesic effects of
stress, opioids and electroacupuncture, thus sug-
gesting that the supraspinal actions of the peptide
were ant-analgesic. The apparent allodynia and
hyperalgesia induced by the supraspinal effects of
nociceptin can be blocked by another naturally
occurring peptide, which has been termed nocist-
atin (Okuda-Ashitaka et al., 1998; Darland &
Grandy, 1998). Despite the complexity of the path-
ways involving the modulation of pain by noci-
ceptin, interest continues in this field. Recent work
has concentrated on the production of antagonists
to nociceptin, as theoretically these may provide
analgesia by supraspinal mechanisms, and there-
fore be more suitable as analgesic drugs in the
practical situation (Meunier, 1997). When com-
pared with opioid analgesics, a major potential
advantage of nociceptin-based compounds is that,
to date, they have not been seen to cause behavi-
our suggestive of euphoria or dysphoria, and
therefore have the potential to become analgesics
with limited tendency for abuse.

Increased understanding of the activities of the
peripheral and first central cells has not been
accompanied by similar advances in knowledge of
the functioning of the deeper parts of the nervous
system. There is considerable new knowledge of
the way in which the brainstem exerts a descend-
ing control of the receptivity of the dorsal horn
cells (Stamford, 1995), but so far there is no under-
standing of the circumstances in which these con-
trols come into operation. The old idea of a
dedicated, localized pain centre is quite untenable
because apart from massive excision of the input
structures, no discrete lesion in the brain has ever
been shown to produce long-lasting analgesia.
Thus it is necessary to analyse a distributed system

and until very recently methods to analyse brain
systems in a relatively non-invasive manner did
not exist.

Investigation of brain systems involved in pain

Even the techniques now available to study activ-
ity in the brain have severe limitations. Single
photon emission computed tomography (SPECT),
positron emission tomography (PET) and func-
tional magnetic resonance imaging (fMRI) provide
indirect measures of local brain activity. Direct
measures of neural activity can be obtained from
magnetoencephalography (MEG) and electroen-
cephalography (EEG). A critical review of all these
techniques as applied to human subjects is that of
Berman (1995).

SPECT, PET and fMRI measure changes in
regional cerebral blood flow (rCBF) and the evi-
dence that links rCBF to increased neural activity
as originally proposed by Roy and Sherrington
(1890) is now well established. However, as pointed
out by Berman (1995) there are important limita-
tions to the usefulness of these techniques.
Temporal and spacial resolution are poor, being
measured in tens of seconds and several millime-
tres, while the final images are produced after mul-
tiple processing steps on large data sets sometimes
obtained by pooling data from several subjects.
MEG is limited to the cortical grey matter, the tech-
nique is very costly and requires a specially shielded
environment because the magnetic fields pro-
duced by the brain are of the order of 10-13 Tesla,
compared with 5x10-5 Tesla for the earth’s mag-
netic field. The EEG has well known limitations of
complexity due to the difficulties inherent in accur-
ately knowing the shape and conductivity of the
different tissues.

It must be said that the application of functional
neuroimaging to pain is still of little value to the
anaesthetist. There is much disagreement between
investigators and the only reliable conclusions
seem to be that changes in activity in regions of the
di- and telencephalon are associated with pain
perception. These facts have been known from
other research methods for many years, some of
them for more than a century, so that to date ima-
ging methods have done little more than repro-
duce older findings. However, as these new,



relatively or completely non-invasive methods
become established they promise to increase our
knowledge of cerebral pain mechanisms.

CONTROL OF PAIN

In experimental studies, acute pain behaviour or
hyperexcitability of dorsal horn neurones may be
eliminated or reduced if the afferent input is pre-
vented from reaching the central nervous system
by pre-injury local anaesthetic block of afferent
fibres or by dampening of the excitability of the
central nervous system with opioids before it
receives an input from nociceptors (Woolf &
Wall, 1986; Dickenson & Sullivan, 1987). Similar
antinociceptive procedures are less effective when
applied post-injury (Woolf & Wall, 1986a; Coderre
et al., 1990). As a result, the importance of ‘timing’
of the application of analgesic methods has been
suggested as a potential major factor in the treat-
ment of postoperative pain and the experimental
studies would indicate a valuable role for pre-
emptive analgesia in the prevention of postoper-
ative pain.

In contrast to the experimental findings, several
clinical studies in man (the only species where the
duration and severity of pain can be relatively eas-
ily established) have so far failed to demonstrate
any marked superiority of pre-emptive analgesia.
Only three studies have been somewhat positive in
finding either a delay in request from the patient for
additional analgesics or a reduction in the need for
postoperative analgesics (Katz et al., 1992; Ejlersen
etal.,1992; Richmond et al., 1993). Although it must
be recognized that many of the clinical studies
have been non-randomized and otherwise poorly
designed, there are likely to be good reasons for
failure to achieve similar results to those obtained
in experimental animals. Although central sensiti-
zation may contribute to postoperative pain in
humans, surgical trauma differs from the type of
stimulus used in most experimental animals.
Contrary to a well localized thermal or chemical
injury, or brief C-afferent fibre stimulation, the
afferent input to the central nervous system during
and after surgery is prolonged and extensive with
mixed cutaneous, muscular and visceral com-
ponents. Central stimulation may persist in the
postoperative period because of continuing
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inflammation and hyperalgesia at the site of the
wound; the analgesic methods have not been con-
tinued into this period. Moreover, conventional
postoperative analgesia with local anaesthetics or
opioids may not provide total C-afferent block
during surgery.

In human subjects it is useful to define pain as
that state that disappears when treated for pain. It
would, therefore, seem useful to call a drug an
analgesic for an animal if it appears to ameliorate
the reaction of an animal to what in man would be
perceived as pain. However, it is most important
to be certain that the treatment has not merely pre-
vented the animal from displaying the sign used
by the observer to connote pain in that animal. An
extreme example would be to paralyse the animal
with a neuromuscular blocking drug. Abolition of
a clinical sign may be even more subtle. For ex-
ample, neurectomy is commonly used to prevent a
horse from limping. In man this technique is
known to lead to Charcot joints and a deafferenta-
tion syndrome, two signs that the unfortunate
horse may not be able to exhibit. Even in man,
therapy is not a guaranteed test because there are
intractable pains that fail to respond to any known
therapy. There is no obvious reason to suppose
that similar conditions do not exist in animals.
Furthermore, because of the differing neurotrans-
mitters and structures and behavioural repertoires
it could be that effective analgesics for human sub-
jects are not necessarily effective in all animals
(Wall, 1992).

It must be concluded that before clinical recom-
mendations of pre-emptive analgesia can be sug-
gested, well controlled investigations in both
animals and man are imperative. In the future,
effective pre-emptive analgesia may well be
achieved by a multimodal technique, such as a
combination of opioids and neural block, or with
specific drugs acting at the spinal cord, such as
NMDA antagonists, etc. rather than a single
modality ‘pre-emptive’ treatment. There is a need
to establish the exact role of post-injury neuroplas-
ticity relative to the magnitude and duration of
postoperative pain and to develop simple and reli-
able methods for clinical measurement of neuro-
plasticity. It is naive to believe that one analgesic or
one single technique will solve the complex prob-
lem of postoperative pain. However, research and
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development of new analgesics acting at the
peripheral site of injury, such as the NSAIDs, may
lead to a reduction of side effects currently associ-
ated with postoperative pain relief. It is now well
established that prostaglandins contribute not
only to peripheral but also to central sensitization,
and that NSAIDs act at peripheral and central
sites. Intrathecal administration of NSAIDs results
in antinociception in experimental models of cen-
tral sensitization (Malmberg & Yaksh, 1992; 1992a)
and their central action is equally effective
whether given before or after the application of the
noxious stimulus. This is because they act on intra-
cellular messengers responsible for the mainten-
ance of the persistent nociceptive state in the
spinal cord (Coderre & Yashpal, 1994). If the con-
centration of NSAID in the brain continues to
increase for some hours after its administration
this could provide analgesia covering much of the
immediate postoperative period (Hudspith &
Munglani, 1996).

MECHANISMS OF ANAESTHESIA

In 1906 Sherrington stressed the importance of the
synapse in central nervous system (CNS) process-
ing. Since then details of synaptic transmission
within the CNS have received much attention.
Studies have shown that a nerve cell receives infor-
mation by way of synaptic contacts all over the
dendrites and cell body (Fig. 1.1). Impulses travel-
ling in presynaptic fibres progress to the terminal
branches to depolarize the nerve endings. This de-
polarization opens voltage-gated calcium (CaZ*)
channels and the influx of calcium into the
terminal. The resulting increase in intracellular
calcium triggers the exocytotic secretion of trans-
mitter substance from the nerve terminal. The
released transmitter diffuses across the synaptic
cleft and binds to specific receptor sites on the post-
synaptic membrane. Receptor activation results in
a change in permeability of the cell membrane to
particular ions, which in turn leads to changes in
membrane potential and to excitation or inhibition
of the postsynaptic neurone depending on the
nature of the synapse, i.e. excitatory or inhibitory.
This voltage gated activity is generally accepted
but it is now known that there is no clear distinc-

tion between voltage modulated channels and lig-
and gated channels. The demonstration of inter-
mediate forms of ion channels suggests that overall
cellular effects are far more complicated than was
thought to be the case as little as 25 years ago.

FAST AND SLOW SIGNALLING

The receptors linked directly to ion channels are
for fast signalling but synaptic stimulation may
result in a more subtle long term modulation of
excitability via second messengers. For example,
noradrenaline interacts with two different classes
of receptors (Pfaffinger & Siegelbaum, 1990). One
class activates adenylate cyclase (3 adrenoceptors)
and the other inhibits adenylate cyclase (o adreno-
ceptors). Similarly, the response of muscarinic
acetylcholine receptors depends on the receptor
subtype. M1, M3 and M5 receptors activate phos-
pholipase C and generate diacylglycerol and inosi-
tol triphosphate (IP3), while M2 and M4 receptors
are associated with inhibition of adenylate cyclase
(Fukuda et al., 1989). Many other neurotrans-
mitters, such as dopamine and 5-hydroxytrypta-
mine, are now thought to activate second messenger
systems inside the cell.

Both fast and slow synaptic events eventually
modulate specific ion channels and alter the level
of excitability of postsynaptic neurones. Nerve ter-
minals themselves are subject to modulation by
presynaptic axonal contacts by way of presynaptic
inhibition (Schmidt, 1971). Also, axons branch and
changes in threshold at each branch point may
result in different patterns of impulse activity in
different nerve branches. Thus, there are both tem-
poral and spatial patterns of neuronal activity in
the CNS.

ACTION OF GENERAL ANAESTHETIC
AGENTS

At concentrations likely to be found in the brain
during surgical anaesthesia general anaesthetics
depress excitatory synaptic transmission. The
effects of anaesthetics on inhibitory synaptic trans-
mission are more varied and both depression
and enhancement of inhibition have been re-
ported. From the above brief account of synaptic
processing, it is clear that anaesthetics may act



at a number of different sites either enhancing
inhibition or depressing excitation at them.
Depression of excitation or enhancement of inhibi-
tion will reduce transmission through a synaptic
relay.

Excitation may be depressed by:

1. Slowing of action potential propagation

2. Enhancement of presynaptic inhibition

3. Depression of release of transmitter
substances

4. Depression of the response of postsynaptic
receptors

5. Enhancement of postsynaptic inhibition by
increased release of inhibitory
neurotransmitters

6. Augmentation of the response of
postsynaptic receptors to inhibitory
neurotransmitters

7. Direct action on postsynaptic neurones to
modulate excitability

8. Modulation of the resting cell membrane
potential.

It is clear that the action of general anaesthetics is
likely to be complex. Moreover, the usual chemical
structure/activity relationship seen with most

Presynaptic
inhibitory axon

Afferent axon

Terminal

arborization Excitatory
synapses
Dendritic tree Inhibitory
synapse
Inhibitory
interneurone

Cell body

Axon colateral

FIG. 1.1 Schematic diagram of the organization of a
synaptic relay within the CNS.
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bioactive chemicals is conspicuously absent in
anaesthetics. There is a very wide range in molecu-
lar structure ranging from relatively simple chem-
icals (e.g. cyclopropane) to complex steroids (e.g.
alphaxalone) which may, if conditions are appro-
priate, lead to a state of anaesthesia. Although con-
vulsants may antagonize some anaesthetics the
only effective antagonist for all is very great ambi-
ent pressure. Pressure provides a physicochemical
barrier to an anaesthetic by action at a putative
hydrophobic receptor site: it seems that pressure
prevents the normal increase in volume caused by
an anaesthetic at the receptor site.

There is still argument over whether anaes-
thetics have a common mode of action or whether
each agent has a unique action, the end result of
which is to produce a state of anaesthesia. The
simplicity of the idea of a common mode of action
is more appealing but is yet to be established. One
of the more attractive unifying hypotheses is that
voltage sensitive Ca2* channels are the targets for
all anaesthetic agents since this cation contributes
to the regulation of neuronal excitability and
neurotransmitter release through at least three
different types of voltage sensitive CaZ* channel
(Hirota & Lambert, 1996). However, general anaes-
thetics differ in their effects on distinct neuronal
processes and even their isomers do so, thus a non-
specific unitary mechanism is unlikely.

Natural sleep and general anaesthesia

It is interesting to compare general anaesthesia
with natural sleep. Some 40 years have passed
since the first recognition of rapid eye movement
(REM) sleep (Aserensky & Kleitman, 1953) and the
linking of this to Moruzzi and Magoun’s earlier
finding in 1949 of the arousal-promoting brain
stem network — the ascending reticular activating
system. Later, in 1962 Jouvet discovered that the
pontine reticular formation played a key role in
REM sleep generation. It has since been shown
that REM sleep is regulated, at least in part, by
muscarinic cholinergic receptors of the non-M1
variety localized within the medial pontine reticu-
lar formation (Steriade & McCarley, 1990). Animal
studies have shown that the injection of minute
doses of morphine into the medial pontine reticu-
lar formation known to be involved significantly
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inhibited REM sleep and increased the occurrence
of apnoea (Keifer et al., 1992). Even more recently
in vivo microdialysis studies have shown that sys-
temically administered morphine significantly
decreases release of acetylcholine in the medial
pontine reticular formation (Lydic et al., 1993). Simi-
lar results have been reported for anaesthetic con-
centrations of the inhalation anaesthetic, halothane
(Keifer et al., 1994). Thus, cholinergic neurotrans-
mission in the pontine reticular formation is al-
tered by morphine, halothane and REM sleep. This
gives rise to the view that cholinergic transmission
in pontine reticular formation may generate some
of the phenomena associated with morphine
effects and halothane anaesthesia.

Although there are serious reservations about
the use of the EEG as an index of anaesthesia
(Prys-Roberts, 1987; Hug, 1990; Kulli & Koch,
1991; Kissin, 1993) both halothane and natural
sleep produce similar spindles in the cortical EEG
suggesting that halothane spindles and natural
sleep spindles may be generated by the same thal-
amocortical mechanisms (Keifer et al., 1994).

Further reseach in this area may prove product-
ive but to date the fact remains that anaesthetics
are one of the few groups of drugs which are used
clinically without any real understanding of their
underlying activity and the reason for their amaz-
ing efficacy remains a mystery.

DEPTH OF ANAESTHESIA

Only two years after the first demonstration of
general anaesthesia John Snow (1847) stated, quite
emphatically, that the point requiring most skill in
the administration of anaesthetics is to determine
when it has been carried far enough. Snow
described five stages of anaesthesia produced by
diethyl ether, the last stage in his experiments with
animals being characterized by feeble and irregu-
lar respiratory movements heralding death — clear-
ly a stage too far. A major problem faced by all
anaesthetists since that time is to avoid both “too
light” anaesthesia with the risk of sudden violent
movement, and the dangerous ‘too deep’ stage.
Snow suggested guidelines whereby anaesthetists
could reduce the risk of either too light or too deep
ether anaesthesia. In the First World War the US
Army in France was seriously deficient in medical

officers with any experience of anaesthesia and to
help the inexperienced doctors avoid some of the
dangers Guedel in 1918 devised a scheme involv-
ing observation of changes in respiratory rate,
limb movement and eye signs which formed the
basis of his celebrated ‘Signs and Stages of Ether
Anaesthesia’” which has been included until very
recently in all text books of anaesthesia.

The introduction of neuromuscular blocking
drugs after World War II completely changed the
picture and the emphasis swung from the danger
of too deep anaesthesia to that of too light anaes-
thesia with the risk of conscious awareness and
perception of pain. Cullen et al. (1972), in an
attempt to produce new guidelines indicating
depth of anaesthesia, were forced to conclude that
it was difficult to categorize the clinical signs of
anaesthesia for any one inhalation anaesthetic let
alone for inhalation agents in general. Today a
very much broader range of different drugs are
employed during anaesthesia than were used in
the 1970s. These drugs produce a very wide spec-
trum of quite separate pharmacological actions
which include analgesia, amnesia, unconscious-
ness and relaxation of skeletal muscles as well as
suppression of somatic, cardiovascular, respir-
atory and hormonal responses to surgical stimula-
tion. It is believed from observations in man that
loss of conscious awareness is achieved at lighter
depths of anaesthesia than are needed to prevent
movement.

Electroencephalography (EEG)

The majority of comprehensive studies attempting
to monitor the depth of anaesthesia have focussed
on the use of the EEG. However, the raw EEG is of
very limited value to the clinical anaesthetist
because of wide differences in response with dif-
ferent anaesthetics, the long paper runs utilized for
recording generating unmanageable amounts of
paper, and subjective interpretation of the traces
obtained. The fast-moving EEG signals cannot be
effectively monitored on visual display unit
(VDU) as can the electrocardiogram and in order
to simplify the extraction of useful information
from complex waveforms a number of methods of
compressing, processing and displaying EEG
signals have been developed, some of which have



been compared by Levy et al. (1980) and Stoeckel
et al. (1981). In attempts to simplify the procedure
these techniques have, in many cases, been
applied to single channels of EEG rather than the
16 channels normally studied.

It is only possible to describe the EEG changes
related to anaesthesia in the most general terms.
The earliest changes seen with the induction of
anaesthesia are that a previously responsive o
rhythm becomes unresponsive and then desyn-
chronized and flattened, becoming replaced with
high frequency activity of low or high voltage
depending on the agent. Further deepening of
anaesthesia is associated with replacement of
these waves with slow waves and the slower the
frequency the deeper the level of anaesthesia
(Mori et al., 1985). Further deepening of anaesthesia
produces periods of electrical silence interrupted
by bursts of activity. The bursts may be of a few
slow waves or with other agents repetitive high
voltage spikes or even the ‘spike and dome’ com-
plexes that characterize epileptic fits. This ‘epi-
leptoid” activity has commonly been associated
with enflurane but it is charcteristic of ethers (Joas
etal., 1971).

Power spectrum analysis

In this technique the EEG signal, after being digit-
ized, is subjected to fast Fourier analysis in
which it is separated into a series of sine waves,

GENERAL CONSIDERATIONS 9

the sum of which represents the original sig-
nal. Breaking up the original waveform in this
way makes it possible to compare one non-
standard wave form with another and, in particu-
lar, to extract the distribution of components of
different frequency within the EEG signal. The
power in each frequency band is then derived by
squaring the amplitude of each sine wave into
which the Fourier Transform has separated the
original signal. Power spectrum analysis as a
means of monitoring depth of halothane anaesthe-
sia in horses has been reported by Otto and Short
(1991).

Considerable ingenuity has been devoted to
displaying the three variable data derived from
the EEG by power spectrum analysis (Figs 1.2 &
1.3). Methods such as power spectrum analysis
demonstrate the relative partitioning of changes
associated with depth of anaesthesia as shown in
the unprocessed EEG in the general shift to lower
frequency but even so they are cumbersome and of
limited clinical application. The averaging over
time needed for all the various methods is rel-
atively long with a great loss of resolution.
Important changes of a transient nature in the
EEG such as those associated with arousal and
burst suppression may be completely obscured
(Bimar & Bellville, 1977). Thus it seems that in
the typical clinical environment, in which multiple
drugs are administered and clinical end-points
are not defined clearly, the success achieved in

%/Hz
Time (min)
80
30
0L /0
0.5 20 Hz

FIG. 1.2 Plot of compressed spectral array of EEG power spectrum. (After Stoeckel & Schwilden, 1987).In this plot it is
necessary to suppress the lines behind the hillocks (high power bands) of the plot so that information hidden behind the
hillocks is lost.To avoid loss the time axis is at an angle to the other two axes but this only slightly improves the visibility of

this lost information.
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FIG. 1.3 Spectral edge frequency plot.This plot
demonstrates the frequency below which lies 95% of the
power in the EEG signal. (After Rampil et al., 1980.)

determining the depth of anaesthesia and predict-
ing intraoperative arousal with movement, by
study of EEG variables, is limited.

Cerebral function monitoring

A number of methods of analysing the EEG signal
have been used in attempts to extract from it a sin-
gle number which might be related to the depth of
anaesthesia. The median frequency and the num-
ber of times the signal crosses the isoelectric line in
a fixed time have been suggested but have not
proved to be useful. The cerebral function
analysing monitor (CFAM) of Maynard and
Jenkinson (1984) is a development of the cerebral
function monitor (CFM) described by Maynard in
1969. The CFM filtered the EEG signal and
displayed the average peak voltage on a slowly
moving chart to facilitate trend analysis. and was
of particular value as a monitor of cerebral perfu-
sion. In the CFAM similar signal processing is
employed; after filtering to increase amplitude
with frequency and logarithmetic amplitude com-
pression, the frequency distribution is displayed
divided into the four conventional EEG frequency
bands. This instrument may be used to display
transient EEG events and to study evoked poten-
tials. References to the the use of the CFAM are
given by Frank and Prior (1987).

Evoked responses

Evoked responses are changes in the EEG pro-
duced in the EEG by external stimuli, surgical

or otherwise. Anaesthetic depth is a balance
between cerebral depression and surgical (or
other) stimulation. Thus, cerebral function during
anaesthesia is most easily assessed by putting in a
stimulus — auditory or somatic or visual — and
observing the EEG response. That response can
then be compared for amplitude and latency with
the response to the same stimulus in the presence
of differing brain concentrations of any anaesthetic.
Changes in the EEG produced by external stimuli
(evoked responses) are not easy to detect because
they may be as much as 100 times below normal
EEG noise and the technique of signal averaging
must be employed. A repetitive stimulus such as
clicks in the external ear canal is applied to the
subject and an epoch of EEG signal is summated
in such a way that the normal EEG signal is can-
celled out (because it is random). The evoked
response is time-locked to the stimulus and rein-
forces itself by repetition. The auditory evoked
response (AER) is usually summated over 2000 or
more epochs, taking 5 to 7 minutes, and this is a
limitation of the technique since transient changes
may not be detected. The AER can be tracked from
its entry into the brain stem via the auditory nerve
to the auditory cortex and cortical association
areas and the pathway continues to function dur-
ing quite deep surgical anaesthesia.

There are two ways of producing the AER: the
transient method and the steady state method. The
middle latency part of the transient response refers
to a series of one to three bipolar waves occurring
in the first 100 ms after an abrupt auditory event.
This middle latency response (MLR) or “early cor-
tical response’ represents processing at the prim-
ary auditory cortex and is elicited using clicks at
rates near to 10/s. Although rates of as few as 1/s
produce larger MLR responses, they take a very
long period of signal averaging in order to pro-
duce a satisfactory waveform. The transient MLR
is promising but the time to produce the response
(about 5min) and difficulties in interpreting the
waveforms mean that it is very limited as a clinical
tool. In contrast, the steady state method refers to
activity in the EEG driven by a train of stimuli
delivered at a sufficiently fast rate to cause re-
sponses provoked by successive stimuli to over-
lap. At rates of stimulation near to 40Hz the
amplitude reaches a maximum and with all gen-
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FIG. 1.4 Coherent frequency of the auditory evoked
potential. (After Mungliani et al., 1993.) The coherent
frequency is derived by a mathematical process which
demonstrates the power of the fundamental (which is
large compared with the power in the harmonics).

eral anaesthetics the 40 Hz value of the dominant
frequency decreases with anaesthetic depth
(Mungliani et al., 1993), as illustrated in Fig. 1.4.

Somatosensory evoked potentials (SER or SEP)
are usually produced by percutaneous stimulation
of a peripheral nerve and the waveform of the
evoked potential depends on the site of stimula-
tion and the positions of the cranial electrodes.
Again the technique suffers from the time required
to obtain a signal; averaging over 4 to 8 minutes
may be necessary and this obscures transient EEG
changes which may be produced by surgical
stimulation.

The effect of surgical stimulation in horses
under isoflurane anaesthesia has been examined
by Otto & Short (1991). These workers looked at
the power spectrum between 1 and 30 Hz and
calculated the 80% spectral edge frequency (80%
quantile; SEF 80), median power frequency (50%
quantile; MED), relative fractional power located
in the delta (1 to 4Hz), theta (4 to 8 Hz), alpha (8 to
13Hz), beta (13 to 30 Hz) frequency band and the
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beta/delta ratio (BD), the theta/delta (T/D) and
alpha/delta (A/D) ratio. They concluded that the
measured EEG variables A /D ratio, median power
frequency and the 80% spectral edge frequency
recorded in horses with an end-tidal concentration
of 1.7% isoflurane were significantly increased by
surgical stimulation, suggesting EEG arousal by
this stimulation.

New techniques are now being developed
using bandpass digital filtering and automatic
peak detection to decrease greatly the time needed
for the averaging process (Bertrand et al., 1987).
The Bispectral Index (BIS) has been developed
by Aspect Medical Systems as a monitor of
the state of cortical arousal and gives a number of
0 to 100 depending on the degree of wakefulness
of the subject. A low BIS may occur with sleep,
anaesthesia and head injury (Driver et al., 1996).
The BIS uses both the EEG frequency and phase in
its computation but the exact process remains, at
the moment, a jealously guarded commercial
secret.

More technologies for study of depth of anaes-
thesia are currently available than at any time in
the past but whether any of them will become clin-
ically useful may well be governed by the degree of
commercial investment they obtain. To be of use in
clinical practice the technology must be presented
in monitors that are easy to apply and simple to
operate. Many potentially useful technologies will
disappear without the balance of academic study
and commercial interest being available to assess
them (Pomfrett, 1999).

THE ‘CLASSIC’ SIGNS OF ANAESTHESIA

The so-called ‘classic signs’ of anaesthesia, such as
tabulated in Chapter 2 for convenience of new-
comers to the subject and in older textbooks of
anaesthesia, were provided by the presence or
absence of response of the anaesthetized subject to
stimuli provided by the anaesthetist or surgeon.
Particular signs of anaesthesia were, therefore,
equated with particular anatomical levels or
‘planes’ of depression of the central nervous sys-
tem. These signs were often likened to a series of
landmarks used to assess the progess made on a
journey. Such empirical, traditional methods of
assessing the progress of anaesthesia and the
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anatomical implications that went with these
methods incorporated a fallacy, because they
took no account of the fact that the changing func-
tion of any biological system can only be made in
terms of magnitude and time. A depth of uncon-
sciousness is really a particular moment in a con-
tinuous temporal stream of biological or
neurological phenomena to be interpreted by the
magnitude and quality of these phenomena
obtaining to that moment.

Use of the term “depth of anaesthesia” is now
so ingrained in common usage that it must be
accepted since it probably cannot be eradicated. It
is important, however, to realize that it commonly
refers to depression of brain function beyond that
necessary for the production of ‘anaesthesia’, i.e.
unawareness of surroundings and absence of
recall of events.

In general, the volatile anaesthetic agents
halothane, enflurane, isoflurane, sevoflurane and
desflurane produce a dose-dependent decrease in
arterial blood pressure and many veterinary
anaesthetists use this depression to assess the
depth of anaesthesia. The effect is not so marked
during anaesthetic techniques involving the
administration of opioid analgesics and nitrous
oxide. If the depth of unconsciousness is adequate,
surgical stimulation does not cause any change in
arterial blood pressure. There are, however, many
other factors which influence the arterial blood
pressure during surgery such as the circulating
blood volume, cardiac output and the influence of
drug therapy given before anaesthesia. If ketamine
or high doses of opioids are given arterial blood
pressure may change very little if the depth of
unconsciousness is increased by the administra-
tion of higher concentrations of inhalation anaes-
thetics.

Changes in heart rate alone are a poor guide to
changes in the depth of unconsciousness. The
heart rate may increase under isoflurane and
enflurane anaesthesia due to their direct effect on
the myocardium. Arrhythmias are common dur-
ing light levels of unconsciousness induced by
halothane, when they are usually due to increased
sympathetic activity. In general, however, tachy-
cardia in the absence of any other cause may be
taken to represent inadequate anaesthesia for the
procedure being undertaken.

Anaesthetic agents affect respiration in a dose-
dependent manner and this was responsible for
the original classification of the ‘depth of anaesthe-
sia’. In deeply anaesthetized animals tidal and
minute volumes are decreased but, depending on
the species of animal and on the anaesthetic agents
used, respiratory rate may increase before breath-
ing eventually ceases once the animal is close
to death. As inadequate anaesthesia also is often
indicated by an increase in the rate and/or depth
of breathing the unwary may be tempted to
administer more anaesthetic agent to the deeply
anaesthetized animal in the mistaken impression
that awareness is imminent. Laryngospasm,
coughing or breath-holding can indicate excessive
airway stimulation or inadequate depth of uncon-
sciousness.

All anaesthetic agents, other than the dissociat-
ive drugs such as ketamine, cause a dose-related
reduction in muscle tone and overdosage pro-
duces complete respiratory muscle paralysis. In
the absence of complete neuromuscular block pro-
duced by neuromuscular blocking drugs the
degree of muscle relaxation may, therefore, usually
be used as a measure of the depth of anaesthetic-
induced unconsciousness. However, even in the
presence of muscular paralysis due to clinically
effective doses of neuromuscular blockers it is not
uncommon to observe movements of facial mus-
cles, swallowing or chewing movements in
response to surgical stimulation if the depth of
unconsciousness becomes inadequate.

When animals are breathing spontaneously
there are several signs which are generally recog-
nized as indicating that the depth of unconscious-
ness is adequate for the performance of painful
procedures, i.e. the animal is unaware of the envir-
onment and of the infliction of pain - it is anaes-
thetized. Sweating (in those animals which do)
and lacrimation may both occur if surgical stimu-
lation is intense while the depth of unconscious-
ness is too light. However, drugs that modify
autonomic effects, such as the phenothiazine
derivatives (e.g. chlorpromazine or acepromazine)
may also modify sweating responses.

Unfortunately, there are many differences
between the various species of animal in the signs
which are usually used to estimate the depth of
unconsciousness. One fairly reliable sign is that of



eyeball movement, especially in horses and cattle,
although even this may be modified in the pres-
ence of certain other drugs, such as the o, adreno-
ceptor agents (see ch. 11 on equine anaesthesia).
Fortunately for the animal this test involves
inspection only and no touching of the delicate
cornea and conjunctiva although it may be neces-
sary to separate the eyelids because these are usu-
ally closed. Unless neuromuscular blocking drugs
are in use very slow nystagmus in both horses and
cattle and downward inclination of the eyeballs in
pigs and dogs usually indicates a satisfactory level
of unconsciousness and, at this level, breathing
should be smooth although its rate and depth may
alter depending on the prevailing severity of the
surgical stimulation. Nystagmus is also seen in
horses just before death from hypoxaemia.
Absence of the lash or palpebral reflex (closure of
the eyelids in response to light stroking of the eye-
lashes) is another reasonably reliable guide to sat-
isfactory anaesthesia. In dogs and cats it is safe to
assume that if the mouth can be opened without
provoking yawning or curling of the tongue, cen-
tral depression is adequate. In all animals saliva-
tion and excessive lacrimation usually indicate a
returning awareness.

Disappearance of head shaking or whisker
twitching in response to gentle scratching of the
inside of the ear pinna is a good sign of unaware-
ness in pigs, cats, rabbits and guinea pigs. Pupil
size is a most unreliable guide to unawareness
because a dose of an opiate tends to cause constric-
tion of the pupils while atropine causes dilation.
The pupils do, however, dilate when an overdose
of an anaesthetic has been given or when aware-
ness is imminent.

The experienced anaesthetist relies most of the
time on an animal’s response to stimuli produced
by the surgeon or procedure to indicate adequate
depth of unconsciousness. The most effective
depth is taken to be that which obliterates the an-
imal’s response to pain and/or discomfort without
depressing respiratory and circulatory function.

Computer controlled anaesthesia

In general, anaesthetists use ‘rules of thumb’” when
managing the course of anaesthesia. As the anaes-
thetic administration proceeds, changes in the an-
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imal’s physiological state are monitored by the
anaesthetist who adjusts the rate of administration
of intravenous drugs, or the concentration of the
administered inhalation anaesthetic, or the lung
ventilation, as appropriate for the perceived state
of anaesthesia. The extent and direction of the
adjustment is determined by this ‘rule of thumb’
but this does not preclude the provision of safe and
effective anaesthesia. Every anaesthetist probably
uses some type of rules, but sometimes simple
rules are hidden by an aura of profunditity
designed to enhance the mystique of anaesthesia.
A computer may assist in dispelling this mystique.

Given the availability of the necessary hard-
ware and computer software a computer can be
used to control the administration of an anaesthet-
ic. It may be programed to respond to a set devia-
tion from some predetermined value measured by
a sensor, which is considered by the anaesthetist to
be ‘normal’, by inducing a change in the delivery
of an agent. For example, the instructions may be
‘If the arterial blood pressure decreases by
10 mmHg then decrease the rate of administration
of halothane by 10%’. It is relatively easy to pro-
gram the computer to do this but a human anaes-
thetist controlling an anaesthetic administration
will not respond in such a precise way. More likely
a rule of thumb such as ‘If the arterial blood pres-
sure decreases slowly, then the rate of administra-
tion of the anaesthetic needs to be decreased a
little” will be applied by the anaesthetist. This is
because humans have no difficulty in responding
to such imprecise information as ‘decreases slow-
ly’ or ‘a little” but there is currently no freely avail-
able computer language to describe such
imprecise data in such a way that a computer is
capable of acting on it.

Accurate control of arterial pressure (or indeed
any variable) in any anaesthetized animal imposes
the task of frequent monitoring of arterial pressure
and adjustments of the rate of anaesthetic adminis-
tration. Manual methods can lead to poor control
with see-sawing values. Automatic closed-loop
control of anaesthetic delivery systems, developed
to improve the quality of control using standard
engineering systems of self-tuning algorithms
relying on mathematical models of the cardiovas-
cular system, are not much better because the car-
diovascular system is complex. Much of the
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FIG. |.5 Subdivision of systolic arterial blood pressure into sets using fuzzy logic.The boundaries of each set form a
triangle and overlap the boundaries of neighbouring sets.The shaded area shows the extent of the ‘normal’ set. (After

Asbury &Tzabar, 1995.)

complexity arises from the fact that the response is
non-linear and involves a time delay before it
occurs, while the degree of responsiveness may
change with time.

A key to solve this problem was provided by
Lofti Zadeh (1965) who coined the term ‘fuzzy
sets’. This concept says that an item (e.g. a meas-
urement of blood pressure or a blood gas value)
can belong simultaneously to several sets to differ-
ent degrees, from not belonging (or 0% member-
ship) through to totally belonging (or 100%
membership) to a set. This principle has been well
explained in relation to anaesthesia by Asbury &
Tzabar (1995). They point out that a set of mean
arterial blood pressure measurements from 20 to
220mmHg can be assigned into sets such as ‘nor-
mal’, ‘very low’, "high’, etc. Using classic logic each
value then takes on 100% membership of one and
only one set. This logic becomes less reasonable
when 99 mmHg is interpreted as ‘low” but
100 mmHg as ‘normal’. When the values are divid-
ed into fuzzy sets where the ordinate indicates the
extent of membership, each value can belong to
one or more sets (but usually two sets). Thus a
value of 85 mmHg can be seen as belonging 75% to
a set termed ‘low” and at the same time 25% to a set
termed ‘normal” (Fig. 1.5). This gives a way of

expressing imprecise information in a form which
can be incorporated into a computer program.

Using fuzzy logic control (Ying et al., 1992)
which employs a series of rules described in
imprecise terms (e.g. ‘If the arterial pressure is
slightly above the desired range, increase the
administration rate of the anaesthetic a little” or ‘If
the arterial pressure falls catastrophically stop the
administration temporarily’) leads to much
smoother control. These rules would be formulated
by questioning an expert anaesthetist so that an
engineer can convert the rules and imprecise data
into a computer program which fuzzifies the
incoming blood pressure data from the measuring
device, applies the rules and then calculates a
definitive administration rate (defuzzification)
and automatically sets it on the anaesthetic deliv-
ery system.

The difficulty with fuzzy logic is that its rules
have to be extracted from experts who, though
perhaps highly efficient in clinical work, do not
realize the extent of their own knowledge and par-
ticularly how their knowledge is structured. An
engineer then needs to optimize the rules and
boundaries of fuzzy sets for best performance. In
theory, application of fuzzy logic should always
result in much smoother and better controlled



anaesthesia. The use of fuzzy logic control is likely
to grow but its development is both time-consum-
ing and costly.

MINIMAL ALVEOLAR CONCENTRATION
(MAC) AND MINIMUM INFUSION RATE
(MIR)

Recognition of the problems in establishing that
the patient is unconscious at any given moment,
coupled with the difficulty of reproducing the
same degree of central nervous depression on
another occasion, forces the anaesthetist to rely on
the concept of minimal alveolar concentration
(MAC), sometimes also known as minimal anaes-
thetic concentration, as proposed by Merkel and
Eger (1963). MAC is defined as the alveolar con-
centration of an anaesthetic that prevents muscu-
lar movement in response to a painful stimulus in
50% of the test subjects. If adequate time is allowed
for the anaesthetic in the brain to equilibrate with
the anaesthetic agent in the blood, the alveolar par-
tial pressure of the anaesthetic (which can be
measured) is a reasonably accurate expression of
the anaesthetic state. The stimulus, standardized
as far as possible, usually consists of tail clamping
or an electrical stimulus in animals or surgical inci-
sion or an electrical stimulus in man.

The measurement of MAC enables the relative
potencies of anaesthetics to be compared, and with
the MAC defined as 1.0, the level of central nervous
depression can be stated as the ratio of alveolar
concentration to the MAC. This reproducible
method may be contrasted with the difficulty in
using physiological parameters as an indication, or
the EEG, which varies according to the agent used.

Although the MAC value represents the anaes-
thetizing dose for only 50% of subjects the anaes-
thetist can be reasonably certain that increasing the
alveolar concentration to between 1.1 or 1.2 times
MAC will ensure satisfactory anaesthesia in
the vast majority of individuals because the
dose-response curve is relatively steep. In veter-
inary practice it is also important to note that
according to Eger, the variability of MAC is
remarkably low between species and is quite con-
stant in any one animal. Finally, it is important to
remember that MAC is determined in healthy an-
imals under laboratory conditions in the absence
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of other drugs and circumstances encountered
during clinical anaesthesia which may alter
the requirement for anaesthesia. MAC is not
affected by the duration of anaesthesia, hyper-
kalaemia, hypokalaemia, hypercarbia or metabolic
acid-base changes. However, MAC is reduced by
8% for every °C reduction in body temperature, by
hyponatraemia and with increasing age. In dogs a
progressive reduction of halothane MAC has been
shown to occur as mean partial pressure is
reduced to 50 mmHg. Young animals have high
MAC values, and hyperthermia also increases
MAC. MAC is measured as vol%, and so is
dependent on atmospheric pressure, thus explain-
ing the increased doses of volatile agents required
to maintain anaesthesia at high altitudes (Eger,
1974; Quasha et al., 1980).

The accurate control of depth of unconscious-
ness is more difficult to achieve with intravenous
anaesthetic agents. To obtain unconsciousness
they must be administered at a rate which pro-
duces a concentration of drug in the bloodstream
sufficient to result in the required depth of depres-
sion of the central nervous system. The concept of
minimum infusion rate (MIR) was introduced by
Sear and Prys-Roberts in 1970 to define the median
effective dose (EDj5) of an intravenous anaesthetic
agent which would prevent movement in response
to surgical incision. Unlike MAC, however, MIR
does not necessarily equate with the concentration
of the anaesthetic in the blood (Spelina et al., 1986).
In veterinary anaesthesia there is a paucity of infor-
mation relating to the MIR and since there is no
way of estimating the concentration of the agent in
the blood sufficiently rapidly to enable the anaes-
thetist to adjust the rate of administration during
any operation in the light of the analytical result, its
usefulness is questionable. It may be of value in set-
ting infusion rates in computer controlled intra-
venous anaesthesia but such techniques currently
appear to be used infrequently in veterinary prac-
tice although it is possible that their use in experi-
mental laboratories is more widespread.

ANAESTHETIC RISK

General anaesthesia and local analgesia do not
occur naturally and their induction with drugs
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TABLE I.| American Society of
Anesthesiologists’ categories of anaesthetic
risk

Category | Normal healthy patient with no
detectable disease

Category 2 Slight or moderate systemic disease
causing no obvious incapacity
Category 3 Mild to moderate systemic disease
causing mild symptoms (e.g. moderate
pyrexia,anaemia or hypovolaemia)
Category 4 Extreme systemic disease constituting a
threat to life (e.g. toxaemia, uraemia,
severe hypovolaemia, cardiac failure)
Category 5 Moribund or dying patients

that even today are never completely devoid of
toxicity must constitute a threat to the life of the
patient. This can be a major or trivial threat
depending on the circumstances, but no owner
must ever be assured that anaesthesia does not
constitute a risk. When an animal owner raises the
question of risk involved in any anaesthetic proced-
ure the veterinarian needs, before replying, to con-
sider:

1. The state of health of the animal. Animals
presented for anaesthesia may be fit and healthy or
suffering from disease; they may be presented for
elective (‘cold”) surgery or as emergency cases
needing immediate attention for obstetrical crises,
intractable haemorrhage or thoracic injuries. In the
USA the American Society of Anesthesiologists
(ASA) has adopted a classification of physical
status into categories, an ‘E’ being added after the
number when the case is presented as an emer-
gency (Table 1.1).

This is a useful classification but most impor-
tantly it refers only to the physical status of
the patient and is not necessarily a classification of
risk because additional factors such as its
species, breed and temperament contribute to
the risk involved for any particular animal.
Moreover, the assessment of a patient’s ‘correct’
ASA classification varies between different anaes-
thetists (Haynes & Lawler, 1995; Wolters et al.,
1996).

2. The influence of the surgeon. Inexperienced
surgeons may take much longer to perform an
operation and by rough technique produce intense
and extensive trauma to tissues, thereby causing a

greater metabolic disturbance (and increased post-
operative pain). Increased danger can also arise
when the surgeon is working in the mouth or
pharynx in such a way as to make the maintenance
of a clear airway difficult, or is working on struc-
tures such as the eye or larynx and provoking
autonomic reflexes.

3. The influence of available facilities. Crises
arising during anaesthesia are usually more easily
overcome in a well equipped veterinary hospital
than under the primitive conditions which may be
encountered on farms.

4. The influence of the anaesthetist. The compe-
tence, experience and judgement of the anaes-
thetist have a profound bearing on the degree of
risk to which the patient is exposed. Familarity
with anaesthetic techniques leads to greater effi-
ciency and the art of anaesthetic administration is
only developed by experience.

GENERAL CONSIDERATIONS IN THE
SELECTION OF THE ANAESTHETIC
METHOD

The first consideration will be the nature of the
operation to be performed, its magnitude, site and
duration. In general, the use of local infiltration
analgesia may suffice for simple operations such
as the incision of superficial abscesses, the excision
of small neoplasms, biopsies and the castration of
immature animals. Nevertheless, what seems to be
a simple interference may have special anaesthetic
requirements. Subdermal fibrosis may make local
infiltration impossible to effect. Again, the site of
the operation in relation to the complexity of the
structures in its vicinity may render operation
under local analgesia dangerous because of poss-
ible movement by the conscious animal, e.g. oper-
ations in the vicinity of the eyes.

When adopting general anaesthesia the likely
duration of the procedure to be performed will
influence the selection of the anaesthetic. Minor,
short operations may be performed quite satisfact-
orily after the intravenous injection of a small dose
of an agent such as propofol or thiopental sodium.
For longer operations anaesthesia may be induced
with an ultra-short acting agent and maintained
with an inhalation agent with or without endotra-
cheal intubation. For most major operations under



general anaesthesia, preanaesthetic medication
(“premedication’) will need to be considered, par-
ticularly when they are of long duration and the
animal must remain quiet and pain-free for several
hours after the operation. Undesirable effects of
certain agents (e.g. ketamine) may need to be
countered by the administration of ‘correcting’
agents (e.g. o, adrenoceptor agonists, atropine).
Although sedative premedication may significantly
reduce the amount of general anaesthetic which
has to be given it may also increase the duration of
recovery from anaesthesia. Premedication may be
omitted for day-case patients when a rapid return
to full awareness is desirable.

The species of animal involved is a pre-eminent
consideration in the selection of the anaesthetic
method (see later chapters). The anaesthetist will
be influenced not only by size and temperament
but also by any anatomical or physiological fea-
tures peculiar to a particular species or breed.
Experience indicates that the larger the animal, the
greater are the difficulties and dangers associated
with the induction and maintenance of general
anaesthesia. Methods which are safe and satis-
factory for the dog and cat may be quite unsuitable
for horses and cattle. In vigorous and heavy
creatures the mere upset of locomotor coordina-
tion may entail risks, as also may prolonged
recumbency.

Individual animals

The variable reaction of the different species of an-
imals, and of individuals, to the various agents
administered by anaesthetists will also influence
the choice of anaesthetic technique. In addition,
factors causing increased susceptibility to the toxic
actions of anaesthetic agents must be borne in
mind. These include:

1. Prolonged fasting. This, by depleting the
glycogen reserves of the liver, greatly reduces
its detoxicating power and when using parenteral-
ly administered agents in computed doses,
allowance must be made for increased susceptibil-
ity to them.

2. Diseased conditions. Toxaemia causes
degenerative changes in parenchymatous organs,
particularly the liver and the heart, and great care
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must be taken in giving computed doses of agents
to toxaemic subjects. Quite often it is found that a
toxaemic animal requires very much less than the
‘normal” dose. Toxaemia may also be associated
with a slowing of the circulation and unless this is
recognized it may lead to gross overdosing of
intravenous anaesthetics. In those diseases associ-
ated with wasting there is often tachycardia and a
soft, friable myocardium; animals suffering from
such diseases are, in consequence, liable to devel-
op cardiac failure when subjected to the stress of
anaesthesia. It is most important that the presence
of a diseased condition is detected before anaes-
thesia is induced.

EVALUATION OF THE PATIENT
BEFORE ANAESTHESIA

It is probable that most veterinary operations are
performed on normal, healthy animals. The sub-
jects are generally young and represent good
‘anaesthetic risks’. Nevertheless, enquiry should
be made to ensure that they are normal and
healthy - bright, vigorous and of hearty appetite.
Should there be any doubt, operations are best
delayed until there is assurance on this point.
Many a reputation has been damaged by perform-
ing simple operations on young animals which are
in the early stages of some acute infectious disease
or which possess some congenital abnormality.

When an operation is to be performed for the
relief of disease, considerable care must be exer-
cised in assessing the factors which may influence
the choice or course of the anaesthetic. Once these
are recognized the appropriate type of anaesthesia
can be chosen and preoperative measures adopted
to diminish or, where possible, prevent complica-
tions. The commonest conditions affecting the
course of anaesthesia are those involving the car-
diovascular and respiratory systems, but the state
of the liver and kidneys cannot be ignored.

The owner or attendant should always be asked
whether the animal has a cough. A soft, moist
cough is associated with airway secretions that
may give rise to respiratory obstruction and lung
collapse when the cough reflex is suppressed by
general anaesthesia. Severe cardiovascular disease
may be almost unoticed by the owner and enquiry
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should be made to determine whether the animal
appears to suffer from respiratory distress after
exertion, or indeed appears unwilling to take exer-
cise, since these signs may precede other signs of
cardiac and respiratory failure by many months or
even years. Dyspnoea is generally the first sign of
left ventricular failure and a history of excessive
thirst may indicate the existence of advanced renal
disease, diabetes mellitus or diabetes insipidus.

The actual examination may be restricted to one
which is informative yet will not consume too
much time nor unduly disturb the animal. While a
more complete examination may sometimes be
necessary, attention should always be paid to the
pulse, the position of the apex beat of the heart, the
presence of cardiac thrills, the heart sounds and
the jugular venous pressure. Examination of the
urine for the presence of albumin and reducing
substances may also be useful.

Tachycardia is to be expected in all febrile and
in many wasting diseases and under these circum-
stances is indicative of some myocardial weak-
ness. It can, however, also be due to nervousness
and where this is so it is often associaed with
rather cold ears and/or feet. Bradycardia may be
physiological or it may indicate complete atrio-
ventricular block. In horses atrioventricular block
that disappears with exercise is probably of no
clinical significance. In all animals the electrocar-
diogram may be the only way of determining
whether bradycardia is physiological or is due to
conduction block in the heart.

The jugular venous pressure is also important.
When the animal is standing and the head is
held so that the neck is at an angle of about 45°
to the horizontal, distension of the jugular
veins should, in normal animals, be just visible at
the base of the neck. When the distension
rises above this level, even in the absence of other
signs, it indicates an obstruction to the cranial
vena cava or a rise in right atrial or ventricular
pressures. The commonest cause of a rise in pres-
sure in these chambers is probably right ventricular
hypertrophy associated with chronic lung disease
although congenital conditions such as atrial septal
defects may also be indicated by this sign and it
should be remembered that cattle suffering from
constrictive pericarditis, or bacterial endocarditis,
may have a marked increase in venous pressure.

The presence of a thrill over the heart is always
a sign of cardiovascular disease and suggests an
increased risk of complications arising during
anaesthesia. More detailed cardiological examina-
tion is warranted when a cardiac thrill is detected
during the preoperative examination.

Auscultation of the heart should never be omit-
ted, particularly when the animal’s owner is pres-
ent because owners expect this to be carried out,
but the findings are perhaps only of limited inter-
est to the anaesthetist. The timing of any murmurs
should be ascertained by simultaneous palpation
of the arterial pulse. Diastolic murmurs are always
indicative of heart disease and, while they may be
of little importance in relation to cardiac function
during anaesthesia, it is unwise to come to this
conclusion unless other signs, such as displace-
ment of the apex beat, are absent. Systolic mur-
murs may or may not indicate the presence of heart
disease, but if other signs are absent they are most
probably of no significance to the anaesthetist.

Accurate location of the apex beat is possibly
the most important single observation in assessing
the state of the cardovascular and respiratory sys-
tems. It is displaced in most abnormal conditions
of the lungs (e.g. pleural effusion, pneumothorax,
lung collapse) and in the presence of enlargement
of the left ventricle. In the absence of any pul-
monary disorder a displaced apex beat indicates
cardiac hypertrophy or dilatation.

Oedema in cardiac failure has multiple causes
which are not fully understood but include a fail-
ing right ventricle and an abnormal renal blood
flow that gives rise to secondary aldosteronism
and excessive reabsorption of salt and water by the
renal tubules. The tissue fluid appears to accumu-
late in different regions in different species — in
horses in the limbs and along the ventral body
wall, in cattle it is seen in the brisket region and in
dogs and cats the fluid tends to accumulate in the
abdominal cavity. The differential diagnosis of
peripheral oedema includes renal disease, liver
disease and impaired lymphatic drainage.

Pulmonary disorders provide particular haz-
ards for an animal undergoing operation and any
examination, no matter how brief, must be
designed to disclose their presence or absence. On
auscultation attention should be directed towards
the length of the expiratory sounds and the discov-



ery of any rhonchi or crepitations. If rhonchi or
crepitations are heard excessive sputum is present,
and the animal is either suffering from, or has
recently suffered, a pulmonary infection.
Prolongation of the the expiratory sounds, espe-
cially when accompanied by high pitched rhonchi,
indicate narrowing of the airways or broncho-
spasm. Respiratory sounds may be absent in
animals with pneumothorax, extensive lung con-
solidation, or severe emphysema; they are usually
faint in moribund animals.

Uneven movements between the two sides of
the chest is a reliable sign of pulmonary disease
and one which is easily and quickly observed. The
animal should be positioned squarely while the
examiner stands directly in front of it and then
directly behind it. In small animals uneven move-
ment of the two sides of the chest is often better
appreciated by palpation rather than by inspection.

The mouth should be examined for the pres-
ence of loose teeth which might become dislodged
during general anaesthesia and enter the tracheo-
bronchial tree. Other mucous membranes should
be inspected for evidence of anaemia, denoted by
paleness.

Biochemical tests prior to anaesthesia

The question as to whether preanaesthetic urine
and blood analysis should be performed routinely
before every elective anaesthetic is controversial.
Such tests are essential to confirm or exclude
disease conditions suspected as a result of clinical
history and examination, but the cost/benefit of
their use in animals which appear perfectly
healthy can be argued on the basis that the results
rarely would alter the anaesthetic protocol to be
employed. Urine testing is simple, inexpensive
and is particularly important in dogs for in these
animals renal disease and previously undiagnosed
diabetes mellitus are common. Urine samples may
be less readily obtainable from other species of an-
imal. The Association of Veterinary Anaesthetists
debated (Spring Meeting, 1998) the question as to
the need for routine preanaesthetic checks on
haematological and biochemical profiles, and
voted that they were unnecessary if the clinical
examination was adequate. Although in a very
occasional case (e.g. the detection of a partial
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hepto-portal shunt in a young dog) such tests may
detect an unsuspected disease state, in the vast
majority of apparently fit healthy animals they
constitute an unnecessary expense, and indeed the
extra cost involved may prevent an owner from
agreeing to continuation of treatment necessary
for the wellbeing of the patient.

Provided a brief examination such as that
described is carried out thoroughly, and that the
examiner has sufficient skill and experience to re-
cognize the significance or lack of significance of
the findings, most of the conditions that have a
bearing on the wellbeing of an animal in the peri-
operative period will be brought to light so that
appropriate measures can be taken to protect it
from harm.

SIGNIFICANCE OF CONDITIONS
FOUND BY PREANAESTHETIC

CARDIOVASCULAR AND RESPIRATORY
DISEASE

The cardiovascular and respiratory systems are
those which govern the rate at which oxygen can
be made available to the tissues of the body. Many
years ago Nunn and Freeman drew attention to
the crucial fact that this rate is equal to the product
of the cardiac output and the oxygen content of the
arterial blood. Since the arterial oxygen content
approximates to the product of the oxygen satura-
tion and the quantity of oxygen which can be car-
ried by the haemoglobin (about 1.34ml per g of
haemoglobin when fully saturated), the oxygen
made available to the body can be expressed by a
simple equation:

Available oxygen = cardiac output (ml/min)

(ml/min) x arterial saturation (%)
x haemoglobin (g/ml)
x 1.34

This equation, of course, makes no allowance for
the small quantity of oxygen which is carried in
physical solution in the plasma, but it serves to
illustrate the way in which three variables com-
bine to produce an effect which is often greater
than is commonly supposed. If any one of the three
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determining variables on the right-hand side of
the equation is changed, the rate at which oxygen
is made available to the tissues of the body is
altered proportionately. Thus, if the cardiac output
is halved, the available oxygen is also halved. If
two determinants are lowered simultaneously
while the third remains constant, the effect on the
available oxygen is the product of the individual
changes. For example, if the cardiac output and the
haemoglobin concentration are both halved while
the arterial oxygen saturation remains at about the
normal 95%, only one-quarter of the normal
amount of oxygen is made available to the body
tissues. If all three variables are reduced the effect
is, of course, even more dramatic.

DRUG METABOLISM AND DISEASE STATES

Drugs are usually metabolized through several
pathways so that they are changed from fat sol-
uble, active, unexcretable drugs into water soluble,
inactive drugs that are able to be excreted by the
kidneys and in the bile. Since the mammalian body
metabolizes many thousands of compounds every
day and has far fewer enzymes, each enzyme
metabolizes many substrates. Only very rarely,
if ever, will one enzyme metabolize only one
substrate. Many things change enzyme function.
Mechanisms for enzyme induction are poorly
understood, unlike inhibition, which has been
much more extensively studied. Enzyme induction
is a slow process involving an increased amount of
enzyme in the cell over about 24 to 48hours,
whereas inhibition is quick and sometimes occurs
after only one dose of an inhibitor. Since enzymes
are proteins their concentrations inside cells may
be changed by a variety of factors (Fig. 1.6).

There is now an increasing amount of informa-
tion about how enzymes change in response to one
stressful stimulus but it is important to recognize
that usually several stimuli exist at the same time
in each critically ill animal. Most chemical reac-
tions are sensitive to temperature, speeding up as
the temperature increases and slowing with a
decrease in temperature, but in spite of this
all fevers do not increase the rate of metabolism
of drugs: the cause of the fever is important.
Infections and pyrogens cause the release of
inflammatory mediators which reduce the expres-

Lack of co-factors
(e.g. oxygen)

Environmental
changes
(e.g. hypoxia,
inflammation)

Inducers
(e.g. phenobarbitone)

Enzyme

Inhibitors

Substrate
competition
(e.g. midazolam)

Direct effect on
the enzyme
(e.g. propofol)

FIG. 1.6 Factors which may change enzyme function.

sion and activity of many enzymes. Non-traumatic
stress has been shown to reduce enzyme function,
possibly by decreased hepatic blood flow resulting
in hypoxaemic induced reduction in metabolizing
enzymes. Endogenous corticosteroid secretion as
part of the stress response or exogenous steroid
given to treat disease will change the expression of
drug metabolizing enymes, and metabolic activity
also varies with age. The anaesthetist must be
aware of these factors so that any increase or
decrease in the duration of drug action may be
anticipated.

FACTORS AFFECTING TRANSPORT OF
DRUGS IN THE BODY

Most drugs are carried in the bloodstream partly
bound, usually by electrostatic bonds, to the pro-
teins of the plasma, albumin being far the most
important for the majority of agents. Light or mod-
erate protein binding has relatively little effect on
drug pharmacokinetics or pharmacodynamics.
Heavy protein binding with drugs such as
thiopental results in a low free plasma concentra-
tion of the drug, which may become progressively



augmented as the available binding sites become
saturated. The bound drug is, of course, in dynam-
ic equilibrium with free (active) drug in the plasma
water. The bonds are generally reversible and con-
form to the law of mass action:

1 I S
protein kit

[DP]
complex

[D]
drug

+

The association and dissociation processes take
place very quickly, and can generally be taken to
be instantaneous. The equilibrium association con-
stant K is defined as the ratio of rate constants,
and of bound to the product of unbound concen-
trations:

.k . oM
K Kot [D] x [P]

This simple relationship is often obscured by the
fact that one protein molecule may possess several
binding sites for any particular drug, which may
or may not have the same association constant. It
can generally be assumed, however, that so long as
the plasma proteins remain unchanged, the ratio
of ‘free’ to ‘bound’ drug will remain constant. This
ratio depends on the nature of the drug molecule.
Small, neutral, water soluble drugs will not bind to
protein at all but larger lipophilic molecules may
exhibit very high binding ratios.

Anaemia is often associated with hypopro-
teinaemia and this can have marked effects in
anaesthesia. In conditions where there is anaemia
and hypoalbuminaemia, a greater fraction of a
given dose of a drug will be unbound and this will
be even greater if other bound drugs have already
occupied many of the binding sites.This can result
in an increased peak activity of the drug. Liver dis-
ease giving rise to hypoalbuminaemia can result in
reduced binding of drugs such as morphine so that
smaller than normal doses of this analgesic will be
effective when pain relief is needed. A rapid intra-
venous injection of an albumin-bound drug may
also lead to increased pharmacological activity
because the binding capacity of the albumin in the
limited volume of blood with which the drug ini-
tially mixes is exceeded and more free (active)
drug is presented to the receptor sites. Plasma pro-
tein binding enhances alimentary absorption of
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drugs by lowering the free plasma concentration,
thereby increasing the concentration gradient for
diffusion from the gut lumen. An apparent excep-
tion to the increased activity of drugs in hypopro-
teinaemic animals is the resistance to tubocurarine
seen in cases of liver disease. This is explained by
the fact that tubocurarine binds to y globulin rather
than albumin and reversed albumin/globulin
ratios are common in hepatic diseases.

Not surprisingly, for a protein with a molecular
weight of about 65 000, there are several genetic-
ally acquired variants of albumin. Furthermore,
the configuration of the albumin molecule also
changes during illness and, for example, in renal
failure. These changes can be demonstrated by
electrophoresis but their significance for the bind-
ing of drugs in vivo is not known.

RENAL DISEASE

Chronic renal disease is common in dogs, and
affected animals cannot produce concentrated
urine. Dehydration from any cause deprives the
kidneys of sufficient water for excretory purposes
(Fig. 1.7). To ensure that these animals receive an
adequate fluid intake over the anaesthetic period it
is usually necessary to administer fluid by intra-
venous infusion. A uraemic circle can also be set
up in animals suffering from chronic renal disease
if the arterial blood pressure is allowed to decrease
because of anaesthetic overdose or haemorrhage
and renal ischaemia ensues (Fig. 1.8). The mainten-
ance of the circulating fluid volume is most
important in all animals with chronic renal disease
and it is important that adequate venous access is
assured before anaesthesia and operation.

Acute renal failure can be defined as an abrupt
decline in renal function with a decrease in
glomerular filtration rate (GFR) resulting in the
retention of nitrogenous waste products. Acute
renal failure is classified into:

(i) Prerenal failure, denoting a disorder in the
systemic circulation that causes renal hypoperfu-
sion. Implicit here is that correction of the underly-
ing circulatory disturbance (e.g. by improvement
in cardiac function or repletion of volume) restores
the GFR. However, prerenal failure is often fol-
lowed by transition to:
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FIG. 1.7 Effect of water deprivation in dogs suffering from chronic renal disease.

(ii) Intrinsic renal failure, where correction of
the underlying circulatory impairment does not
restore the GFR to normal levels. Intrinsic renal
failure generally includes tubular necrosis or the
blocking of tubules by cell debris or precipitated
proteins and there is no question of unaffected
nephrons compensating for failing nephrons as
there is in chronic renal failure. Instead all are
involved in a massive disturbance of renal func-
tion with diversion of blood flow away from the
renal cortex towards the medulla and an overall
reduction in renal perfusion. There is, however, a
potential for complete recovery, whereas chronic
renal failure invariably progresses over a variable
period of time with no hope of recovery of renal
function.

(iii) Postrenal failure (obstructive) is a third pos-
sibility.

Excessive reliance on blood pressure maintenance
to between the ‘autoregulatory range’ by infusion
or the use of vasoactive drugs overlooks the fact
that renal blood flow is labile since the kidneys
contribute to the regulation of blood pressure. The
incidence of acute renal failure is high after the use
of intravenous contrast radiological media, nephro-
toxic drugs (e.g. non-steroidal anti-inflammatory
drugs, gentamycin, amphotericin). The use of
dopamine as a renoprotective agent is controver-
sial; it is said to act as a renal vasodilator but it is
probable that the increased renal blood flow when
it is given in doses of 2-5ug/kg/min is due to
inotropic effects because other non-dopaminergic

inotropic agents have similar effects on renal blood
flow.

PREPARATION OF THE PATIENT

Certain operations are performed as emergencies
when it is imperative that there shall be no delay
and but little preparation of the patient is possible.
Amongst these operations are repair of thoracic
injuries, the control of severe, persistent haem-
orrhage, and certain obstetrical interferences
where the delivery of a live, healthy neonate is
of paramount importance. For all other operations,
time and care spent in preoperative preparation
are well worthwhile since proper preparation
not only improves the patient’s chances of
survival, but also prevents the complications
which might otherwise occur during and
after operation. When operations are to be
performed on normal, healthy animals, only
the minimum of preparation is required before
the administration of a general anaesthetic, but
operations on dehydrated, anaemic, hypo-
volaemic or toxic patients should only be under-
taken after careful preoperative assessement and
preparation.

FOOD AND WATER

Food should be withheld from the animal on the
day it is to undergo an elective operation under
general anaesthesia. A distended stomach may
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FIG. 1.8 Effect of drug overdose or haemorrhage on
arterial blood pressure leading to renal failure and death in
the presence of chronic renal disease.

interfere with the free movement of the diaphragm
and hinder breathing. In dogs, cats and pigs, a full
stomach predisposes to vomiting under anaesthe-
sia. In horses a full stomach may rupture when the
horse falls to the ground as unconsciousness is
induced. In ruminants, a few hours of starvation
will not result in an appreciable reduction in the
volume of the fluid content of the rumen but it
seems to reduce the rate of fermentation within
this organ, thus delaying the development of tym-
pany when eructation is supressed by general
anaesthesia.

Excessive fasting exposes the patient to risks
almost as great as those associated with lack of
preparation and should not be adopted. Any fast-
ing of birds and small mammals is actually life-
threatening. Many clinicians are of the opinion
that prolonged fasting in horses predisposes to
postanaesthetic colic by encouraging gut stasis. In
non-ruminants, free access to water should be
allowed right up to the time premedication is
given, but in ruminants there is some advantage in
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withholding water for about six hours before
abdominal operations because this appears to
result in slowing of fermentation in the rumen.

FLUID AND ELECTROLYTES

The water and electrolyte balance of an animal is a
most important factor in determining uncomplic-
ated recovery or otherwise after operation. The
repair of existing deficits of body fluid, or of one of
its components, is complex because of the inter-
relations between the different electrolytes and
the difficulties imposed by the effects of severe
sodium depletion on the circulation and renal
function.

Fortunately, the majority of animal patients suf-
fer only minor and recent upsets of fluid balance so
that infusion with isotonic saline, Hartmann’s solu-
tion or 5% dextrose, depending on whether sodium
depletion or water depletion is the more predom-
inant, is all that is required. An anaesthetic should
not be administered to an animal which has a
depleted circulating blood volume for the vasodi-
latation caused by anaesthetic agents may lead to
acute circulatory failure, and every effort should be
made to repair this deficit by the infusion of blood,
plasma or plasma substitute before anaesthesia is
induced. In many instances, anaesthesia and oper-
ation may be safely postponed until the total fluid
deficit is made good and an adequate renal output
is achieved, but in cases of intestinal obstruction
operation should be carried out as soon as the
blood volume has been restored. Attempts to
restore the complete extracellular deficit before the
intestinal obstruction is relieved result in further
loss of fluid into the lumen of the obstructed bowel
and, especially in horses, make subsequent opera-
tion more difficult. When in doubt about the
nature and volume of fluid to be administered, it is
as well to remember that, with the exception of
toxic conditions and where severe hypotension
due to hypovolaemia is present, an animal’s condi-
tion should not deteriorate further if sufficient
fluid is given to cover current losses. These current
losses include the inevitable loss of water through
the skin and respiratory tract (approximately
20-60ml/kg/day depending on the age and
species of the animal), the urinary and faecal loss,
and any abnormal loss such as vomit.
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HAEMOGLOBIN LEVEL

As already mentioned on page 21 anaemia may be
treated to raise the haemoglobin concentration to
more reasonable value before any major premedi-
tated surgery is performed. When operation can be
delayed for two or more weeks, the oral or par-
enteral administration of iron may increase the
haemoglobin to an acceptable value, (eg. 10 to
12 g/100ml blood depending on the species of an-
imal) but when such a delay is inadvisable either
the transfusion of red blood cells is indicated or
low levels of haemoglobin must be tolerated for
their effect of decreasing blood viscosity.

DIABETES MELLITUS

It is sometimes necessary to anaesthetize a dog or
cat suffering from diabetes mellitis and if the con-
dition is already under control no serious prob-
lems are likely to be encountered. However, if the
normal dose of insulin is given, starvation before
operation and inappetance afterwards may give
rise to hypolgycaemia. There are over 30 commer-
cially available preparations of insulin and they
have different durations of action. Short acting
insulins (e.g. soluble insulin) have a peak effect at
2 to 4hours and their effects last for 8 to 12 hours.
Medium acting insulins (e.g. semilente) have a
peak effect at 6 to 10 hours and activity for up to
24hours. Long acting insulins have a peak effect at
12 to 15hours and one dose lasts for at least
36hours. For this reason it is advisable to switch to
purely short acting insulin a few days prior to elec-
tive surgery. By doing this, there is effectively no
active long acting insulin preparation left on the
day of operation and it becomes much easier to
control the blood sugar around the perioperative
period.

If an emergency operation has to be performed
on an uncontrolled diabetic then the condition of
the animal requires careful assessment and treat-
ment. Ketonuria is an indication for treatment
with gluose and soluble insulin, whilst over-
breathing is a sign of severe metabolic acidosis.
This must be treated with the infusion of sodium
bicarbonate solution but the amount of bicarbon-
ate needed in any particular case can only be
calculated with any degree of certainty when the
acid-base status is known from laboratory exam-

ination of an anaerobically drawn arterial blood
sample. In the absence of this data the animal may
be treated by infusing 2.5% sodium bicarbonate
solution until the overbreathing ceases. Because of
the presence of an osmotic diuresis, many uncon-
trolled diabetics also require treatment for dehy-
dration. The object of management is not to try to
correct all disturbances as quickly as possible, so
as achieving in an hour or two what normally
should take 2 to 3 days. Doing this may produce
swings in plasma osmolarity that can be respons-
ible for the development of cerebral oedema. All
that is necessary prior to emergency surgery is to
correct any hypovolaemia and ensure that the
blood glucose level is declining.

INFLUENCE OF PRE-EXISTING DRUG
THERAPY

Modern therapeutic agents are often of consider-
able pharmacological potency and animals pre-
sented for anaesthesia may have been exposed to
one or more of these. Some may have been given
as part of the preoperative management of the an-
imal but whatever the reason for their administra-
tion they may modify the animal’s response to
anaesthetic agents, to surgery and to drugs given
before, during and after operation. In some cases
drug interactions are predictable and these may
form the basis of many of the combinations used in
modern anaesthesia, but effects which are unex-
pected may be dangerous.

In an ideal situation a drug action would occur
only at a desired site to produce the sought-after
effect. In practice, drugs are much less selective and
are prone to produce ‘side effects” which have to be
anticipated and taken into account whenever the
drug is administered. (A ‘side effect’ may be
defined as a response not required clinically, but
which occurs when when a drug is used within its
therapeutic range.) Apart from these unavoidable
side effects which are inherent, adverse reactions to
drugs may occur in many different ways which are
of importance to the anaesthetist. These include:

1. Overdosage. For some drugs exact dosing may
be difficult. Overdosage may be absolute as when
an amount greater than the intended dose is given



in error, or a drug is given by an inappropriate
route, e.g. a normal intramuscular dose may con-
stitute a serious overdose if given intravenously.
Relative overdose may be due to an abnormality of
the animal; an abnormal sensitivity to digitalis is
found in hypokalaemic animals and newborn ani-
mals are sensitive to non-depolarizing neuromus-
cular blocking drugs. The use in dogs and cats of
flea collars containing organophosphorus com-
pounds may reduce the plasma cholinesterase and
prolong the action of a normal dose of suxametho-
nium. Overdose manifestations vary from acute to
chronic and may produce toxicity by a quantita-
tively enhanced action which can be an extension
of the therapeutic action, e.g. neostigmine in
excess for the antagonism of non-depolarizing
neuromuscular block. They may also be due to
side effects (e.g. morphine producing respiratory
depression).

2. Idiosyncrasy. Some animals may have a
genetically determined response to a drug which
is qualitatively different to that of normal individ-
uals, as in the porcine hyperpyrexia syndrome
(porcine malignant hyperthermia).

3. Intolerance. This is exhibiting a qualitatively
normal response but to an abnormally low or high
dose. It is usually simply explained by the
Gaussian distribution of variation in the animal
population.

4. Allergy. Allergic responses are, in general, not
dose related and the allergy may be due to the
drug itself or to the vehicle in which it is present-
ed.The reaction may take a number of forms:
shock, asthma or bronchospasm, hepatic conges-
tion from hepatic vein constriction, blood disor-
ders, rashes or pyrexia. Terms such as ‘allergic’,
‘anaphylactic’, “‘anaphylactoid” or ‘hypersensitive’
have specific meanings to immunologists but,
unfortunately, they are often used interchange-
ably. Strictly speaking it is inaccurate to use any of
these terms until evidence of the immunological
basis of a reaction has been established. Many
of these reactions are histamine-related but
other mediators such as prostaglandins, leuco-
trienes or kinins may be involved. Some im-
munologists consider that where either the
mediator or the mechanism involved is uncertain,
reactions are best described as ‘histaminoid” or
‘anaphylactoid’.
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5. Drug interactions. Despite the importance
of drug interactions there is little information in
the veterinary literature on this subject. Drug inter-
action can occur outside the body, as when two
drugs are mixed in a a syringe before they are
administered, or inside the body after administra-
tion by the same or different routes. It is generally
unwise to mix products or vehicles in the same
syringe or to administer a drug into an intravenous
infusion of another drug for this may result in
precipitation of one or both drugs or even the for-
mation of new potentially toxic or inactive com-
pounds. The result of the interaction between two
drugs inside the body may be an increased or
decreased action of one or both or even an effect com-
pletely different from the normal action of either
drug. The result of interaction may be simply the
the sum of the actions of the two drugs (1 +1=2),
or greater (1 + 1 > 2), when it is known as syner-
gism. When one agent has no appreciable effect but
enhances the response to the other (0 + 1 > 1) the
term ‘potentiation’ is used to describe the effect of
the first on the action of the second. An agent may
also antagonize the effects of another and the
antagonism may be ‘chemical’ if they form an inac-
tive complex, ‘physiological’ if they have directly
opposing actions although at different sites, or
‘competitive’ if they compete for the same recep-
tors. Non-competitive antgonism may result from
modification by one drug of the transport, bio-
transformation or excretion of the other. In the liver
the non-specific metabolic degradation of many
drugs occurs and many different agents have the
ability to cause an ‘enzyme induction’ whilst a few
decrease the activity — ‘enzyme inhibition’. An-
algesics such as phenylbutazone cause enzyme
induction and can produce a great increase in the
rate of metabolism of substrates. Barbiturate treat-
ment of epilepsy may almost halve the half-life of
dexamethasone with a conseqent marked deterio-
ration in the therapeutic effect of this steroidal sub-
stance. Competition for binding sites and the
displacement of one drug from the bound (inac-
tive) form may lead to increased toxicity. For exam-
ple, warfarin (which is sometimes used in the
management of navicular disease in horses) is dis-
placed by several agents, including the analgesic
phenylbutazone, with a resulting risk of haemor-
rhage.
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Patient monitoring and clinical

measurement

INTRODUCTION

From the earliest days of anaesthesia the anaesthetist
has monitored the patient’s pulse rate, pattern of
breathing and general condition. Advances in elec-
tronic technology have made reasonably reliable,
easily attached, non-invasive monitoring devices
available for clinical practice. Observations and
measurements of certain parameters before, dur-
ing, and after anaesthesia provide important data
to support the clinical assessment of the animal’s
condition and improve the chances of survival of
the very ill by indicating what treatment is needed,
as well as the response to treatment already given.
Itis necessary to know what to measure as well as
how to measure it and not all anaesthetists may agree
on the priority ranking of the monitoring devices
available. There can be little doubt that to introduce
the full panoply of monitoring equipment for short
bloodless procedures on healthy animals may turn
a simple anaesthetic administration into a complex
one with unnecessary distractions. However, for
major surgery, for anaesthesia and surgery of
poor-risk patients, and for equine anaesthesia, it
would be difficult to defend the failure to use mon-
itoring equipment, especially if it were available.

GENERAL CONSIDERATIONS
RELATING TO MONITORING

Anaesthetic mishaps may be caused by mechan-
ical malfunction, disconnection of equipment, or

human error. Judgmental error frequently occurs
when the anaesthetist is in a hurry and circum-
vents basic practices and procedures, or when a
decision must be made in an emergency. The
prevalence of complications may also be asso-
ciated with inadequate training or experience of
the anaesthetist. Knowledge and experience are a
function of the nature of the training received and
the years of practice, but proper vigilance at all
times can only be generated by self-motivation.

Routines should be developed to ensure that
each aspect of apparatus function is checked
before use. Failure to follow a simple check list in
every case features high on the list of causes of
anaesthetic disasters. All anaesthetic equipment,
including monitoring devices, should be main-
tained in good functioning order. It should be a
matter of course to maintain monitors with a bat-
tery back-up fully charged in case of need in an
area without a convenient electricity outlet nearby,
failure of electricity supply, or the need to discon-
nect from the main supply to minimize electrical
interference with other monitoring equipment.

Proficiency with methods of electronic surveil-
lance must be acquired during minor procedures
so that they can be applied properly in cir-
cumstances where their use is mandatory (e.g.
during major surgery or a cardiovascular crisis).
Routine use ensures that probes, sensors, elec-
trodes, etc. can be applied quickly to the animal
and increases the likelihood that the information
obtained is reliable.
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Although current practice is to establish moni-
toring only after the animal has been anaesthetized,
it must be recognised that many complications
occur during induction of anaesthesia. Ideally,
especially for poor-risk patients, monitoring
should begin when the drugs for premedication
are administered. Dogs and cats may vomit after
administration of an opioid and the quantity and

content of the vomit may warn that the animal was
fed recently and so may be at risk for regurgitation
and pulmonary aspiration of gastric material.
Brachycephalic breeds and animals with respir-
atory problems should always be observed after
administration of preanaesthetic drugs because
sedation may cause partial or complete airway
obstruction or serious respiratory depression. In

Abbreviations AG | 2 3 4 Ag
1 |
TIME } o I5 30 45 0 I5 30 45 0 I5 30 '
O, flow L/min 2 I I I I L
End tidal CO, 37 32 38 38 38
Vaporizer % 2 1.75 |2 1.5
HR
o o 180 180
Arterial pressure:
V Systolic 160 160
A Diastolic 140 140
X Mean \z
120 e \ 120
Ventilation: renm ¥ $e000000 00 ®e
4 / &
Spontaneous 100 ¥ 100
®
S ) ® X
o—o 80 gee ©7%| 80
[ ]
Controlled
c 60 60
o—o0
. . 40 \ 40
A| Anes. induction o S S
AG Begin inhalant 20 IS Q=00 Q0= 0-0-0——P-0=0=<C 06L 6564648 D 5 Q@ QQ Q9
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Sg Surgery start 10 10
SE Surgery end
E Extubation 0 0
Temperature 103.1 [ 101.6 [101.6 | 999 | 988 | 98.6 | 98.1 | 97.5 | 97.2 | 96.6 | 96.1 |96.5
Fluids (ml) LRS 175 | 350 | 550 | 850 | 1050 | 1430 | 2050 | 2200 | 2530 |2650 2725
Other

DETAILED COMMENTS:

I. Oxymorphone [.5mg IV

2. Move to O.R. | 200mg Cefotetan IV

3. Change from indirect to direct arterial BP monitoring
4. Morphine 30mg IM

Fig.2.1 Anaesthetic record of a 61 kg, 6-year-old female Great Dane anaesthetized for exploratory laparotomy because
of torsion of the spleen. Anaesthesia was induced by intravenous administration of ketamine, 200 mg,and diazepam, 10
mg,and maintained with isoflurane. Heart rate, blood pressure and respiratory rate were recorded at regular intervals to

facilitate early recognition of adverse trends.



any animal, evaluation of the degree of sedation
produced by premedicant drugs may indicate that
the anaesthetic plan should be reassessed and either
drug doses reduced or additional agents included.

Careful observation of the patient during
induction of anaesthesia may allow precise titra-
tion of drugs to achieve the desired depth of anaes-
thesia and ensure early recognition of a
complication that requires immediate specific
treatment, such as cyanosis, anaphylaxis, or car-
diac arrest. Where possible, patients at risk for
complications may be attached to specific monitor-
ing equipment before induction of anaesthesia.
Appropriate equipment for this would be the elec-
trocardiograph (ECG) and a device for measure-
ment of blood pressure.

Recording drugs, dosages and responses for
each patient is essential and provides valuable
information for any subsequent time that anaesthe-
sia may be needed. Noting all measurements on an
anaesthetic record provides a pictorial description
of changes that can be used to predict complica-
tions and plan treatment (Fig. 2.1). Retrospective
evaluation of difficult cases and of series of records,
perhaps of patients with similar surgical proced-
ures, or to compare different anaesthetic protocols,
can be used to monitor the anaesthetist’s perform-
ance and identify difficult situations that require
further thought and improved management. For
research purposes, data can be acquired into a
computer for accurate data summaries.

Monitoring animals during anaesthesia must
include observation of behaviour and reflexes and
measurement of various physiological parameters
at regular intervals to accomplish two objectives.
The first objective is to ensure that the animal sur-
vives anaesthesia and surgery. The second object-
ive is to obtain information that can be used to
adjust anaesthetic administration and manage-
ment to minimize physiological abnormalities,
which is especially important for animals that
have already compromized organ systems. The
goal is to prevent development of preventable
adverse consequences 1hour, 12hours, or even
3 days after anaesthesia.

Monitoring should continue into the recovery
period to determine the need for additional anal-
gesic drugs and to record serious deviations in
body temperature. Mucous membrane colour
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should be checked for at least 20 minutes after the
animal has been disconnected from oxygen as it
may take that long for hypoxaemia to develop in
animals that are moderately hypoventilating and
breathing air.

A variety of methods using inexpensive or
expensive equipment can be used to monitor para-
meters determined by the species of animal to be
anaesthetized and by the abnormalities already
present in the patient. Not all monitoring techniques
need to be applied to every patient. A recommen-
dation for three levels of monitoring is presented
in Table 2.1; level 1 monitoring information should
be obtained from all anaesthetized animals, level 2
monitors are affordable and recommended for
routine use in some groups of patients, and level 3
monitors individually offer improved monitoring
for patients with specific problems.

This chapter will describe the techniques of
monitoring using a systems approach, and offer
guidelines for interpretation of the information
obtained. Further recommendations are given in
the chapters devoted to species anaesthesia and
the chapter on management of complications.

CLINICAL ASSESSMENT OF THE
PATIENT

MONITORING THE CENTRAL NERVOUS
SYSTEM

An early attempt at defining depth of anaesthesia
through observation of changes in reflexes, muscle
tone, and respiration with administration of
increased concentration of ether resulted in classi-
fication of anaesthesia into four stages (Fig. 2.2).
The animal was said to make the transition from
consciousness to deep anaesthesia by passing
sequentially through Stage I (in which voluntary
excitement might be observed), Stage II (when the
animal appeared to be unconscious but exhibited
involuntary muscle movement, such as limb
paddling, and vocalization), Stage III (surgical
anaesthesia), and Stage IV (anaesthetic overdose
immediately prior to death). Stage III was further
divided into Plane 1 (light anaesthesia sufficient
only for non-painful procedures), Plane 2
(medium depth anaesthesia employed for most
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TABLE 2.1 Prioritization of monitoring

Monitor Information obtained

Level | (Basic monitoring)

® Palpebral and pedal reflexes, eye position

® Respiratory rate and depth of chest or
bag excursion

® Oral mucous membrane colour

® Heart rate, pulse strength, capillary refill
time

® Temperature

Depth of anaesthesia
Adequacy of ventilation

Oxygenation
Assessment of circulation

Temperature

Level 2 (Routine use recommended for some patients)

® Arterial blood pressure measurement Blood pressure
(indirect or direct methods)

® Blood glucose Blood glucose

Cardiac rate and rhythm; diagnosis
of arrhythmia or cardiac arrest

® Electrocardiography

Haemoglobin oxygen saturation;
pulse rate

® Pulse oximetry

® Urine output, either by expression
of urinary bladder or by urethral
catheterization

Urine volume produced during
anaesthesia; indirect assessment
of adequacy of tissue perfusion

Level 3 (Use for specific patients or problems)

® Anaesthetic gas analyser Inspired and end-tidal anaesthetic
agent concentration; evaluation of
depth of inhalation anaesthesia
PaCO,, PaO,, pH,HCO3; base
excess/deficit

® Blood gases and pH

End-tidal carbon dioxide
concentration; estimate of
adequacy of ventilation; warning
of circuit disconnect or cardiac
arrest

Cardiac output

® Capnography

® Cardiac output measurement
® Central venous pressure Adequacy of blood volume

Cerebral ischaemia; assessment of
depth of anaesthesia

® Electrophysiological diagnostics
(electroencephalogram, cortical evoked
responses, spectral edge frequency)

® Packed cell volume and total protein Haemodilution and protein

concentration

® Peripheral nerve stimulator Neuromuscular transmission

Specific use

All anaesthetized animals
All anaesthetized animals

All anaesthetized animals
All anaesthetized animals

Dogs and cats anaesthesia
greater than 30 min;all inhalation
anaesthesia

All inhalation anaesthesia;
cardiovascular disease or
depression

Paediatric patients; diabetics;
septicaemia;insulinoma

All inhalation anaesthesia;
thoracic trauma or cardiac
disease

Small animals breathing air
during anaesthesia; thoracic
trauma or pulmonary
disease; septicaemia/
endotoxaemia

Renal disease; some urinary tract
surgery; multiorgan failure

Any patient on inhalation
anaesthetic agent

Suspected hypoventilation or
hypoxaemia; measurement of
metabolic status

Suspected hypoventilation
during inhalation anaesthesia;
patients at risk for complications

Multiorgan failure; research
investigations

Dehydrated small animal
patients; portosystemic shunt
Reliability is being investigated

Haemorrhage; large volume
infusion of crystalloid

solution

Use of neuromuscular blocking
agents




surgical procedures), Plane 3 (deep anaesthesia),
and Plane 4 (excessively deep anaesthesia). Al-
though the progression of changes described in
Fig. 2.2 are generally accurate representations of
the transition from light to deep ether anaesthesia,
the rate of changes vary for the newer inhalation
agents and are altered by concurrent administra-
tion of injectable drugs.

Eye position and reflexes

Eye movements are similar with thiopental,
propofol, halothane, and isoflurane in that the
eyeball rotates rostroventrally during light and
moderate depths of surgical anaesthesia, returning
to a central position during deep anaesthesia (Fig.
2.3). Muscle tone is retained during ketamine
anaesthesia and the eye remains centrally placed
in the orbit in dogs and cats (Fig. 2.4), and only
slightly rotated in horses and ruminants. Fine
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nystagmus may be present in horses anaesthetised
with ketamine (See Chapter 11). The palpebral
reflex, which is partial or complete closure of
the eyelids (a blink) elicited by a gentle tap at
the lateral canthus of the eye or gentle stroking of
the eyelashes, is frequently a useful guide to depth
of anaesthesia. At a plane of anaesthesia satisfact-
ory for surgery, the palpebral reflex is weak and
nystagmus is absent. A brisk palpebral reflex
develops when anaesthesia lightens. Ketamine
anaesthesia is associated with a brisk palpebral
reflex.

A corneal reflex is a similar lid response elicited
by gentle pressure on the cornea. The presence of a
corneal reflex is no indicator of depth of anaesthe-
sia and may still be present for a short time after
cardiac arrest has occurred.

The pedal reflex is frequently tested in dogs,
cats and small laboratory animals to determine if
depth of anaesthesia is adequate for the start of

VENTILATION
Inter- | Dia- Pattern Pupil Eyeball Eye Lacri- Response to
costal | phragm position reflexes mation surgical stim.
Irregular
Awake panting %)
Irregular
Stage Il breath- %’) Palpebral
holding .
Stage Il
LIGHT Regular @;%)
Plane |
MEDIUM Regular
Plane 2 shallow
DEEP
Plane 3 Jerky @ (O)
Corneal
Stage IV Q l

FIG.2.2 Changes in ventilation and eye signs follow recognized patterns with different stages of inhalation anaesthesia.
The progression of these changes will be influenced by inclusion of injectable anaesthetic agents (adapted from Soma,

1971).
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FI1G.2.3 The rostroventral rotation of the eye in this dog
is consistent with light and medium planes of halothane or
isoflurane anaesthesia.

surgery. Pinching the web between the toes or firm
pressure applied to a nail bed will be followed
by withdrawal of the limb if anaesthesia is
inadequate.

The whisker reflex in cats, where pinching of
the pinna elicits a twitch of the whiskers, has been
used to assist in titration of pentobarbital to an
adequate depth of anaesthesia. After administra-
tion of one-third to one-half of the calculated dose

of pentobarbital to facilitate rapid transition
through any excitement stage, small increments
are administered over several minutes just until
the whisker reflex is abolished.

MONITORING OF RESPIRATORY RATE AND
CARDIOVASCULAR FUNCTION

Measurements of respiratory rates, heart rates,
and blood pressure are not reliable guides to depth
of anaesthesia, although increasing the depth of
anaesthesia by increasing administration of an
anaesthetic agent produces increased respiratory
and cardiovascular depression. It is not un-
common for an unstimulated dog anaesthetised
with an inhalation agent to have a low arterial
blood pressure and yet in the next minute start
moving its legs and chewing on the endotracheal
tube in response to a skin incision, all accompan-
ied by a dramatic increase in blood pressure.
Inhalation agents may elicit different responses,
for example, increasing depth of isoflurane anaes-
thesia may decrease respiratory rates whereas
increasing depth of halothane anaesthesia may
result in increased respiratory rates. Furthermore,
today in a clinical patient, more than one anaes-
thetic or preanaesthetic agent is generally used
and the cardiopulmonary effects are determined
by the combination of agents used and the dose
rates.

FI1G.2.4 The central position of the eye, with a brisk palpebral reflex, is observed typically during ketamine anaesthesia in

cats.
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CAPNOMAC ULTIMA
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FIG.2.5 This gas analyser (Capnomac Ultima™, Datex-Engstrom Inc., Tewksbury, Maryland, USA) is monitoring a 27 kg
female English Bulldog that was premedicated with glycopyrrolate and butorphanol and anaesthesia induced with propofol.
She has been breathing oxygen and isoflurane at a vaporizer setting of 2.5% for 5 minutes.The monitor indicates that the
inspired (Fi) isoflurane concentration is less than the vaporizer setting and that the end-tidal (ET) isoflurane concentration

is less than MAC value.

Anaesthetic gas analysers

The anaesthetic gas analyser measures the concen-
tration of inhalation anaesthetic agent in inspired
and expired gases (Fig. 2.5). The gases are sampled
at the junction of the endotracheal tube and
breathing circuit either directly in-line or by con-
tinuous aspiration of gases at a rate of 150 ml/min
to a monitor placed at some distance from the
patient. To assess the depth of anaesthesia, the
end-tidal concentration of inhalation agent is
measured (alveolar concentration is measured at
the end of exhalation) and compared with the
MAC value for that inhalant anaesthetic and
species (Table 2.2). Higher than MAC values will
be required to prevent movement in response to
surgery, usually 1.2 to 1.5 times MAC, when anaes-
thesia is maintained almost entirely by inhalation
agent. Less than MAC value may be sufficient
when analgesia is provided by neuroleptanalgesia,
by continuous or intermittent administration of an

opioid, or by medetomidine or detomidine.
For these animals, the anaesthetic administration
must be adjusted according to observation of
reflexes and cardiovascular response to surgical
stimulus.

It should be noted that the gas analyser also
accurately measures inspired anaesthetic concen-
tration, which may be substantially lower than the

TABLE 2.2 MAC* values for halothane,
isoflurane and sevoflurane in several species

Anaesthetic Dogs Cats Horses
agent

Halothane 0.9 1.1 0.9
Isoflurane 1.4 1.6 1.3
Sevoflurane 2.8 2.6 2.3

MAC = minimum alveolar concentration of anaesthetic
agent required to prevent purposeful movement in 50% of
animals in response to a standard painful stimulus.
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vaporizer setting in rebreathing systems during
anaesthesia in large dogs, horses and ruminants.
In the absence of an accurate measure of anaes-
thetic concentration delivered, administration of
an anaesthetic agent may be inadequate despite an
apparently adequate vaporizer setting. In a retro-
spective study of equine anaesthesia, it was found
that horses were four times more likely to move
during anaesthesia when an anaesthetic agent
analyser was not used (C. M. Trim, unpublished
observations).

Some monitors using the principles of infrared
absorption spectrometry cannot be used for
horses or ruminants as they will measure exhaled
methane and record the concentration as
halothane, for example the Datex Capnomac/
Normac (Taylor 1990). Analysers that use higher
wavelengths of infrared light should be un-
affected by methane (Moens et al., 1991).

Computerized anaesthetic administration

The subject of computerized control of anaesthetic
administration has already been discussed in
Chapter 1. This control is usually exerted by refer-
ence to the changes in the electroencephalogram
(EEG) with changes in depth of anaesthesia as
determined by clinical signs or end-tidal concen-
trations of halothane (Otto & Short, 1991; Ekstrom
et al., 1993; Johnson et al., 1994). The EEG may be
influenced by a variety of factors occurring during
anaesthesia, including cerebrocortical depression,
hypotension, hypoxaemia, and hypercapnia.
Computerized EEG techniques, such as power
spectrum analysis (described by 80% or 95% spec-
tral edge frequency), have potential application for
monitoring depth of anaesthesia (Otto & Short
1991; Johnson et al., 1994; Otto et al., 1996), but it is
most important to recognize the limitations of the
raw EEG and its derivatives as discussed in
Chapter 1.

MONITORING THE CIRCULATION

The heart rate, tissue perfusion, and blood
pressure of all anaesthetized animals should
be assessed at frequent regular intervals (Table
2.3).

TABLE 2.3 Methods of assessing cardiovascular
function in anaesthetized clinical patients

Heart rate

o Palpation of arterial pulse
e Oesophageal stethoscope
o Electrocardiogram

o Blood pressure monitor
® Pulse oximeter

Tissue perfusion

® Mucous membrane colour
Capillary refill time

Blood pressure

Bleeding at operative site
Observation of intestine colour
Urine output

Arterial blood pressure

o Palpation of peripheral pulse
e Doppler ultrasound method
e Oscillometric method

o Arterial catheterization

Heart rate monitors

Heart rates measured before anaesthesia are
greatly influenced by the environment. Means
(standard deviations, range) of heart rates obtained
by palpation from healthy cats at home were 118

FIG.2.6 The lingual artery is easily palpated in dogs
midline on the ventral surface of the tongue,adjacent to
the nerve and between the lingual veins.The arrow in the
photograph points to a line drawn adjacent to the lingual
artery.
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FIG. 2.7 Sites for palpation of arterial pulse or catheter
placement for blood pressure measurement in horses.

mean (SD 11, range 80 to 160) beats per minute
compared with mean 182 (SD 20, range 142 to 222)
when obtained by electrocardiography in the vet-
erinary hospital (Sawyer et al., 1991).
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The lowest acceptable heart rates during anaes-
thesia are controversial, but reasonable guidelines
are 55 beats/min for large dogs, 65 beats/min
for adult cats, 26 beats/min for horses, and
50 beats/min for cattle. Heart rates should be
higher in small breed dogs and much higher in
immature animals. It should be remembered that
heart rate is a major determinant of cardiac output,
consequently, bradycardia should be treated if
blood pressure and peripheral perfusion are also
decreased.

Heart rate may be counted by palpation of a
peripheral arterial pulse, such as the femoral
artery in dogs and cats, lingual artery in dogs (Fig.
2.6), facial, median or metatarsal arteries in horses
(Fig. 2.7), and femoral, median, or auricular arter-
ies in ruminants and pigs.

Oesophageal stethoscope

The oesophageal stethoscope (Fig. 2.8) is a simple
method of monitoring heart rate in dogs and cats.
This monitor consists of a tube with a balloon on
the end which is passed dorsal to the endotracheal
tube and into the oesophagus until the tip is level
with the heart. The open end of the tube is con-
nected to an ordinary stethoscope headpiece, to a

FIG.2.8 The oesophageal stethoscope. It may be used with a single earpiece or with a conventional stethoscope
headpiece.This is a simple and inexpensive monitoring device for heart beat and respiratory activity.
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single earpiece that can be worn by the anaes-
thetist or surgeon, or connected to an amplifier
that makes the heart sounds audible throughout
the room. This monitor provides only information
about heart rate and rhythm; the intensity of
sound is not reliably associated with changes in
blood pressure or cardiac output. Other electronic
oesophageal probes are available to provide heart
rate, and some also may produce an ECG and
oesophageal temperature.

Electrocardiography

Heart rate and rhythm can be obtained from an
electrocardiograph using standard limb leads in
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small animals, clip electrodes and ECG paste , and
selecting ECG Lead II on the oscilloscope (Fig.
2.9A). Poor contact of the electrodes to the skin
from hair bunched in the clips, or close proximity
to another electrical apparatus, such as the hot
water circulating pad, can result in electrical inter-
ference that obscures the ECG. The leads should
not be placed over the thorax as breathing will
move the electrodes and result in a wandering
ECG baseline (Fig. 2.9B).

Sinus arrhythmia is abolished when atropine
has been administered. Other arrhythmias, for
example second degree atrioventricular heart
block and premature ventricular contractions,
may or may not require specific treatment (see
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FIG.2.9 A Normal Lead Il ECG from a Labrador anaesthetised with halothane. B ECG with a wandering baseline
induced by movement of leads as the dog breathes.This dog has a heart rate of | 14 beats per minute, systolic arterial
pressure of 96 mmHg, diastolic pressure of 46 mmHg,and mean pressure of 61 mmHg. C Normal base apex ECG and
blood pressure recorded from a horse anaesthetised with isoflurane.



Chapter 20). Dogs with premature ventricular con-
tractions (PVCs) from myocardial ischaemia as a
result of a road accident or gastric dilatation and
volvulus may be treated with antiarrhythmic
drugs before anaesthesia. Rather than completely
abolish all arrhythmias, the aim is to monitor
blood pressure and tissue perfusion and adjust
anaesthetic management to ensure that myocar-
dial and respiratory depression are minimal.

A frequently used monitor lead in equine
anaesthesia is the ‘base-apex’ lead. The right arm
electrode is clipped on the neck in the right jugular
furrow and the left arm electrode is passed
between the forelimbs and clipped at the apex of
the heart over the left 5th intercostal space several
inches from the midline. The left leg electrode is
clipped on the neck or on the shoulder. Good elec-
trical contact is achieved with alcohol or electrode
paste. Lead I is selected on the electrocardiograph
and the normal configuration includes a negative
R wave (Fig. 2.9C). A bifid P wave is frequently
observed in the normal equine ECG.

There is a high incidence of sinus arrhythmia
and first and second degree atrioventricular (AV)
heart block in conscious unsedated horses
(Robertson, 1990). In contrast, AV block during
anaesthesia is uncommon except when the horse
has been premedicated with detomidine, or sup-
plemental intravenous injections of xylazine are
given during anaesthesia. The appearance of this
arrhythmia during anaesthesia on any other occa-
sion is cause for concern as this rhythm may
progress within a few minutes to advanced heart
block (P waves only, no ventricular complexes)
and cardiac arrest. Atrial fibrillation and VPCs
occur rarely but may require specific treatment if
associated with hypotension.

Tissue perfusion

Evaluation of tissue perfusion can be done by con-
sidering gum or lip mucous membrane colour, the
capillary refill time, and the blood pressure. High
mean arterial pressure does not guarantee ad-
equate tissue perfusion. For example, when blood
pressure increases during anaesthesia in response
to a surgical stimulus, cardiac output may be
decreased due to increased afterload from peri-
pheral vasoconstriction.
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Tissue perfusion is usually decreased when the
gums are pale, rather than pink, and the capillary
refill time (CRT) exceeds 1.5 seconds, or the mean
arterial pressure (MAP) is less than 60 mmHg.
When MAP is above 60 mmHg, palpation of the
strength of the peripheral pulse and observation of
oral membrane colour and CRT should be used to
assess adequacy of peripheral perfusion and car-
diac output.

Arterial blood pressure

Systolic (SAP), mean (MAP), and diastolic (DAP)
arterial pressures in awake healthy animals are
approximately 140-160 mmHg, 100-110mHg, and
85-95mmHg, respectively. Excepting when pre-
medication has included detomidine or medeto-
midine or when anaesthesia was induced with
ketamine or tiletamine, arterial blood pressure is
decreased from the awake value during anaesthe-
sia. Arterial blood pressure is lower in paediatric
patients than in mature animals. For example,
healthy 5 or 6-day-old foals anaesthetized with
isoflurane had an average MAP of 58 mmHg.
When the same foals were reanaesthetized 4-5
weeks later, the average MAP had increased to 80
mmHg, with a corresponding decrease in cardiac
index (Hodgson et al., 1990).

Hypotension may be defined as a mean arterial
pressure of less than 65 mmHg in mature animals.
An MAP as low as 60 mmHg may be allowed in
dogs and cats provided that the mucous mem-
brane colour is pink and CRT is 1sec. This com-
bination of values may occur during inhalation
anaesthesia at the time of minimal stimulation
during preparation of the operative site and before
the onset of surgery. MAP is not usually allowed to
fall below 65-70 mmHg for any length of time in
anaesthetized horses because of the increased risk
for postanaesthetic myopathy. When hypotension
is documented, appropriate treatment can be
instituted, such as decreasing anaesthetic depth or
commencing or increasing the intravenous admin-
istration of fluids or administration of a vasoactive
drug such as dopamine, dobutamine, or ephed-
rine. The outcome of untreated severe or pro-
longed hypotension may be unexpected cardiac
arrest during anaesthesia or blindness or renal fail-
ure after recovery from anaesthesia. In equine
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practice, consequences also include the potentially
fatal syndrome of postanaesthetic myopathy.

An approximate estimate of blood pressure can
be made from palpation of a peripheral artery.
However, in states associated with vasodilatation,
a peripheral pulse can be palpated at pressures as
low as 50mmHg and, in some cases, palpation
alone does not suggest the urgency for treatment
that is frequently warranted. Furthermore, it is not
uncommon for heart rates to be within an accepted
normal range while blood pressure is low or
decreasing.

Measurement of blood pressure can be made
easily; equipment cost varies. The investment in
time and money is worthwhile in animals at risk
for hypotension, such as small animals and horses
anaesthetised with inhalation agents, and in
animals with abnormalities likely to give rise to
complications during anaesthesia. The least
expensive techniques are the Doppler ultrasound
technique in dogs and cats, and direct blood pres-
sure measurement using an anaeroid manometer
in horses.

Doppler ultrasound for indirect measurement of blood
pressure

Hair is first clipped from the skin on the palmar
surface of the paw of dogs and cats (Fig. 2.10).
A probe covered with contact gel is placed over
the artery and taped in place (Fig. 2.11). Ultra-
sound waves emitted from one of the two piezo-
electric crystals embedded in the probe passes
through the skin and deeper tissues. A structure
which is stationary will reflect sound back to the
second crystal without any frequency change
(Stegall et al., 1968). Moving objects, such as ery-
throcytes and the artery wall, will reflect some of
the sound at a different frequency (Doppler-shift).
The change in frequency can be heard through a
loudspeaker as an audible swooshing sound with
each pulse.

A cuff is wrapped snugly around an extremity
proximal to the probe, in dogs and cats with the
centre of the inflatable part of the cuff on the me-
dial aspect of the limb. The cuff is connected to an
anaeroid manometer and a bulb for manual infla-
tion of the cuff with air (Fig. 2.12). In horses, the
cuff is wrapped around the base of the tail with the

FI1G.2.10 Sites for application of the Doppler probe for
indirect measurement of arterial blood pressure in dogs.
I & 2:Ulnar artery on the caudal surface of the forelimb,
above and below the carpal pad; 3: cranial tibial artery on
the craniolateral surface of the hindlimb; 4 & 5:saphenous
artery on the medial surface of the flexor tendons and on
the plantar surface of the paw proximal to the foot pad; 6:
dorsal pedal artery; 7: coccygeal artery on the ventral
surface of the tail.

cuff air bladder centred over the ventral surface of
the tail. The probe is taped distal to the cuff over
the coccygeal artery in the ventral midline groove.
The coccygeal artery can be used for this technique
in adult cattle but the results are not reliable. In
foals and small ruminants, the probe can be taped
over the metatarsal artery on the lateral surface of
the hind limb or the common digital artery on the
medial side of the forelimb distal to the carpus.
The cuff is secured around the limb above the
hock or carpus. In pigs, the probe is most reliable
when taped over the common digital artery on
the caudomedial aspect of the forelimb. The cuff
should be placed between the carpus and the
elbow but, because of the triangular shape of the
forearm, it may be unable to occlude blood flow
when inflation of the cuff causes it to slip down
over the carpus. The width of the air bladder with-
in the cuff is important for accuracy; a bladder that
is too narrow will overestimate blood pressure and
one which is too wide will underestimate it. A cuff
that is attached too loosely or slips down the
extremity and becomes loose, will result in an erro-
neously high value.
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FIG.2.11 Doppler-shift pulse detector. One
piezoelectric crystal emits incident ultrasound signal while
the other receives the reflected signal from cells in flowing
blood.The frequency shift between the incident and
reflected sound is converted to audible sound.

To measure blood pressure, the cuff is inflated to
above systolic pressure to occlude the artery and
no sound is heard. The pressure in the cuff is
gradually released until the first sounds of blood
flow are detected at systolic pressure. As addition-
al pressure is released from the cuff, diastolic pres-
sure is heard as a change in character of sound
from a one or two beat sound to a multiple beat
sound, to a muffling of sound, or to a growl. This
will occur 15 to 40 mmHg below systolic pressure.
The sounds associated with diastolic pressure are
well defined in some animals but not at all clear in
others. In some animals a first muffling of beat
signals may occur 10 to 15mmHg above the
true diastolic pressure. In this event, the second
change in beat signal will be more abrupt or dis-
tinct. Mean pressure can be calculated as one third
of the pulse pressure (systolic—diastolic) plus dias-
tolic pressure.

A decrease in intensity of the pulsing sound,
when the attachment and setting have been un-
changed, is a reliable indication of decreased blood
flow. Furthermore, changes in cardiac thythm are
easily detected by listening to this monitor.

An investigation in cats comparing the Doppler
ultrasonic method, using a cuff placed halfway
between the carpus and the elbow, with measure-
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FIG.2.12 Measurement of arterial pressure in a dog by
taping a Doppler probe over an artery distal to the carpal
pad so that audible sounds of arterial pulses are emitted
from the box. A blood pressure cuff is applied higher up
the limb and the anaeroid manometer attached to the cuff
is used to identify systolic and diastolic pressures.

ments obtained from a femoral artery catheter
revealed that the indirect method consistently
underestimated the pressure by an average of
14 mmHg (Grandy et al., 1992). Using this tech-
nique of measuring blood pressure in mature hors-
es using a cuff width 48% of the circumference of
the tail (bladder width 10.4 cm) systolic pressure
was underestimated and diastolic pressure overes-
timated by approximately 9% (Parry et al., 1982). In
another investigation, measurements of systolic
arterial pressure in horses anaesthetized in dorsal
recumbency with halothane using a cuff 41% of the
tail circumference was reasonably accurate but in
5% of the horses this technique had an error range
of +20mmHg (Bailey ef al., 1994).
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Oscillometry for indirect measurement of blood pressure

Devices that non-invasively measure peripheral
blood pressures using the oscillometric method
generally operate by automatically inflating a cuff
placed around an extremity (Fig. 2.13). As pressure
is released from the cuff, pressure changes occur-
ring within the cuff as a result of adjacent arterial
pulsations are detected by a transducer within the
monitor. Values for systolic, diastolic, and mean
arterial pressures, and heart rate are digitally
displayed and the monitor can be programmed to
automatically measure at a specific time interval.
Artefactual pressure changes induced in the
cuff by movement of the extremity, for example,
during preparation of the surgical site, will either
induce abnormal readings or prevent the monitor
from obtaining a measurement.

Published results of comparisons between
measurements of blood pressure obtained by indi-
rect and direct methods have identified variability
according to the monitor used, cuff size, and site of
application of the cuff. The closest correlations
between direct and indirect measurements have
occurred in anaesthetized dogs, using cuff widths
between 40 and 60% of the circumference of the ex-
tremity, at systolic pressures greater than 80 mmHg.

An evaluation of the DINAMAP model 1846SX
comparing direct measurement of blood pressure
from the dorsal pedal artery with measurements
obtained from a cuff applied at various sites on the
forelimb, hindlimb, and tail determined that the
closest correlations were from a cuff on the tail or
at a proximal site on the hindlimb (Bodey et al.,
1994). The tail cuff delivered the best reproducibil-
ity in conscious dogs and although the systolic
pressure obtained from the tail cuff was substan-
tially higher than direct values, the tail systolic
pressure correlated best with changes in direct
blood pressure. In anaesthetized dogs, mean pres-
sures obtained from a cuff applied to a proximal
site on the hindlimb were significantly correlated
to mean direct pressures, whereas systolic and dia-
stolic pressures were on average 8 and 5mmHg,
respectively, higher than directly measured pres-
sures (Bodey et al., 1994).

Measurements obtained from a DINAMAP
model 8100 using a cuff around the metacarpus or
metatarsus and cuff width 40-60% of limb circum-
ference were compared with direct measurement
of blood pressure from a catheter in the abdominal
aorta of medium to large-sized anaesthetized dogs
(Sawyer et al., 1991). No differences were found in

FI1G.2.13 The DINAMAP 8300 (Sharn,Tampa, Florida, USA) utilizes the oscillometric method of measuring arterial blood

pressure non-invasively.



measurements recorded from cuffs applied to
either forelimb or hindlimb. Differences between
indirect and direct measurements were statistic-
ally significant but not considered to be clinically
significant. In general, indirect pressure measure-
ments were lower than direct measurements
and indirect systolic pressure was found to have
the most accurate correlation. At systolic pres-
sures of lower than 80 mmHg, indirect pressure
measurements were 6 to 15% higher than direct
measurements.

In a clinical study of dogs anaesthetized for a
variety of soft tissue surgical procedures, indirect
measurements of blood pressure using the
DINAMAP model 8300 and a cuff around the
metatarsus with the arrow directly over the pedal
artery were compared with pressures recorded
from the dorsal pedal artery in the opposite limb
(Meurs et al., 1996). It was concluded that measure-
ments taken at a single point in time varied widely
between indirect and direct methods, and that sin-
gle values do not provide reliable information
about changing blood pressure. When five sequen-
tial readings over 30 minutes were averaged, this
model had a sensitivity of 100% (i.e. the method
correctly identified a direct MAP of less than
60mmHg 100% of the time) in this population of
animals, of which 73% were normovolaemic
(Meurs et al., 1996). A positive predictive value of
80% was calculated, which indicates that the abili-
ty of this method to detect correctly a true MAP of
less than 60 mmHg was 80% and that the method
incorrectly predicted hypotension 20% of the time.

Six sites for placement of the cuff have been
evaluated in anaesthetized cats using the
DINAMAP model 8300 (Sawyer, 1992). The great-
est accuracy was obtained with the cuff placed
between the elbow and carpus with the cuff arrow
on the medial side of the limb. An evaluation of the
Datascope Passport revealed that this model did
not accurately estimate direct blood pressure in
cats (Branson et al., 1997).

In horses, the DINAMAP is a commonly used
monitor utilizing the oscillometric method of
blood pressure measurement. The cuff is wrapped
around the tail of mature horses or around the
hind limb near the metatarsal artery in foals. The
cuff should not be wrapped tightly. Some invest-
igators have recommended that the tail cuff be

PATIENT MONITORING AND CLINICAL MEASUREMENT 43

placed close to the base of the tail, but in this
author’s opinion more accurate readings are
obtained with the cuff applied approximately
10 cm from the base of the tail, where the tail dia-
meter is constant for the length of the cuff. Early
investigations of the DINAMAP confirmed accu-
rate and clinically useful values for arterial pres-
sure using a cuff width 24% of the tail
circumference in ponies (Geddes et al., 1977) and
25-35% in horses (Latshaw et al., 1979; Muir et al.,
1983). However, measurements were inaccurate at
heart rates of less than 25 beats /minute. Our experi-
ence using a Model 8300 DINAMAP and a cuff
width 35-40% of the tail circumference ratio (child
or small adult cuff for a mature horse depending
on tail thickness and the amount of hair) has been
that the mean arterial blood pressure value
obtained from this monitor is usually the same as
that obtained by direct blood pressure measure-
ment. Occasionally, the DINAMAP recorded pres-
sures 10 to 20mmHg higher than the true mean
arterial pressure.

In summary, indirect method of measurement
of blood pressure provides useful information in
most horses, but may produce erroneous values
in a small number. Consequently, blood pressure
should be measured by direct means whenever

Cranial
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Dorsal
pedal artery
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FIG.2.14 Sites for insertion of arterial catheters on the
cranial aspect of the right hindlimb of a dog.
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possible in horses at risk of developing low
blood pressure, for example, during inhalation
anaesthesia.

Direct measurement of blood pressure

Measurement of arterial blood pressure directly is
accomplished by insertion of a 20 gauge, 22 gauge
or, in cats and small dogs, a 24 gauge catheter asep-
tically into a peripheral artery, usually the dorsal
pedal artery, anterior tibial or femoral artery in
dogs and cats (Fig. 2.14), the lateral nasal, facial,
transverse facial, or metatarsal artery in horses
(Fig. 2.7), or an auricular artery in ruminants and
pigs (Fig. 2.15). The catheter is connected by saline-
filled tubing to either an anaeroid manometer (Fig.
2.16) or an electrical pressure transducer (Fig. 2.17)
for measurement of arterial pressure. Either an air
gap or a commercially available latex diaphragm
(Fig. 2.18) should be maintained next to the
anaeroid manometer to prevent saline entering the
manometer and to maintain sterility. An optional
addition is a continuous flushing device (Fig. 2.19)
that can be inserted between the manometer or
transducer and the artery. This device is connected
to a bag of saline that has been pressurized to
200mmHg and will deliver 2-4ml saline/hour to
help prevent clotting of blood in the catheter.

The needle of the anaeroid manometer deflects
slightly with each beat and the value at the upper

Auricular
arteries

FIG.2.15 Ink lines have been drawn over the auricular
arteries in this goat.

Anaeroid
manometer
Fine nylon catheter
or needle in artery
i ;i Three-way tap
Plastic tube !

[« 6-8cmlong: |

Drip extension tube
Male Luer
connection
Three- way

20 ml syrmge

Drip extension tube

FIG.2.16 Inexpensive apparatus for the direct
measurement of mean arterial blood pressure.

deflection of the needle is slightly less than the
values obtained by direct measurement (Riebold
& Evans 1985). For accurate measurement, the
air-saline junction in the tubing connected to
the manometer, or the electrical transducer, are
zero reference points and should be placed level
with the right atrium or the point of the shoulder
when the horse is in dorsal recumbency or level
with the sternal manubrium when in lateral
recumbency.

The anaeroid manometer costs very little but
provides only MAP. The initial cost of an electro-
cardiograph and blood pressure monitor can be
high, however, the electrical transducer does pro-
vide much more information, such as digital
values for SAP, MAP and DAP, heart rate, and a
waveform that can be observed on the oscilloscope
or paper printout (Fig. 2.20).

Important advantages of direct measurement of
blood pressure are the reliability of measurement
and the ability continuously to observe the pressure
and immediately detect an abnormality (Fig. 2.21).
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FIG.2.17 Direct measurement of blood pressure in a horse using a catheter in the facial artery connected by saline-filled

tubing to an electrical transducer.

Central venous pressure

The apparatus for measurement of central venous
pressure (CVP) can include a commercially-avail-
able plastic venous manometer set or be con-
structed from venous extension tubes and a
centimetre ruler (Fig. 2.22). A catheter of sufficient
length is introduced into the jugular vein and
advanced until its tip lies in the cranial vena cava.
The distance the catheter tip has to be introduced
is, initially, estimated by measurement of length,
but once the catheter is connected to the manome-
ter its position may be adjusted until the level of
fluid in the manometer tube moves in time with
the animal’s respiratory movements. In dogs and
cats the introduction of a catheter into the jugular
vein is often greatly facilitated by laying the
animal on its side and extending its head and neck
over a pillow or sandbag. If the catheter is to be left
in position for a long time it is kept patent with a
drip infusion or the catheter is kept filled with
heparin-saline solution (10units/ml) between
measurements. Readings may be taken at any
time. If an intravenous drip is used it is turned full
on and the stopcock manipulated first to fill the
manometer tube from the bag or bottle and then to

connect the manometer tube to the catheter. The
fall of fluid in the manometer is observed and
should be ‘step-like” in response to respiratory
pressure changes. The central venous pressure is
read off when fluid fall ceases.

Venous pressures being low, the margin of error
introduced by inaccuracies in obtaining a suitable
reference point to represent zero pressure may be
clinically significant. Whatever apparatus is used,
the zero of the scale should be carefully located,
either by placing the patient and manometer in
close proximity or by using a spirit level to ensure
accuracy. The ideal reference point is the mean
pressure in the right atrium but for practical pur-
poses the most appropriate is the sternal manubri-
um which is easily located and is related to the
position of the right atrium in all animals, irrespect-
ive of body position. Measurements of CVP are not
significantly affected by positioning the animal in
right or left recumbency or by catheter size,
although oscillations are more easily observed
with a 16 gauge catheter (Oakley et al., 1997).

CVP is used in the evaluation of adequacy
of blood volume, with the normal range being 0 to
5cm H,O in small animals. Hypovolaemia is
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FI1G.2.18 Pressure transfer unit in which a latex
diaphragm isolates the anaeroid manometer from the
fluid-filled catheter line.These units are presterilized and
disposable.

mmHg

FI1G.2.20 Waveforms from direct measurement of the
arterial pressure. A Good trace. B Recording of the same
pressure but with excessive damping, systolic pressure
low, diastolic pressure high, mean arterial pressure
unchanged. C Recording of same pressures but with
resonance, systolic pressure apparently increased while
diastolic pressure reduced, mean pressure unchanged.

D lllustration of how left ventricular contractility may be
estimated from the rate of rise of pressure during early
systole (dP/dt) while the shaded area gives an index of
stroke volume.

indicated when the CVP is less than 0cmH, O. An
increase in pressure above 12cmH,O may be
caused by fluid overload or cardiac failure.

Left atrial pressure (pulmonary artery wedge
pressure)

Left heart failure may precede that of the right side
and precipitate pulmonary oedema without a rise
in central venous pressure. The pulmonary artery

FIG.2.19 Continuous infusion valve for attachment to a pressure transducer. A pressurized bag of intravenous fluid is
connected to the plastic tube to give a continuous infusion of 3 ml per hour.With this particular version, rapid flushing of
the manometer line is achieved by pulling the rubber tag on top of the valve.
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1 second 1 minute |1 second
Arterial B.P. \

150 mmHg I 150 mmHg
oE—= " — o

ECG

FI1G.2.21 Top:pressure trace from a dog’s femoral artery. Bottom: Lead Il electrocardiogram. Circulatory failure from an
overdose of pentobarbital. Note that while the pressure trace shows the circulation to be ineffective, the ECG trace is
little different from normal — heart rate monitors relying on the QRS complex for detection of the heart beat would,
under these circumstances, show an unchanged heart rate and in the absence of a blood pressure record encourage the

erroneous belief that all was well with the circulatory system.

Balanced electrolyte
solution with
administration set

Fluid-filled
manometer
calibrated

; in cm

3—-way stopcock

Zero on scale
corresponds with
thoracic inlet

Manometer connected
to jugular catheter
(covered by bandage
around neck)

FIG.2.22 Schematic diagram of the apparatus for
measurement of central venous pressure.

wedge pressure (PAWP) is used as a measure of
the left atrial filling pressure. A balloon-tip
catheter is introduced into the jugular vein and its
tip advanced into the heart. Inflation of the balloon
with 0.5ml air facilitates floating the catheter in the
bloodstream into the pulmonary artery and then
the catheter can be advanced until the tip is
wedged in a small pulmonary vessel. The meas-
urement is made using the same apparatus as is
used for the measurement of central venous pres-
sure or using an electrical pressure transducer.
Care must be taken to ensure that vessel occlusion
is not maintained between measurements or pul-
monary infarction may occur. If a balloon catheter
is used the balloon should only be inflated while
measurements are made and if a simple catheter is
used it should be slightly withdrawn from the
wedged position between measurements.

Cardiac output

The measurement of cardiac output is not one
which is routinely carried out in clinical anaesthe-
sia. For research purposes it may be determined by
invasive methods such as the direct or indirect
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Fick estimations, dye (indocyanine green) or ther-
mal dilution. Modern non-invasive methods
include Doppler shift measurements, including
colour Doppler displays, but the cost of the neces-
sary apparatus renders them impracticable for
most veterinary purposes.

Blood loss

Monitoring blood loss should include measuring
the volume of blood aspirated from a body cavity,
estimating free blood on drapes around the sur-
gical site, and counting blood-soaked gauze swabs.
The volume of blood lost on the swabs may be
estimated or the swabs weighed and, after the
weight of the same number of dry gauze swabs
has been subtracted, applying the formula that1g
weight equals 1ml blood. Measurement of packed
cell volume is not useful in acute blood loss as this
value will not change initially. Once large volumes
of balanced electrolyte solution have been infused
the packed cell volume and total protein concen-
trations will decrease. When evaluating packed
cell volume changes it is important to consider that
anaesthesia per se will result in sequestration of red
blood cells in the spleen and decrease the packed
cell volume by up to 20%.

In the conscious animal, loss of blood volume is
initially compensated for by increased heart rate
and cardiac contractility, together with peripheral
vasoconstriction. These physiological responses
are blunted or abolished during anaesthesia.
Consequently, the significance of the blood loss
may not be appreciated owing to maintenance of a
normal heart rate. Furthermore, it should be
remembered that when mean arterial pressure is
decreasing in response to haemorrhage, cardiac
output decreases to a greater extent (Fig. 2.23)
(Weiskopf et al., 1981).

Measurement of arterial pressure is an import-
ant step in the management of blood loss as oxy-
gen delivery to tissues is impaired when mean
arterial pressure decreases below 60 mmHg. The
potential impact of blood loss on the patient
may be evaluated better by assessing the volume
of blood loss against the total blood volume.
The blood volume varies between species and is
usually assessed in mature animals as 86 ml/kg
body weight in dogs, 56 ml/kg in cats, 72ml/kg in

Haemorrhage % of blood volume
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FI1G.2.23 Cardiovascular responses to graded
hemorrhage in five isoflurane-anaesthetized dogs. Results
are presented as percent change from values measured
before blood loss (adapted from Weiskopf et al., 1981).

draught horses and ponies, 100ml/kg in Thorough-
breds and Arabians, 60 ml/kg in sheep.

Blood volume of paediatric patients may be
50% greater than the blood volume of the mature
animal. The percentage of this volume that the ani-
mal can lose before circulatory shock ensues
depends to a large extent on the physical status of
the patient, the depth of anaesthesia, and the sup-
port treatment provided. The maximum blood loss
allowed before giving a blood transfusion is
usually 20% of the estimated blood volume, how-
ever, in some animals up to 40% of the total blood
volume may be lost without onset of hypotension
or hypoxia if the patient has no major preanaes-
thetic illness, is ventilated with oxygen, the depth
of anaesthesia is lightened, balanced electrolyte
solution is infused intravenously, and vasoactive
drugs are administered as needed.

MONITORING THE RESPIRATORY SYSTEM

Visual observation of respiratory rate and depth of
breathing is a basic estimate of adequacy of breath-
ing. The respiratory rate may be counted by obser-
vation of chest movement or movement of the
reservoir bag on the anaesthesia machine. The
excursion of the chest, abdomen, or bag should be
observed to gain an impression of the depth of
breathing. In general, except possibly in horses, a
spontaneous rate of 6 breaths/min or less consti-
tutes respiratory depression. Respiratory rates of
10breaths/min or greater may provide adequate



ventilation but the breaths may be shallow and
result in hypoventilation. Chest wall movement
with no corresponding movement of the bag is
common with complete respiratory obstruction.

Rate monitors and apnoea alarms

Rate monitors and apnoea alarms may use a ther-
mistor either connected to the endotracheal tube
or placed in front of a dog’s nose. The thermistor
detects temperature differences between inspired
and exhaled gases to produce a signal that drives a
digital rate meter to make a noise which varies in
intensity or pitch in time with the animal’s breath-
ing. An alarm sounds if a constant gas temperature
is detected. Like the oesophageal stethoscope that
counts only heart rate, the respiratory rate monitor
registers rate only and not adequacy of ventilation.

Tidal and minute volume monitors

The volume of each breath (tidal volume) and the
volume of gas inhaled or exhaled per minute
(minute volume) can be measured in small an-
imals by attaching a gas meter such as a Wright's
respirometer within the circle circuit or to the
endotracheal tube. The respirometer has a low
resistance to breathing and is reasonably accurate
over volumes ranging from 41/min to 151/min
but under-reads below 41/min. Gas meters suffi-
ciently large for adult horses are not routinely
utilised but domestic dry-gasmeters can be incor-
porated in large animal breathing systems.

Measurement of arterial pH and blood gas
tensions

Measurement of the partial pressure of carbon
dioxide (PaCO,) in a sample of arterial blood by
blood gas analysis is the best monitor of ventila-
tion. Arterial blood may be collected from any
peripheral artery used for blood pressure meas-
urement. A small amount of 1:1000 heparin should
be drawn into a 3ml syringe using a 25 gauge nee-
dle and the plunger withdrawn to wash the inside
of the syringe with heparin. Excess heparin is then
squirted from the syringe leaving only syringe
dead space filled with heparin and no bubbles. A
1-2ml sample of blood is collected from most
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animals. A micro technique using 0.2ml blood
drawn into a 1ml syringe can be used for very
small animals.

The blood sample should be collected anaerobi-
cally slowly over several respiratory cycles and
without aspirating any air bubbles. After express-
ing a drop of blood and any bubbles from the nee-
dle, the syringe should be sealed either with a
special cap or by inserting the tip of the needle into
a rubber stopper. The syringe should be inverted
several times to mix the blood with the heparin. If
the sample is not analysed immediately, the
syringe should be immersed in a container con-
taining ice and water. The temperature of the an-
imal should be measured at the time of sampling.

The blood sample is then introduced into
equipment incorporating electrodes measuring
pH, PCO, and PO,. The machine may use the
measured values to compute bicarbonate (HCO3),
total CO, (TCO,), base excess (BE) and oxygen sat-
uration (Sa0,). The patient’s temperature is
entered into the blood gas analyser for appropriate
adjustment of pH and PO,. The patient’s haemo-
globin concentration must be known for an accur-
ate measure of base excess. Fully automated pH
and blood gas analysers are highly accurate but
expensive. Portable and less expensive equipment
is available, for example, StatPal® (PPG

TABLE 2.4 Normal values for pH, PaCO,,and
PaO, in mature conscious unsedated animals.
Values for PaCO,, and PaO, given as pKa
(mmHg)

Species pHa PaCO, PaO, References

Dogs 740 4.67 13.6 Horwitzetal,
(35) (102) 1969

Cats 734 45 13.7 Middleton etal,
(34) (100) 1981

Horses 738 5.0-6.1 13.5 Steffeyetal,|987;

(38-46) (100) Clarke etal., 1991;

Wagner et al.,
1991;Wan et al.,
1992
Cattle 7.40 5.28 12.0  Gallivan et al., 1989
39 ()
Sheep 748 44 12.3  Wanner &
(33) (92) Reinhart, 1978
Goats 745 548 12.6  Fosteretal., 1981
(41) (95)
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Industries, Inc., La Jolla, California, USA) and
i-STAT (Sensor Devices, Inc., Waukesha, Wisconsin,
USA), although the cost of individual analyses is
higher.

Normal values for PaCO, in conscious unsed-
ated animals are given in Table 2.4. Increased
PaCO, (hypercapnia) is a direct consequence of
hypoventilation and commonly occurs during
anaesthesia. PaCO, values exceeding 8kPa
(60mmHg) are indicative of significant respiratory
depression. A decrease in PaCO, (hypocapnia)
is due to increased ventilation. A PaO, less than
2.6kPa (20mmHg) causes cerebral vasoconstric-
tion and cerebral hypoxia.

Hypercapnia in dogs and cats, particularly dur-
ing halothane anaesthesia, may be associated with
arrhythmias such as premature ventricular depo-
larizations. In these animals intermittent positive
pressure ventilation (IPPV) will result in normal
cardiac thythm within a few minutes. Hyper-
capnia in horses during anaesthesia may cause
stimulation of the sympathetic nervous system,
increased blood pressure and cardiac output
(Wagner et al., 1990; Khanna et al., 1995). Adverse
effects of hypercapnia are observed in some horses
as tachycardia of 60-70beats/min, or hypotension
caused by decreased myocardial contractility.
These abnormalities are corrected within 5-
10 minutes by initiating controlled ventilation.
More frequently, the effects of hypoventilation
during inhalation anaesthesia are manifested as an
inadequate depth of anaesthesia despite a vaporis-
er setting that should provide a sufficient depth of
anaesthesia. In these animals, controlled ventila-
tion expands the lungs, thereby improving uptake
of anaesthetic agent and resulting in increased
depth of anaesthesia.

Arterial oxygenation can be monitored by
direct measurement of the partial pressure of oxy-
gen in a sample of arterial blood (PaO,) or indirect-
ly by attaching a sensor to the tongue, for example,
and measuring oxygen saturation of arterial
blood (pulse oximetry). PaO, values are influ-
enced by the inspired oxygen tension (P;O,), ad-
equacy of ventilation, cardiac output, and blood
pressure. A PaO, of 12-14.6 kPa (90-110mmHg) is
normal in unsedated animals at sea level and PaO,
values less than 8kPa (60mmHg) constitute
hypoxaemia.

The maximum possible PaO, is governed by
the PiO, and animals breathing oxygen may have
PaO, values up to five times greater than when
breathing air. The partial pressure of oxygen at the
alveolar level (PaO,) can be calculated from the
following formula:

PaO, = [(barometric pressure — P
x FIO,] - PaCO,,

water Vapour)

where the value for water vapour is 6.25kPa (47
mmHg) and FIO, is the fractional concentration of
oxygen in inspired gas. Values for PaO, greater
than 53.2kPa (400 mmHg) are expected in healthy
dogs breathing oxygen. Horses and ruminants are
subject to lung collapse during recumbency and
anaesthesia and, consequently, ventilation and
perfusion are mismatched within the lung, result-
ing in a lower PaO,.

Hypoxaemia may develop in dogs and cats
during anaesthesia or recovery as a result of
hypoventilation when breathing air. This situation
is most likely to occur in old animals, animals with
hypotension, pneumothorax, pulmonary disease,
CNS depression from metabolic disease, or after
administration of opioids. Hypoxaemia may also
develop during general anaesthesia as a result of
severe lung collapse. Patients at greatest risk are
small animals during thoracotomy or repair of a
ruptured diaphragm, foals with pneumonia and
horses with abdominal distension from pregnancy
or colic. Cyanosis may be suspected but is not
always obvious, especially in horses. Monitoring
by blood gas analysis or pulse oximetry will con-
firm low PaO, or SaO,.

Pulse oximetry

Pulse oximetry is a non-invasive method of
continuously measuring haemoglobin oxygen -
saturation (SpO,). The sensor consists of light-
emitting diodes (LEDs) that emit light in the
red (660nm) and infrared (940nm) wavelengths
and a photodetector that measures the amount
of light that has been transmitted through tis-
sues (Tremper & Barker, 1990). The principles of
measurement are based on the different light
absorption spectra of oxyhaemoglobin and re-
duced haemoglobin, and the detection of a pul-
satile signal.
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F1G.2.24 Pulse oximeter (Heska Corporation, Fort Collins, Colorado, USA) showing the dog’s heart rate and
haemoglobin oxygen saturation in waveform and as a digital number.

Pulse oximeters display a digital record of pulse
rate, with an audible beep, and some monitors dis-
play the oxygen saturation waveform (Fig. 2.24). A
limit for acceptable saturation can be entered into
the monitor, allowing an alarm to sound when
lower values are sensed. The pulse rate displayed
on the oximeter must correspond to the rate
obtained by palpation or ECG, and the sensor be in
position for at least 30 seconds, before the meas-
urement can be assumed to be accurate. The shape
of the sensor, thickness of tissue placed within the
sensor, the presence of pigment and hair, and
movement of the patient, can be responsible for
the oximeter failing to measure oxygen saturation.
It may be impossible to obtain a reading from a
pulse oximeter when peripheral vasoconstriction
is severe, for example, after administration of
medetomidine in dogs or patients in circulatory
shock.

Arterial oxygen saturation (5a0,) is the percent
of haemoglobin saturated with oxygen. The rela-
tionship between PaO, and SaO, is not linear
because haemoglobin changes its affinity for oxy-
gen at increasing levels of saturation, and the asso-
ciation is further altered by pH and temperature of
the blood (Fig. 2.25). Oxygen delivery to tissues is

defined by the oxygen content (oxygen combined
with haemoglobin and dissolved in plasma) and
the cardiac output, although oxygen delivery to an
individual organ is influenced by the blood flow to
that specific organ. Hypoxia is inadequate tissue
oxygenation caused by low arterial oxygen con-
tent or inadequate blood flow. An animal with a
low haemoglobin will have low blood oxygen
content despite PaO, and SaO, being within
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FIG.2.25 Graph depicting the relationship between
PaO,, haemoglobin oxygen saturation S5aO,,and oxygen
content.
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their normal ranges. Anaesthetic management
of anaemic patients should, therefore, include
administration of 100% inspired oxygen and car-
diovascular support.

A pulse oximeter detects inadequate blood oxy-
genation, which should be taken as an indication
to supplement the animal’s inspired oxygen con-
centration and to search for the cause. A pulse
oximeter is a valuable monitor for animals anaes-
thetized with injectable anaesthetic agents and
breathing air, or during inhalation anaesthesia in
patients with pulmonary disease or traumatic pul-
monary contusions or pneumothorax, and during
thoracotomy or major surgery in the cranial
abdomen. It is also important to keep track of oxy-
genation in animals during recovery from anaes-
thesia, in patients with partial airway obstruction,
or when ventilation is depressed or impaired
by systemic opioid administration or residual
pneumothorax after thoracotomy or ruptured dia-
phragm repair.

The pulse oximeter is particularly valuable
because it provides an immediate monitor of
decreased oxygen saturation, so that corrective
treatment can be initiated before respiratory or
cardiovascular failure develops. Evaluation of the
patient should take into account the fact that the
pulse oximeter does not measure carbon dioxide
concentration or blood pressure and may continue
to read satisfactorily in the presence of hypoten-
sion. However, it can provide a warning of a
severe decrease in tissue blood flow caused by
hypotension or decreased cardiac output by
abruptly failing to obtain a signal. Loss of signal
may also occur spontaneously with no change in
the patient’s condition and measurement is
restored by changing the position of the probe.
Compression of the base of the tongue between the
endotracheal tube and the jaw may decrease blood
flow and signal acquisition from a probe clipped to
the tongue.

Different body sites in dogs have been evaluated
for accuracy of measurement of 5Sa0O,. In one in-
vestigation, a multisite clip probe placed on the lip,
tongue, toe web, and the tip of the tail gave accur-
ate and reliable estimations of SaO, values during
conditions of full haemoglobin saturation and
moderate haemoglobin desaturation (92%) (Huss
et al., 1995). In this study, the human finger probe

was accurate only when placed on the dog’s lip
and when haemoglobin saturation was complete.
The lip was found to be the best site in conscious
animals. Another study of conscious dogs in an
intensive care unit found that a circumferential
pulse oximeter probe around a digit or the
metatarsus produced excellent correlations
between pulse oximeter and SaO, values (Fairman,
1993). An evaluation of the Ohmeda Biox 3700
with a human ear probe applied to the tongue
provided an accurate evaluation of SaO, (Jacobson
et al., 1992). The pulse oximeter underestimated
Sa0, at higher saturations and overestimated
Sa0, at saturations < 70%. However, as the
authors pointed out, detection of hypoxaemia is
more important than measurement of the exact
degree of hypoxaemia. In our experience, a rectal
sensor is useful for monitoring oxygenation in
dogs and cats recovering from anaesthesia.

Different monitors, types of sensors, and altern-
atives sites for measurement have been evaluated
in horses (Whitehair et al., 1990; Chaffin et al.,
1996). The Ohmeda Biox 3700 pulse oximeter and
the Physio-Control Lifestat 1600 pulse oximeter
were evaluated in mature horses using the human
ear lobe probe (Whitehair ef al., 1990). Measure-
ments were obtained from the tongue and the ear,
with the most accurate measurements obtained
from the tongue; the oximeters failed to detect a
pulse at the nostril, lip, or vulva. The results
revealed that both oximeters tended to underestim-
ate saturation by 3.7%, with 95% of the oxygen
saturation values within 1 percent above or 8 per-
cent below SaO, (Whitehair et al, 1990). The
Nellcor N-200 pulse oximeter was evaluated in
anaesthetized foals using a fingertip probe
(Durasensor DS-100A) (Chaffin et al., 1996).
Attachment of the probe to the tongue or ear of the
foals slightly underestimated SaO, within the
range of 80-100% saturation. In our experience, a
sensor applied to the Schneiderian membrane in
the nostrils yields the most accurate results in
horses.

Reflectance pulse oximeters detect changes in
absorption of light reflected from tissues, rather
than transmitted through tissues as just described
(Watney et al., 1993; Chaffin et al., 1996). Attach-
ment of a reflectance probe designed for the
human forehead to the ventral surface of the base
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FI1G.2.26 Capnograph (redrawn) from a foal anaesthetized with isoflurane and an end-tidal concentration of 1.1%.The
foal is breathing spontaneously at 10 breaths per minute and the end-tidal concentration of carbon dioxide is 6.5 kPa (49

mmHg), confirming a degree of hypoventilation.

of the tail in foals had 100% sensitivity for
detecting SaO, < 90% but consistently underesti-
mated the actual value (Chaffin et al., 1996).
Therefore, this probesite combination will incor-
rectly identify some foals as being hypoxaemic.

Capnography

Capnography indirectly estimates PaCO, by
measuring the concentration of CO, in expired
gas. Capnography is also useful for diagnosis of
mechanical problems in anaesthetic circuits, air-
way obstruction, and cardiogenic shock. Gas is
aspirated from the endotracheal tube or Y-piece
(Matthews et al., 1990) and the capnometer meas-
ures CO, concentration by infrared absorption
(Fig. 2.5). Gases leaving the analyser should be
directed back into the anaesthetic circuit or into the
scavenging system. The capnometer provides
breath-by-breath numerical values for carbon di-
oxide concentration and some monitors display the
CO, waveform (capnograph). The upward slope of
the waveform represents expiration and the high-
est value is the end-tidal CO, (E;CO,). The down-
ward slope occurs during inspiration and the
inspiratory baseline should be zero (Fig. 2.26).
Falsely low measurements of ECO, may occur
with the use of non-rebreathing circuits, because
the high gas flow results in dilution of expired
gases, and in animals with very small tidal vol-
umes or that are panting. Bumps and dips in the
expiratory plateau may be caused by spontaneous
respiratory efforts, heart beats, and movements of

the animal by the surgeon. Changes in EtCO, or
waveform are useful indicators of significant altera-
tion in physiological status or equipment mal-
function (Table 2.5). A sudden decrease in E;CO, is
cause for concern and the patient and equipment
should be checked for hypotension, cardiac arrest,
or equipment leaks and disconnection. Exhaled
water vapour condenses in the sampling tubing
and water trap but when water enters the monitor
unpredictable and bizarre values are obtained.
Significant correlation between E;CO, and
PaCO, has been recorded in dogs and horses, with
the PaCO, exceeding the ETCO, by 1.00-4.65 kPa

TABLE 2.5 Troubleshooting the capnogram

Unexpectedly low E+CO,
Cardiac arrest

Sampling line disconnected or broken
Endotracheal tube cuff deflated

Tidal volume too small

Failure to read zero on inspiration
(rebreathing)

Large apparatus deadspace

Exhausted soda lime

Expiratory valve on circle stuck in open position
Breathing rapid and shallow

Prolonged inspiratory or expiratory slope
Slow inspiratory time

Obstruction or crack in the sampling line

Gas sampling rate too slow

Leak around connection to circle or tracheal tube
Lung disease
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(1-35mmHg) depending on the degree of
pulmonary shunting and lung collapse. E;CO,
values exceeding 6.7kPa (50mmHg) represent
increased PaCO, and significant hypoventilation.
However, when EtCO, is normal, PaCO, may be
normal or increased and when EtCO, is low,
PaCO, may be low, normal or increased.
Therefore, if blood gas analysis is available one
direct measurement of PaCO, is advisable when
the E;CO, value is normal or low, particularly in
dogs with pulmonary disease or during thoracoto-
my, and anaesthetized horses at risk for severe
lung collapse, such as colic patients or foals.

The difference between PaCO, and E{CO, is
usually less in dogs than in horses. In a group of
mechanically ventilated dogs in intensive care, the
EtCO, was on average 0.67kPa (5 mmHg) less
than PaCO, (Hendricks & King, 1994). None-
theless, there was sufficient variation to conclude
that although high E;CO, confirms the presence
of hypoventilation, some patients may be erro-
neously identified as having adequate ventilation.
In anaesthetized healthy mature horses an aver-
age difference of 1.6 kPa (12mmHg), range 0—4.3
kPa (0-32mmHg) was recorded during halothane
(Cribb, 1988; Moens, 1989) and 1.9kPa (14 mmHg)
during isoflurane anaesthesia (Cribb, 1988). A
stronger correlation between ECO, and PaCO,
was identified during halothane compared with
isoflurane anaesthesia (Meyer & Short, 1985;
Cribb, 1988). No significant increase in PaCO, —
EtCO, difference was recorded with increased
duration of anaesthesia (Cribb, 1988; Moens,1989).
In one study of 110 horses, the PaCO,—E1CO, dif-
ference was greater in heavier horses and was
increased when horses were in dorsal recumbency
compared with lateral recumbency (Moens, 1989).
A mean PaCO,-ECO, difference of 1.8 £ 0.9kPa
(13.4 £ 6.9mmHg; range 0-37.5 mmHg) was meas-
ured in 125 horses anaesthetized with isoflurane
in dorsal recumbency for colic surgery (Trim, 1998).
Spontaneously breathing foals anaesthetized with
isoflurane had a mean PaCO,-E1CO, difference in
the first hour of anaesthesia of 0.9 kPa (7 mmHg)
which increased over 90 minutes of anaesthesia to
1.7kPa (13mmHg), coincident with an increase in
PaCO, (Geiser & Rohrbach, 1992). These authors
were unable accurately to predict PaCO, from
EtCO, and emphasized the limitations of cap-

nometry in spontaneously breathing anaes-
thetized foals (Geiser & Rohrbach, 1992).

Monitoring acid-base status

The values for HCO3; and TCO, calculated from
the measured values for pH and PaCO, are influ-
enced by both metabolic and respiratory physio-
logical functions and both values are increased by
hypercapnia. The base excess value is obtained
by a calculation that defines the metabolic status
by eliminating deviations of the respiratory
component from normal. Zero base excess is nei-
ther acidotic nor alkalotic. Positive base excess
describes a metabolic alkalosis and a negative base
excess (base deficit) defines a metabolic acidosis.
The metabolic status of a healthy animal is influ-
enced by its diet and, in general, carnivores usu-
ally have a mild metabolic acidosis and herbivores
a metabolic alkalosis. An approximate estimate of
severity of acid-base changes can be obtained
from the guideline that a 5mmol/I change from
normal is a mild deviation, a 10mmol/1l changeis a
moderate deviation, and a 15mmol/1 deviation is
severe.

Chemical determination of TCO, in serum
or plasma is often used as an estimate of blood
bicarbonate concentration and acid-base status
of patients when blood gas analysis is unavail-
able. However, the values obtained using auto-
analysers may be significantly different from that
obtained by calculation from pH and PCO,. Errors
arise from differences in handling the samples,
such as exposure to air, underfilling of blood
collection tubes, delay in analysis, and chang-
ing reagents. A combination of these factors
may result in lowering the TCO, by as much as
5.3 mmol/1 in canine blood and 4.6 mmol/l in
feline blood. This degree of inaccuracy might
result in erroneous assumptions and affect clinical
decisions.

Acid-base evaluation has always used the Van
Slyke technique as the ‘gold standard’ measure-
ment but more recently a very similar approach
has been available in the form of a simple kit,
intended for use with serum (the ‘Harleco’ sys-
tem), which, when correctly used, is capable of
high precision by clinical standards, allowing
TCO, status to be determined with reasonable



confidence from samples of venous whole blood
(Groutides & Michell, 1988).

Monitoring body temperature

In the normal animal, body heat is unevenly
distributed with the core temperature being 2—4°C
higher than the peripheral. General anaesthesia
inhibits vasoconstriction, allowing generalized
redistribution of body heat. An additional de-
crease in body temperature occurs as heat is lost to
the environment by exposure to cold operating
room conditions, skin preparation with cold solu-
tions, and abdominal surgical exposure. Further-
more, anaesthetics inhibit thermoregulation,
vasoconstriction, and shivering, thereby decreas-
ing the thresholds for cold responses. Admini-
stration of unwarmed iv. fluid contributes
substantially to the decrease in body temperature.

Hypothermia

Hypothermia, (35°C; 96 °F), may develop in an-
imals anaesthetized in a cool environment. A
decrease in temperature of 1-3 °C below normal
has been demonstrated to provide substantial pro-
tection against cerebral ischaemia and hypox-
aemia in anaesthetised dogs (Wass et al., 1995).
However, life-threatening cardiovascular depres-
sion may develop when the temperature decreases
below 32.8°C (91 °F). Perioperative hypothermia
is associated with several other significant adverse
effects (Table 2.6) (Carli et al., 1991; Sheffield et al.,
1994; Kurz et al., 1996).

Rectal or oesophageal temperature should be
monitored at regular intervals during inhalation
anaesthesia, during protracted total intravenous
anaesthesia, and during recovery from anaesthe-

TABLE 2.6 Adverse effects of perianaesthetic
hypothermia

Impaired cardiovascular function
Hypoventilation

Decreased metabolism and detoxification of
anaesthetic drugs

Weakness during recovery from anaesthesia
Decreased resistance to infection

Increased incidence of surgical wound infection
Increased postoperative protein catabolism
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sia. Small animals can be insulated from a cool
environment by a variety of methods, including
plastic covered foam pads and hot water circulat-
ing pads to lie on, and wrapping of extremities
with towels or plastic insulation. Heat loss from
the respiratory tract may be minimized by ensur-
ing that the inspired air remains warm and humid-
ified. This can be accomplished by employing
rebreathing circuits and low flow administration,
or by attachment of a humidifier to the endotra-
cheal connexion of the anaesthetic circuit. Heat
loss in small cats and dogs is effectively limited by
insertion of a low-volume passive humidifier (e.g.
Humid-Vent®, Gibeck) between the endotracheal
tube and the anaesthetic circuit. The water vapour
in exhaled gases condenses on the humidifier so
that the inhaled air is moistened and warmed.

Fluids to be administered iv. should be warm,
either in the bag or bottle by storage in an incub-
ator or at the time of administration by attaching a
warming block to the administration line. Active
skin warming of the limbs may be the most effect-
ive method of preventing heat loss (Cabell et al.,
1997). This can be accomplished by application of
hot water or hot air circulating devices, or warmed
towels and gel-filled packs.

Special care should be taken to avoid skin
sloughing from burns caused by application of
devices that are too hot. Electrical heating pads
and packs heated in a microwave oven are fre-
quently to blame for tissue damage. It should also
be remembered that warming devices placed over
the site of an intramuscular injection, or an opioid-
filled patch applied to the skin, may alter local
blood flow and speed absorption of the drug.

Hyperthermia

Increased body temperature is occasionally meas-
ured in anaesthetized animals. Hyperthermia
developing in dogs and cats is most often caused
by either excessive application of heat in an
attempt to prevent hypothermia or by a pyrogenic
reaction to a bacterial infection, a contaminant in
iv. fluids, or drugs. Other causes of intraoperative
hyperthermia are loss of central nervous sys-
tem temperature regulation, thyrotoxicosis, or
phaeochromocytoma. Rarely, hyperthermia is a
manifestation of the malignant hyperthermia
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syndrome (MH) which is a life-threatening hyper-
metabolic condition triggered by stress and certain
anaesthetic agents.

Hyperthermia (40.5°C; 105 °F) quite frequently
develops in cats during recovery from anaesthesia
that included administration of tiletamine-zolaze-
pam. In these animals, the increase in temperature
is associated with increased muscle activity such
as paddling, uncoordinated movements, or pur-
poseful movements directed at restraints or band-
ages. Treatment that is usually effective includes
directing a flow of air over the cat from a fan
placed outside the cage and providing sedation,
for example, butorphanol, 0.2 mg/kg i.m., with or
without acepromazine, 0.05-0.1mg/kgi.m.

Malignant hyperthermia

Malignant hyperthermia (MH) occurs most fre-
quently during anaesthesia of human beings and
pigs (McGrath, 1986; Roewer et al., 1995), but has
been reported to occur in dogs (O’Brien et al., 1990;
Nelson, 1991), cats (Bellah et al., 1989), and horses
(Manley et al., 1983; Klein et al., 1989). Clinical
signs of MH in pigs (p.366) usually include an
increase in temperature, increased respiratory rate
and depth, increased ECO, and PaCO,, metabolic
acidosis, tachycardia, hypertension, and arrhyth-
mias. Purple blotches may be observed in the
skin of the abdomen and snout. The soda lime
canister on the anaesthesia machine may be-
come excessively hot to touch and the absorbent
changes colour rapidly, reflecting massive carbon
dioxide production. Rigidity of the jaw and limb
muscles may be observed as the condition pro-
gresses. The animal dies unless the condition is
treated early.

The clinical appearance of dogs developing MH
during anaesthesia may differ from pigs. Tachy-
cardia may not be a feature, skeletal muscle rigidi-
ty may not occur, and rectal temperature may
not increase until the syndrome is well estab-
lished (Nelson, 1991). The earliest signs may be
related to increased CO, production. These signs
include an increased respiratory rate and depth,
rapid changing of soda lime colour, a hot soda
lime canister, and increased ECO, in the absence
of hypoventilation or malfunctioning one-way
valves. Increased respiratory rate would be the

only one of these signs present in a dog that was
merely overheated.

The clinical picture of MH in horses is not clear
cut. Abnormal measurements may not be observed
for some time after induction of anaesthesia.
Observed signs may be suggestive that the horse is
in a light plane of anaesthesia, however, the earliest
changes are usually increased PaCO, and E7CO,.
Heart rates may be mildly elevated and arterial
blood pressure is often within the normal range for
inhalation anaesthesia (Manley et al., 1983; Klein et
al., 1989). Changes in anaesthetic management may
permit the horse to survive anaesthesia but severe
rhabdomyolysis developing during recovery from
anaesthesia may necessitate euthanasia.

Monitoring urine volume

The urinary output depends on the renal blood
flow which, in turn, depends on cardiac output
and circulating blood volume, and thus it is a relat-
ively sensitive indicator of the circulatory state
during anaesthesia. Measurement of urine pro-
duction is advisable in animals with severe chronic
renal disease, renal failure, or circulatory failure
from non-renal causes. The urinary bladder may
be catheterized using aseptic technique before
anaesthesia or after induction of anaesthesia, and
the catheter connected to a plastic bag for continu-
ous collection of urine.

Urine output of less than 1 ml/kg/hour is inad-
equate and an indication for treatment. In event of
inadequate urine flow, the anaesthetist should first
check that the catheter is not blocked by mucus or
a blood clot and that urine is not pooling in the
bladder and cannot drain because of the relation-
ship between the catheter tip and positioning of
the animal.

Monitoring blood glucose

Clinical signs of hypoglycaemia may not be obvi-
ous during anaesthesia and the condition may go
unrecognized. Consequences of hypoglycaemia
are coma, hypotension, or prolonged recovery
from anaesthesia with depression, weakness, or
even seizures.

Animals at risk for developing hypoglycaemia
during anaesthesia include paediatric patients,



diabetics, and animals with hepatic disease, por-
tosystemic shunt, insulinoma, and septicaemia or
endotoxaemia. Occasionally, healthy adult sheep,
goats, and even horses develop hypoglycaemia
which manifests as a prolonged or weak recovery
from anaesthesia. Routine monitoring of patients
at risk for hypoglycaemia should include measure-
ment of blood glucose at the start and the end of
anaesthesia. Blood glucose can be determined rap-
idly using reagent strips and a glucometer.
Animals with low blood glucose concentrations
initially or those undergoing major or prolonged
surgery, should have their blood glucose mon-
itored at approximately 1 hour intervals during
anaesthesia.

Patients at risk for hypoglycemia should be
given 5% dextrose in water (D5W) as part of
the intraoperative i.v. fluid therapy. D5W should
be infused at a rate of 2-5ml/kg/hour to maintain
blood glucose between 5.5-11.0mmol/1 (100
and 200mg/dl). Balanced electrolyte solution
should also be infused at the usual rate of
5-10ml/kg/hour.

Monitoring neuromuscular blockade

The mechanical response to nerve stimulation (i.e.
muscular contraction) may be observed following
the application of supramaximal single, tetanic or
‘train-of-four’ electrical stimuli to a suitable
peripheral motor nerve, usually a foot twitch in
response to stimulation of the peroneal, tibial, or
ulnar nerves. During general anaesthesia the
response obtained may be influenced by the anaes-
thetic agents and any neuromuscular blocking
drugs which have been used. Details about neuro-
muscular blocking drugs and the monitoring tech-
nique are given in Chapter 7.

MONITORING OF EQUIPMENT

Before any anaesthetic is administered all equip-
ment likely to be used should be carefully checked.
It is essential to ensure that the O, supply will be
adequate, the circuit is free from leaks and that the
correct volatile anaesthetic is in the vaporizer. If
soda lime is to be used its freshness should be
checked by blowing CO, through a small portion
and testing to see whether this causes it to get hot.
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The colour indicator incorporated in many brands
of soda lime cannot be relied upon to indicate
freshness.

Interruption in the supply of O, to the patient is
one of the most serious events which can occur dur-
ing anaesthesia and many anaesthesic machines
incorporate warning devices which sound alarms
if the O, supply fails. However, when a rebreath-
ing circuit is being used, the delivery of O, in the
fresh gas supply does not always ensure that the
inspired gases will contain sufficient O, to support
life. Dilution of the O, in a rebreathing system is
particularly likely to occur in the early stages of
anaesthesia when denitrogenation of the patient is
taking place, or when N,O is used with low total
flow rates of fresh gas. Measurement devices are
available which can be used to demonstrate to the
anaesthetist that the patient is receiving an ad-
equate concentration of O, (Fig. 2.5).

Inspired and end-tidal concentrations of volatile
anaesthetics can be measured by sampling gases
from the endotracheal tube connector, as described
earlier in this chapter. In addition to providing infor-
mation on the concentration of the volatile anaes-
thetic agent in the patient, the analyser acts as a
monitor of the accuracy of output of the vaporizers.
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Introduction to general
anaesthesia: pharmacodynamics

and pharmacokinetics

INTRODUCTION

The term pharmacodynamics refers to the relation-
ship between drug concentration and its clinical or
pharmacological effect, while pharmacokinetics
refers to the mathematical description of the vari-
ous processes relating to drug movement from the
site of its administration, followed by distribution
to the tissues and, finally, elimination from the
body. To paraphrase, pharmacokinetics is ‘what
the body does to the drug’ whereas pharmacody-
namics is ‘what the drug does to the body’. They
cannot be regarded as separate processes for drugs
produce effects in vivo which alter their own kin-
etic and dynamic profiles, for example by means of
acute haemodynamic effects and increased or
decreased end-organ sensitivity by ‘up’ or ‘down’
receptor regulation (Fig. 3.1).

In the account of the pharmacokinetics of
inhaled drugs which follows frequent reference is
made to tensions, solubilities and concentrations
of gases in solution. These terms may perhaps be
best explained by considering specific examples.

THE TENSIONS OF AGENT DISSOLVED IN
A LIQUID

This is the pressure of the agent in the gas with
which the liquid should be in equilibrium. Aliquid
and a gas, or two liquids, are in equilibrium if,
when separated by a permeable membrane, there
is no exchange between them. The statement that

‘the tension of nitrous oxide in the blood is 50.5kPa
(8380mmHg)’ means that if a sample of blood were
placed in an ambient atmosphere containing
nitrous oxide at a concentration of 50% v /v (and,
therefore according to Dalton’s law, exerting a par-
tial pressure of 50.5kPa (380 mmHg) there would
be no movement of nitrous oxide into or out of the
blood. ‘Tension’ is a term used by physiologists
and anaesthetists, while physicists speak of ‘par-
tial pressure’.

SOLUBILITY COEFFICIENTS OF GASES

At any given temperature the mass of a gas
dissolved in a solution, i.e. its concentration
in the solution, varies directly with its tension
(Henry’s law) and is governed by the solubi-
lity of the gas in the particular solvent. The
solubility of anaesthetics varies widely and, there-
fore, at any one tension, the quantities of the differ-
ent anaesthetics in the solvent are not equal. The
solubility of anaesthetics in the blood and tissues
are best expressed in terms of their partition, or
distribution, coefficients. For example, the blood-
gas partition coefficient of nitrous oxide is 0.47.
This means that when blood and alveolar air con-
taining nitrous oxide at a given tension are in
equilibrium, there will be 47 parts of nitrous
oxide per unit volume (say per litre) of blood for
every 100 parts of nitrous oxide per unit
volume (litre) of alveolar air. In general, the parti-
tion coefficient of a gas at a stated temperature is
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FIG.3.1 Pathways for the uptake, distribution and elimination from the body of an active drug.

the ratio, at equilibrium, of the gas’s concentration
on the two sides of a diffusing membrane or inter-
face.

Tissue solubility does not necessarily correlate
with blood—-gas solubility. The newer volatile
agents (e.g. isoflurane, desflurane, sevoflurane)
may have a low blood-gas partition coefficient but
their brain-blood partition coefficient is not
necesssarily lowered to the same extent. The
brain-blood partition coefficient can be estimated
by dividing the brain-gas with the blood-gas par-
tition coefficient. The brain-blood partition co-
efficients for halothane, enflurane, isoflurane and
desflurane calculate to be 1.86,1.73,1.67 and 1.27,
respectively. Hence desflurane has a more rapid
uptake in the brain tissue. For simplicity, in many
theoretical calculations it is often assumed that in
the brain and all other tissues (except fat) gases
have very nearly the same solubility as they have

in blood because their tissue-blood partition co-
efficients are sufficiently close in unity.

CONCENTRATION OF A GAS IN
SOLUTION

The concentration of a gas in solution may be
expressed in a variety of ways including :

1. The volume of gas which can be extracted
from a unit of volume of solution under
standard conditions (v/v)

2. The weight of dissolved gas per unit volume
of solvent (w/v)

3. The molar concentration, i.e. the number of
gram—molecules of gas per litre of solvent. The
molar concentration is the most useful — equi-
molar solutions of gases of different molecular
weights contain equal concentrations of mole-
cules. This would not be so if their con-
centrations in terms of w /v were equal.



PHARMACOKINETICS OF INHALED
ANAESTHETICS

Inhaled anaesthetics have a pharmacokinetic pro-
file which results in ease in controlling the depth of
anaesthesia as a result of rapid uptake and elimi-
nation: a knowledge of this profile can facilitate
their use in clinical practice. They cannot be intro-
duced into the brain without at the same time
being distributed through the entire body, and this
distribution exerts a controlling influence over the
rate of the uptake or elimination of the anaesthetic
by brain tissue. Although with some agents there
may be some metabolism, all the gaseous and
volatile substances used as anaesthetics may be
regarded as essentially inert gases as far as uptake
and elimination are concerned.

UPTAKE OF INHALED ANAESTHETICS

If some factors are reduced to their simplest poss-
ible terms, and certain assumptions are made, it is
possible to give approximate predictions relating
to inert gas exchange in the body (Bourne, 1964).
These predictions are sufficiently realistic for prac-
tical purposes and serve to illustrate the main prin-
ciples involved. Once these are understood more
elaborate expositions found elsewhere (Eger, 1974,
1990; Mapleson, 1989) should become reasonably
easy to follow.

For simplicity, the physiological variables such
as cardiac output and tidal volume must be
assumed to be unaffected by the presence of the
gas, and to remain uniform throughout the admin-
istration. Allowance cannot be made for alter-
ations in the tidal volume as administration
proceeds. The blood supply to the grey matter of
the brain must be assumed to be uniform and the
gas to be evenly distributed throughout the grey
matter. Finally, although in practice anaesthetics
are seldom administered in this way, the anaes-
thetic must be assumed to be given at a fixed
inspired concentration, and, what is more, it must
be assumed that no rebreathing of gases occurs.

The tensions of the gas in the alveolar blood and
tissues all tend to move towards inspired tension
(Kety, 1951) but a number of processes, each of
which proceeds at its own rate, intervene to delay
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the eventual saturation of the tissues. The tension
of the gas in the brain follows, with a slight delay,
its tension in the alveolar air. Since both the rate of
induction and recovery from inhalation anaesthe-
sia are governed by the rate of change of the
tension of the anaesthetic in the brain, and this in
turn is governed by the rate of change of tension in
the alveoli, the factors which determine the anaes-
thetic tension in the alveoli are obviously of very
great importance.

The rate at which the tension of an anaesthetic
in the alveolar air approaches its tension in the
inspired air depends on the pulmonary ventila-
tion, the uptake of the anaesthetic by the blood and
tissues and the inspired concentration. First, by
means of pulmonary ventilation the gas is inhaled,
diluted with functional residual air, and enters the
alveoli. This is where diffusion occurs and nor-
mally the alveolar gas equilibrates almost immedi-
ately with the pulmonary blood which is then
distributed throughout the body. A second diffu-
sion process occurs across the capillary mem-
branes of the tissues into the interstitial fluid and
from there through the cell membranes into the
cells themselves. Venous blood leaving the tissues
is in equilibrium with the tissue tension. The blood
from the tissues returns to the lungs, still carrying
some of its original content of anaesthetic, and is
again equilibrated with alveolar gas which now
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FIG. 3.2 Typical alveolar tension curve for an inert gas
inhaled at a fixed concentration from a non-rebreathing
system.
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contains a slightly higher tension of the anaes-
thetic. It is in this manner that the alveolar (or
arterial) and venous (or tissue) tensions of the
anaesthetic in question gradually, and in that
order, rise towards eventual equilibrium with the
inspired tension.

As this complex process proceeds, the tension
of the anaesthetic in the alveolar air increases con-
tinuously, but not at a uniform rate. Plotted against
time, alveolar tension rises in a curve that is, in
general, the same for every inert gas (Fig. 3.2). This
curve tails off and slopes gradually upwards until,
after several hours or even days, depending on the
anaesthetic in question, complete equilibrium is
reached. The steep initial rise represents move-
ment of anaesthetic into the lungs, i.e. the pul-
monary wash-in phase. The slowly rising tail
represents more gradual tissue saturation. The
change from steep part of the curve to the tail
marks the point at which lung wash-in gives place
to tissue saturation as the most important in-
fluence. The tail can be very long if the anaesthetic
in question has a very high fat/blood partition
coefficient.

BLOOD SOLUBILITY AND ALVEOLAR
TENSION

The shape of curve obtained with any given anaes-
thetic depends on a number of factors. These
include such things as minute volume of respira-
tion; the functional residual capacity of the lungs;
the cardiac output and the blood flow to the main
anaesthetic absorbing bulk of the body — muscles
and fat. However, one physical property of the
anaesthetic itself is considerably more important
than all of these factors — the solubility of the
anaesthetic in the blood. This is the factor which
determines the height of the ‘knee’ in the alveolar
uptake curve. With anaesthetics of low blood solu-
bility the knee is high; with high solubility the
knee is low. This may be illustrated by considera-
tion of the hypothetical extremes of solubility.

A totally insoluble gas would not diffuse into
the pulmonary blood and would not be carried in
it away from the lungs. If such a gas were inhaled
at a constant inspired tension in a non-rebreathing
system, its alveolar tension would increase expo-
nentially as lung washout proceeded until, after a
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FIG.3.3 Alveolar tension curves for a totally insoluble
gas, A of low solubility, B (nitrous oxide) and a gas of
extremely high solubility, C all breathed at a constant
inspired concentration from a non-rebreathing system.

very short time, alveolar tension equalled inspired
tension (Fig. 3.3). The curve obtained would be all
initial rise and there would be no tail. Such a gas
could not ever be an anaesthetic, since none would
ever reach the brain.

A gas of extremely low blood solubility (Fig. 3.3,
curve B) would give an almost identical curve. The
loss into the pulmonary blood stream of only a
minute amount of the gas contained in the lungs at
any moment would bring the tension of the gas in
the blood into equilibrium with that in the alveolar
air. The capacity of the blood for such a gas would
be extremely small. Likewise, the capacity of the
entire body tissue (with the possible exception of
fat) would be small, since as already pointed out,
the tissue-blood partition coefficients of most
anaesthetics are close to unity. If such an agent,
even when given at the highest permissible con-
centration of 80% with 20% of oxygen only pro-
duced a faint depression of the central nervous
system, it could nevertheless be looked upon as a
very active agent because it would be deriving its
effect through the presence in the brain of only a
minute trace.

At the other hypothetical extreme would be a
gas of very nearly infinite solubility in blood. All
but a very small fraction of the gas in the lungs at
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TABLE 3.1 Partition coefficients of some inhalation anaesthesics at 37 °C
Partition coefficient Desflurane Isoflurane Sevoflurane Enflurane Halothane
Blood-gas 0.42 1.40 0.60 2.00 1.94
Tissue-blood:
Brain 1.29 1.57 1.70 2.70 1.94
Heart 1.29 1.61 1.78 I.15 1.84
Liver 1.31 1.75 1.85 3.70 2.07
Muscle 1.02 1.92 3.13 2.20 3.38
Fat 27.20 4490 47.59 83.00 51.10

any one moment would dissolve in the pulmonary
blood as soon as the blood arrived at the alveoli.
The capacity of the blood and body tissues for such
a gas would be vast. The alveoli tension curve (Fig.
3.3, C) would be very flat, with virtually no rapid
initial rise and a very slowly rising tail. Given
enough time for full equilibrium, it might be poss-
ible to achieve very deep anaesthesia by using a
minute inspired tension but of course, in one sense
the gas would be a very weak anaesthetic, since its
concentration in the brain would be enormous.
Ranging between these hypothetical extremes
of solubility are the gaseous and volatile anaes-
thetics. Their solubilities in blood and tissues
for man and some animals (figures taken from
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F1G.3.4 Increase in alveolar tension (FA) towards
inspired tension (Fl) during administration at a fixed
concentration in a non-rebreathing system. Effect of blood
solubility. The curves are not drawn accurately and only
represent approximate, relative curves.

various sources but mainly from data sheets) are
shown in Table 3.1. The effect of the different solu-
bilities on the alveolar tension when the agents are
administered at a constant inspired tension are
shown in Fig. 3.4.

THE TENSION OF ANAESTHETIC AGENTS
IN BRAIN TISSUE

In addition to the alveolar tensions, the anaes-
thetist is also concerned with the tension of anaes-
thetic agents in the grey matter of the brain. In the
lungs (unless pathological changes are present)
diffusion from the alveolar air to the blood is
almost instantaneous, so that for theoretical pur-
poses the tension in the arterial blood leaving the
lungs can be regarded as equal to the tension in the
alveolar air. Only when the body has become
absolutely saturated does the arterial tension
equal the tissue tension. During the saturation
process, and after the administration is stopped,
the tissue tension is accurately represented by the
tension of the agent in the venous blood leaving
that tissue. This lags behind the arterial tension by
an amount which depends mainly upon the blood
supply to the tissue. Fatty tissues are exceptions to
this rule, for in them the relative solubilities play
an important part. In organs with a rich blood sup-
ply such as the brain and heart, the venous tension
rises quite quickly to the arterial tension. After
about 20 minutes (in man) with anaesthetics
whose solubility in grey matter is about equal to
that in blood, or perhaps 40 minutes in the case of
agents like halothane which are a little more sol-
uble in grey matter, arterial and grey matter
tensions, during uptake and during elimination,
are almost equal (Fig. 3.3).
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It follows from these considerations that if a gas
has a low blood solubility, any change in its ten-
sion in the alveolar air is quickly reflected in the
grey matter in the brain, whereas if the blood solu-
bility is high there will be a considerable delay
because the whole body will act as a very large
buffer. Thus, with an inhalation anaesthetic, the
speed with which induction of anaesthesia can be
carried out (when the inspired tension is kept con-
stant) is governed by the solubility of the anaes-
thetic in the blood. Low solubility (e.g. desflurane)
favours rapid induction, whereas high blood solu-
bility (methoxyflurane) leads to slow induction.
The important point to note here is, of course, that
so far all arguments have been based on the
assumption that the inspired concentration is
maintained constant. In fact, alteration of the
inspired tension can do much to overcome the
slow induction with agents of high blood solubil-
ity. For example, if in animals methoxyflurane
were given at concentrations which would
give satisfactory anaesthesia afer full equilibra-
tion, induction might take many hours. It
would be a very long time before the animal even
lost consciousness. The difficulty is, of course
in practice, overcome by starting the administra-
tion not with this concentration, but with one
which is much higher and which would, if admin-
istered indefinitely, kill the animal. As the desired
level of anaesthesia is reached the inspired concen-
tration is gradually reduced. Even so, induction
with a very soluble agent such as methoxyflurane
is slow.

Itis in fact standard practice to hasten induction
of anaesthesia in this way. However, the maximum
concentration which can be administered is
limited by the volatility of the anaesthetic, and its
pungency. Many anaesthetics are so pungent or
irritant that they cannot be inhaled in high concen-
trations.

RECOVERY FROM ANAESTHESIA

When the administration of the anaesthetic is ter-
minated, its concentration in the inspired air can-
not be reduced (wash-out phase) to below zero.
Although the full buffering effect of the body tis-
sues will not be seen after accelerated inductions
and brief administration (those tissues with a poor

blood supply or high tissue-blood partition
coefficient will then be only very incompletely
saturated), elimination of the more soluble anaes-
thetics will take time and recovery will be slow.
Low blood solubility leads to rapid elimination of
anaesthetics like desflurane and rapid recovery
from anaesthesia.

At the end of anaesthesia the volume of nitrous
oxide eliminated causes the minute volume of
expiration to exceed the inspired volume and this
outpouring of nitrous oxide dilutes the alveolar
content of oxygen. If the animal is breathing room
air, the alveolar oxygen tension can fall to low lev-
els, resulting in a severe reduction in PaO,. This
phenomenon, called ‘diffusion hypoxia® can also
happen if nitrous oxide is cut off during anaesthe-
sia. Theoretically, it can happen with any agent,
but it is unlikely to have any ill effects with very
soluble agents such as methoxyflurane, because of
the small volumes involved and the slow excretion
of the agent. The danger is greatest if two insoluble
agents (e.g. nitrous oxide and desflurane) are
administered together.

SPEED OF UPTAKE AND ELIMINATION
RELATED TO SAFETY OF INHALATION
AGENTS

Blood solubility is not only important as a factor
influencing the speed of induction and recovery. It
has wider implications; it determines (in an in-
verse manner) the extent to which tissue tensions
keep pace with alterations in inspired tension and
thus it controls the rate at which anaesthesia can be
deepened or lightened. With a very soluble agent
such as diethyl ether or methoxyflurane no sud-
den change in tissue tension is possible; if gross
overdosage is given the anaesthetist has plenty of
time in which to observe the signs of deepening
unconsciousness and to reduce the strength of the
inhaled mixture. With an anaesthetic of low blood
solubility such as desflurane, however, increase in
tissue tension follows very quickly after an
increase in the inspired tension; anaesthesia may
deepen rapidly and a gross overdose may result. It
is, therefore, very important with the less soluble
anaesthetics to consider carefully the factors that
favour the giving of an overdose, the chief of
which must be volatility and potency.



Volatility

Volatility governs the potential strength of the
inspired mixture for obviously the more volatile
the anaesthetic the greater the risk of its being
administered at a high concentration. Gaseous
anaesthetics and liquid anaesthetics which have
low boiling points are, therefore, potentially dan-
gerous. Because gases are passed through flow-
meters the danger is, in their case, rather less, since
the anaesthetist has an accuracy of control only
possible with volatile liquids by the use of special,
often expensive vaporizers.

Potency

Potency determines the magnitude of a possible
overdose. With a weak anaesthetic such as nitrous
oxide overdose is imposssible; if it were not for
lack of oxygen, nitrous oxide could be given at
100% concentration without danger. However, a
concentration of 80% of an agent which was fully
effective when given at a concentration of say 5%
would constitute gross overdosage. This is, of
course, self-evident, but as has been pointed out by
Bourne (1964), anaesthetists have in the past paid
insufficient attention to the precise meaning and
measurement of potency, so that there is much
confusion. An acceptable definition of potency
would do much to clarify thought relating to
safety of inhalation anaesthetics.

UPTAKE AND ELIMINATION OF
INHALATION ANAESTHETICS IN CLINICAL
PRACTICE

The various assumptions made for the purpose of
theoretical or mathematical predictions of inhala-
tional anaesthetic uptake and elimination cannot be
made in everyday practice. Many of the factors
which have to be regarded as constant if any mathe-
matical prediction is to be made, do, in fact, vary
considerably during the course of anaesthesia.
These factors include the tidal volume; the physio-
logical dead-space; the functional residual capacity
(FRC - that volume of gas in the lungs which
dilutes each single breath of anaesthetic); the thick-
ness and permeability of the alveolar—capillary
membrane; the cardiac output and pulmonary
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blood flow (which may be different, especially in
pathological conditions of the lungs); regional vari-
ations in ventilation/ perfusion relationships in the
lungs; the blood flow through the tissues of the
body; the partition coefficients of the anaesthetic
between the gaseous or vapour state and lung
tissue or blood, and between blood and the body
tissues; and the blood flow diffusion coefficient and
diffusion distance for each of the tissues of the body.
In addition the anaesthetics themselves may
modify many of the variables as administration
proceeds. For example, most anaesthetics depress
breathing and reduce the cardiac output. Con-
siderations such as these indicate only too clearly
why it is not yet possible to give a complete ac-
count of the uptake and elimination of inhalation
anaesthetics as encountered in clinical practice.

OTHER FACTORS AFFECTING INHALATION
ANAESTHETIC ADMINISTRATION

(1) The vaporizer

The output or concentration delivered from a
vaporizer can be calculated but they are usually
calibrated manually by the manufacturer. Modern
vaporizers are capable of delivering very accurate
concentrations but there are several factors that
can influence the concentration of a volatile agent
in the gas mixture leaving the vaporizer (Fig. 3.5).
Older vaporizers were inaccurate at low gas
flow rates but most are, today, stable for flows of
100ml to 5000ml/min. The vapour pressure of
the volatile anaesthetic in the vaporizing chamber
is temperature dependent and most modern
vaporizers have temperature compensating mech-
anisms to correct for this so that output is constant
for a wide temperature range.

Vaporizers are usually calibrated for a specific
carrier gas (mostly air or oxygen). When switching
from pure oxygen as the carrier gas to a mixture of
nitrous oxide and oxygen, some nitrous oxide dis-
solves in the volatile liquid anaesthetic in the
vaporizing chamber and thus the total amount of
gas leaving the chamber decreases, causing an
overall decrease in the concentration of the volatile
agent. When nitrous oxide is switched off, the dis-
solved nitrous oxide evaporates from the liquid
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FIG.3.5 The concentration cascade between the vaporizer and the brain tissue and some factors which influence it.

volatile anaesthetic agent, resulting in an increased
flow through the vaporizing chamber and, there-
fore, an increase in the delivered concentration.
This effect can lead to an error of 20-30% depend-
ing on the fresh gas flow (Lin, 1980).

(2) The breathing system

The fresh gas that flows into the breathing system
(circuit) is diluted by the expired alveolar gas,
causing a difference between the concentration of
the inflowing gas and the concentration which is
actually inspired. The lower the fresh gas flow
rates the greater this difference becomes.
Absorption by tubing and any absorbent used to
remove carbon dioxide, as well as high anaesthetic
uptake by the animal, may also increase this differ-
ence. At the beginning of anaesthesia soda lime

behaves like a ‘molecular sieve” with saturable
characteristics. Later a quasi-steady state occurs
and anaesthetic agents dissove in accordance with
their partial pressure. Wet soda lime absorbs much
less of volatile anaesthetics than when it is dry
because the ‘molecular sieve’ is occupied by water.
A variable amount of the anaesthetic may be ab-
sorbed in the tubing of the breathing system. There
is a large difference between materials and poly-
carbon is more inert in this respect than teflon.

In a circle system the fresh gas utilization will
vary widely depending on the arrangement of
the system components. An arrangement with the
spill-off valve between the fresh gas inlet and the
lungs will result in a lower fresh gas utilization.
Better characteristics with greater utilization are
found where the spill-off valve closes during
inspiration and is as close to the lungs as possible.



(3) Thelungs

Depending on how much fresh gas reaches the
lungs and how much anaesthetic is carried away
in the arterialized blood there will be a variable
concentration difference between the inspired and
arterial concentrations of the anaesthetic. The
inspired concentration of the agent is the easiest
parameter to be changed by the anaesthetist in
order to influence the uptake and elimination of
the anaesthetic.

With higher alveolar ventilation there is a more
rapid increase in the alveolar uptake curve. Dur-
ing spontaneous ventilation, the animal is to some
extent protected against overdosage because
volatile anaesthetics depress ventilation and con-
sequently, due to negative feed back, the speed of
uptake is reduced. The relative ventilatory depres-
sant effects of some inhaled agents are: nitrous
oxide < halothane (Bahlman et al., 1972) < isoflu-
rane (Fourcade et al., 1971) < enflurane (Calverley
etal., 1978).

During spontaneous ventilation the alveolar
tension of halothane or isoflurane cannot increase
to more than 23 mmHg regardless of the inspired
concentration because of the resultant ventilatory
depression (Munson et al., 1973).

Nitrous oxide, because it can be given in high
concentration, increases alveolar ventilation and
thus its own uptake via the concentration effect, in
particular when the animal is hypoventilated and
highly soluble agents are used (Eger, 1963). For
example, if halothane is used in low concentra-
tions, its uptake is increased as well (second gas
effect) due to the additional inspiratory inflow by
the concentration effect of the nitrous oxide
(Epstein et al., 1964).

(4) Cardiac output

Cardiac output is another major determinant of
inhaled anaesthetic uptake. The higher the cardiac
output the more anaesthetic agent is removed
from the alveolar gas and the slower is the rise in
alveolar concentration. The volatile anaesthetic
agents all depress cardiac output and while with
spontaneous ventilation a protective negative feed
back exists with respect to high concentrations, the
reverse is true for the circulation because due to
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FI1G.3.6 Plasma concentration versus time relationship
following rapid intravenous administration of a drug such
as propofol, illustrating the rapid decline in plasma drug
concentration during the early distributional (cr) phase
and the much slower decline in the terminal (3)
elimination phase.

the depressed circulation less of the agent is
removed from the alveoli so that alveolar concen-
tration rises more rapidly.

PHARMACOKINETICS OF
INTRAVENOUS ANAESTHETICS

The pharmacokinetics of the intravenous agents,
i.e. the processes by which drug concentrations at
effector sites are achieved, maintained and dimin-
ished after intravenous injection, is of increasing
importance today because of the use of computer
models to study drug uptake and elimination, and
the use of microprocessors to control anaesthetic
administration. For a more detailed account of
their pharmacokinetics than follows here reference
should be made to standard textbooks of pharma-
cology (e.g. Dean, 1987; Pratt & Taylor, 1990).

Pharmacokinetic variables commonly reported
for intravenous or otherwise parenterally adminis-
tered drugs are total apparent volume of distribu-
tion, total elimination clearance, and elimination
half-life .

TOTAL APPARENT VOLUME OF
DISTRIBUTION

The total apparent volume of distribution (V)
relates the amount of drug in the body to the plas-
ma or blood concentration:

V4 =amount of drug/drug concentration.
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A frequently reported total volume of distribution
is the volume of distribution at steady state, V4,
the total apparent volume a drug would have if it
were in equilibrium with all body tissues. Another
commonly reported, and usually larger, total vol-
ume of distribution is Vyg which, together with
elimination clearance (Clg), determines the elimi-
nation half-life.

In theory, a volume of distribution is measured
by injecting a known quantity of the drug and,
after allowing an adequate period of time for it to
distribute, determining its concentration (both free
and combined) in the plasma . In practice the equi-
librium necessary is seldom attained because
before it is complete the opposing processes of
metabolism or excretion come into operation.

Aknowledge of the apparent volume of distri-
bution makes it possible to calculate the doses to be
administered initially and subsequently to achieve
desired concentrations in the blood and tissues.

TOTAL ELIMINATION CLEARANCE (CIg)
AND ELIMINATION HALF-LIFE (t;33)

Clg is an independent variable relating the rate of
irreversible drug removal from the body to the
plasma or blood concentration:

Clg = rate of elimination/drug concentration

Thus, Clg is the sum of the elimination clearances
of all the organs and tissues of the body, princi-
pally the liver and the kidneys. The elimination
half-life, t; /o5, is a dependent variable and is the
time required for the amount of drug in the body
to decrease by one-half:

t1/2B =In2 x VdB/ClE
or, t1/2[3 =0.693 x VdB/CZE‘

These pharmacokinetic variables can be useful for
drugs with a rapid onset of action, such as intra-
venously administered propofol, but they do not
provide a complete description of their pharmaco-
kinetics. The total volume of distribution is not
realized until after extensive drug distribution and
redistribution has occurred. Thus, predicted early
drug concentrations based on the dose and V g
will be very low. Although elimination clearance
begins from the time the drug arrives at the clear-
ing organs, the relatively slow decline in drug con-

centrations due to elimination clearance becomes a
significant factor in the relationship of plasma (or
blood) concentration with time only after the inital
rapid decline due to the distribution and redistrib-
ution phase is over (Fig. 3.6).

It is now appreciated that the offset of clinical
effect is not simply a function of half-life. It may be
affected by the rate of equilibration between plas-
ma and effector site and duration of infusion.
Hughes et al. (1992) proposed the use of context-
sensitive half-time (1 /5 context) and defined this as
the time for the plasma conentration to decrease by
50% after termination of an i.v. infusion designed
to maintain a constant plasma concentration.
Context refers to the duration of infusion. They
demonstrated that context-sensitive half-lines of
commonly used i.v. anaesthetic agents and opioids
could differ markedly from elimination half-lives
and were dependent on duration of infusion.

COMPARTMENTAL MODELS

Drugs injected into a vein are distributed directly
in the blood stream to the brain and the other tis-
sues of the body. Those given by the alimentary
route (by mouth or high into the rectum) must first
be absorbed into the blood and they then pass
through the liver before reaching the central nerv-
ous system. Passage through the liver (the ‘first
pass’) is avoided if the drugs are given via the
mucous membranes of the nose, the terminal rec-
tum, or sublingually, so that administration of suit-
able drugs by these routes renders the effective
dose similar to that needed by the intravenous
route. Elimination of these drugs from the body is
not a reversal of the process of absorption; they are
broken down, mostly in the liver, and are then
excreted mainly by the kidneys.

When a drug is administered by intravenous
injection the onset and duration of its effect depend
on the distribution to the tissues, tissue binding and
access to those tissues where the pharmacological
effect takes place, interaction with receptor sites,
and elimination by various routes (Fig. 3.1). Since
the body is composed of innumerable tissue zones,
each with a unique blend of perfusion, binding
affinity, etc. for the drug, quantification of the whole
process is nearly impossible unless some gross sim-
plifications can be made. For any particular drug



the body can be thought of as comprising one or
more compartments, each of which can be consid-
ered as a space throughout which the substance is
uniformly distributed and has uniform kinetics of
distribution or transport (Sheppard, 1948).

Secondary dispersion of highly lipid-soluble
drugs such as the intravenous anasthetic agents
occurs as they cross cell membranes and the limit-
ing factor to this process is the rate at which they
are delivered to the cells — the blood flow to the tis-
sues. Thus, organs with a rapid blood flow (e.g.
brain, heart, liver, kidney) initially receive a high
concentration of the drug but, with time, this is
depleted as the agent redistributes into moder-
ately and slowly perfused tissues (the muscles and
fat, respectively). The greater the lipid solubility of
the drug the more rapid its redistribution but even
charged drugs can be redistributed. Redistribution
also means that repeated doses of the drug can
exert prolonged effects due to the gradual passage
over an extended period from saturated sites
where it is inactive, back into the plasma. Plasma
and the organs where blood flow is rapid can be
taken to represent one ‘compartment’, while mod-
erately and poorly perfused tissues represent sec-
ond and third compartments.

The one compartment model

When drugs behave as if they were distributed
into a single uniform compartment excretion takes
place according to ‘first order” kinetics, i.e. in any
time period a constant proportion of the remaining
drug will be eliminated; the elimination rate is pro-
portional to the concentration. When a drug con-
centration decreases in this constant proportion
manner, the concentration curve can be defined by
a simple exponential equation:

C/CO — ekt
where C = drug concentration at time t; CO= drug
concentration at time 0 (i.e. immediately after i.v.
administration); k = a constant; t = time elapsed;
and e = the base of the natural logarithm (2.718).

Taking the natural logarithm of both sides of the
equation, a linear equation results :
In(C/C0 =-ktorIn(C/C0)/t=-k.

Thus, the natural logarithm of the proportion by
which C has decreased to time is a constant (k)
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which has the dimension of rate and will be stated
in reciprocal units (t-1). From this it follows that a
graph of In(C/C0) against time will yield a straight
line, of gradient —k. In practice, very few drugs
behave according to one compartment kinetics,
since some initial redistribution from the circula-
tion to other tissues is almost inevitable. The
majority of drugs can be regarded as obeying what
are known as zero order or first order kinetics.

A zero order process is one which occurs at a con-
stant rate and is, therefore, independent of the
quantity of drug present at the particular sites of
absorption or removal. A zero order process
requires a large excess of drug available on the
entry side (e.g. intravenous infusion) or, on the
removal side, a system of limited capacity.

A first order process is considered to be the most
common for both drug absorption and elimina-
tion. In a first order process the rate of the reaction
is exponentially related to the amount of drug
available. In other words, a constant fraction of the
drug is absorbed or eliminated in constant time.
The rate constants ( k,;, and k) are measurements
of these fractions since they represent the fraction
of the drug present which is absorbed or eliminat-
ed in unit time (usually in 1 minute or 1 hour).

2.00
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FIG.3.7 Simplified diagram of first order elimination
from the plasma of an intravenous drug.The plot of log
plasma concentration versus time is linear.
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A very simplified example of a first order elim-
ination is shown in Fig. 3.7 where the natural log-
arithm (In) of the plasma concentration of a drug
given by a single intravenous injection is plotted
against time. Under these conditions a plot of In
plasma concentration versus time is linear. The
time taken for the plasma concentration to halve
(t1/7) is known as the plasma half-life. V4 can be
calculated for the initial concentration (i.e. that at
zero time) and from this, by assuming V4 to be
constant over the whole time period (which, in
practice, it seldom is), the clearance from the pla-
sma can be calculated. A more accurate method
assumes (usually incorrectly) that the clearance
from the plasma is a constant fraction of the instan-
taneous level, thus:

Plasma clearance (Cq) =
Original dose

Area under curve to complete elimination.

The area under the curve (AUC) is obtained from a
graph of the actual (not log concentration) against
time. A drug with a high C; will have alower AUC
than one with a lower C; given at the same dose. A
drug given to an animal with a reduced C; result-
ing from disease will have a higher AUC than the
same drug administered to an animal with a nor-
mal C. It follows from this that the diseased animal
will be exposed to a higher drug concentration for
a longer period of time and greater and more per-
sistent drug effects can be produced unless the
dose of the drug is reduced.

Maximum

Minimum

Plasma concentration

Time

FI1G.3.8 Intermittent intravenous dosage to maintain an
effective anaesthetic concentration. Single compartment
model.

What is known as ‘the plateau principle” applies
when a drug undergoes zero order absorption and
first order elimination. Under these conditions it
can be shown that when the concentration of the
drug being administered is changed, the time
taken to reach a steady state (plateau) level is
determined solely by the reciprocal of k. The
height of the plateau reached depends on the con-
centration of the drug administered and when this
height is attained the amount of drug given is
reduced to maintain it. Similar principles apply
when a loading dose is followed by subsequent
doses to maintain this level (Fig. 3.8). About 97% of
a drug will be eliminated from the plasma in about
5x t1/2 (1e 50% + 25% + 12.5% + 6.25% + 3.1250/0).

The two compartment model

Frequently, the serial plasma concentrations after
the intravenous administration of a drug show an
initial rapid decay (the o phase), followed by a lin-
ear decline (the B phase) when plotted on the same
semi-logarithmic axes. The curve of best fit is a bi-
exponential decay, which is characteristic of drug
concentration in the central compartment (V) of a
two compartment system where the drug is
assumed to enter V;, from which it is also elim-

Drug Drug
t '
Elimination

Elimination

Elimination

v

C
FIG.3.9 A Two compartment model.B Mamillary
three compartment model. C Catenary three
compartment model. In the mamillary three compartment
model both V; and V3 exchange with V|,whereas in the
catenary model V3 is ‘deep’ to V, and is not connected in

any way to V,.This catenary model has been proposed for
some drug metabolites and has characteristics of its own.



inated. A second peripheral compartment (V)
receives drug by redistribution from V; but elim-
ination of the drug does not take place except by
transfer back to V (Fig. 3.9).

In the two compartment model the half-life is
expressed as t; ;5 which makes it clear that it is
limited to the B (elimination) phase of the decay,
but it depends on both elimination and distribu-
tion rates so that it cannot be regarded as a direct
indicator of elimination rate.

The multi-compartment model

A three compartment model has been used to
explain a curve of declining drug concentration
which does not fit in a conveniently bi-exponential
fashion and better fits a three-exponential equa-
tion. However, great care must be exercised when
expanding the number of terms, since the ‘degrees
of freedom’ in the regression equations are pro-
gressively reduced, thus widening the confidence
interval for the line. In other words, although a
more complex curve may fit measured concentra-
tion points better, the probability of it being correct
diminishes. There are two types of three compart-
ment models. In one, the ‘mamillary” model, both
peripheral compartments (V, and V3) connect to
the central compartment (V7). For some drug
metabolites a different, ‘catenary’, model has been
proposed where V3 is ‘deep’ to V5, but is not con-
nected to V and has quite different characteristics.

Rarely can a plasma decay curve be defined so
precisely as to permit justification of more than
three exponential terms. Moreover, the compart-
ments cannot be equated with true anatomical vol-
umes. The use of ‘perfusion models” overcomes
many difficulties to some extent, but these require
much more information. The perfusion model
takes a number of anatomically defined compart-
ments and, by consideration of their volumes,
blood flow rates through them and tissue/blood
partition coefficients computes the movement of
drug between them. Although the distribution of
cardiac output in the anaesthetized horse (Staddon
et al., 1979) and the solubility of halothane in
equine tissues have been studied (Webb & Weaver,
1981) there is little other relevant information
in the veterinary literature. Moreover, the
tissue/blood partition coefficients vary widely
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because of the wide range of solubilities in the var-
ious tissues. Thus, the perfusion model is limited
by the number of identifiable tissues or organs for
which reliable data are available.

PRACTICAL METHODS OF DRUG DELIVERY
DURING INTRAVENOUS ANAESTHESIA

It is now generally agreed that it is possible to
improve the titration of intravenous drugs by
administering continuous variable rate infusions
rather than by injecting intermittent bolus doses.
Continuous infusion is the logical extension of the
more traditional incremental bolus dose method
which inevitably leads to fluctuations in blood (and
hence brain) concentrations that follow each bolus
dose (Fig. 3.8). To achieve an effective blood concen-
tration rapidly, it is necessary to administer a ‘load-
ing dose’, just as with inhalation anaesthesia it is
usually necessary to start with a high inspired
concentration. Similarly, as with the inhalation
anaesthetics, it is necessary to reduce the dose
administered to maintain this effective con-
centration.

In practice, intravenous infusions are generally
titrated on an empirical basis depending on the
response of the animal to the infusion rate.
However, the aim for the future is to predict the
dosage requirements from pharmacokinetic data.
The smaller the loading dose, the greater the initial
maintenance infusion rate needed because the
amount of drug infused must be equal to that
which is removed from the brain by both distribu-
tion and elimination processes. With time, distri-
bution assumes less importance, and the infusion
rate required to maintain any given blood concen-
tration becomes solely dependent on the elimina-
tion rate. Thus, the infusion rate needed to
maintain a given concentration in the body
decreases as a function of the infusion period.
Considerations of this nature have led to the estab-
lishment of two or three stages in computer con-
trolled infusion regimens following a loading dose
or inital high infusion rate.

Ideally, the anaesthetist would like to know the
concentration of the anaesthetic agent attained and
maintained at its site of effect (i.e. the brain) but, as
may be guessed from the above considerations,
this is rarely possible. All that can be said is that
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FIG.3.10 Blood propofol concentrations (ug/ml) in 6
dogs (beagles) after an induction dose of 7 mg/kg followed
by an infusion of 0.4 mg/kg/min, illustrating the tendency of
blood concentrations to rise when the infusion rate is
kept constant throughout |20 minutes of anaesthesia.

the plasma or blood drug concentration is often
related to, and is a valid measure of, the required
quantity so that t; /, is, usually, the paramount
determinant of dose frequency when intermittent
administration is practised. The main difficulties
in devising suitable computer controlled infusion
regimens for the induction and maintenance of
intravenous anaesthesia arise from the variable
response of individual subjects (Fig. 3.10). The
future of computer-controlled infusions for
administering intravenous anaesthetics will
depend on their safety, reliability, cost-effective-
ness and “user friendliness’.

The clinical anaesthetist may be forgiven for feel-
ing that the sources of variation are so legion that in
the case of many drugs used in anaesthetic practice
itisbetter to titrate dose against response rather than
attempt to predict the correct dose on theoretical
grounds. This is a somewhat regressive pharmaco-
logic approach to the administration of intravenous
agents but, at the moment, it certainly offers a sim-
pler model for everyday use. Even using this ap-
proach, a clear understanding of the ways in which
the animal’s ‘drug model’ may be modified by
physiological or pathological changes makes it
possible to anticipate variations in drug require-
ments and, therefore, titrate with greater skill and
delicacy.
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Principles of sedation, analgesia
and premedication

INTRODUCTION

There is considerable confusion concerning the
terminology applied to sedative, tranquillizing
and hypnotic drugs, and no single classification is
completely satisfactory. However, the following
definitions are commonly used and almost univer-
sally recognized:

® A hypnotic is a depressant of the central
nervous system which enables the animal to go to
sleep more easily, or a drug used to intensify the
depth of sleep. They are rarely used in veterinary
medicine because the state of sleep, from which
the animal is easily aroused by minor stimulation
such as noise, is seldom recognizable.

® A sedative is a drug which relieves anxiety
and as a result tends to make it easier for the
patient to rest or sleep —in fact they are usually
associated with drowsiness. Many drugs fall into
both the sedative and the hypnotic categories, the
differentiation usually being related to dose. They
are best considered as one group, exemplified by
chloral hydrate or xylazine where low doses cause
drowsiness and higher doses cause sleep.

® A tranquillizer (or ataractic) is a drug with a
predominant action in relieving anxiety without
producing undue sedation. They affect mood or
behaviour but in recent years the terms have
become unpopular (Tobin & Ballard, 1979) and
indeed the classification of tranquillizers as
‘major’ and ‘minor’ suggested by the World
Health Organization is now rarely used. Instead,

in pharmacological texts (Booth, 1988), classifi-
cation is based on medical clinical uses of the
drugs. Thus, three categories are recognized:
antianxiety drugs (or anxiolytics), antipsychotic
drugs and the classic sedative/hypnotics. Benzodia-
zepines are considered to be both anxiolytics and
sedative/hypnotics. Drugs now classified as anti-
psychotic are those previously termed neuroleptics.
They reduce psychomotor agitation, curiosity and
apparent aggressiveness in animals, exerting
their effects by blocking dopamine-mediated
responses in the central nervous system. Overdose
causes marked extrapyramidal symptoms and
parkinsonian-type tremor (Lees, 1979, 1979a;
Vickers et al., 1984). Drugs of the butyrophenone
and phenothiazine groups are now categorized as
antipsychotics. The term ‘tranquillizer’ is still
loosely used in clinical anaesthesia to cover both
the anxiolytics and antipsychotics (Dundee &
Wyant, 1989), and will continue to be used in
places in this and later chapters.

The multiplicity of definitions is confusing and
understanding of the major actions of the drugs is
more important than being able to categorize
them, for with this understanding it is possible to
appreciate the limitations of the drugs in use. For
example, if drugs such as the benzodiazepines are
used for premedication they will not quieten the
animal, but may make it more difficult to handle
by removing its inhibitions, so that vicious animals
become more likely to bite or kick, and even
friendly animals may become uncontrollable. By
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reducing nervousness, phenothiazine derivatives
may make an animal more liable to sleep, but will
not make the vicious animal easier to handle, no
matter what dose is given.

Effective sedation depends on the careful selec-
tion of the drug appropriate for the procedure, the
species of animal, its temperament and condition,
and must allow for possible side effects. Where
sedation is to control an animal so that it may
undergo surgery under local analgesia, comparat-
ively high doses of drugs may be used, but where
sedation fails to be adequate, resort may have to be
made to drug combinations or to general anaesthe-
sia. Where ‘sedative’” and ‘tranquillizing” drugs are
used for premedication, low doses are usually uti-
lized and their effect on the subsequent depth and
duration of anaesthesia must be taken into
account. In all cases it is important that the animal is
left undisturbed for an adequate period of time
after administration of the sedative because stimu-
lation during the onset of the drug’s action may pre-
vent the full effect from developing. To sedate an
animal that is in pain a suitable analgesic must be
used, possibly in combination with a sedative drug,
because most sedative drugs themselves have little
or no analgesic activity and may cause exaggerated
reactions to painful stimulation.

During the past two decades major pharma-
cological advances have been made in the recogni-
tion of specific drug receptor sites and of the
actions resulting from their stimulation or block-
ade. These advances have been followed by syn-
thesis of potent drugs which act as agonists or as
antagonists at such sites. Where receptors are
involved in sedation and anaesthesia, these
advances have included a better understanding of
the actions of existing drugs, availability of newer
and more potent agonist drugs, and of antagonists
enabling the reversal of some sedative agent
effects.

SEDATION

PHENOTHIAZINE DERIVATIVES

Drugs of this group are classified as antipsychotic
drugs (or in older terminology ‘neuroleptics’).
All have a wide range of central and peripheral
effects, but the degree of activity in different

pharmacological actions varies from one com-
pound to another. These actions and side effects
have been well reviewed (Tobin & Ballard, 1979;
Lees, 1979, 1979a).

Being dopamine antagonists, they have calm-
ing and mood-altering (antipsychotic?) effects,
and also a powerful antiemetic action, particularly
against opioid induced vomiting. The degree of
sedation produced varies markedly between
drugs. For many uses in medical practice sedation
is an unwanted side effect, but in veterinary medi-
cine the phenothiazine derivatives are used prim-
arily for this purpose. In general, they do not have
analgesic activity, although methotrimeprazine is
claimed to be a powerful analgesic in man. Their
major cardiovascular side effects are related to
their ability to block o adrenoceptors, and thus
having an anti-adrenaline effect. This results in
marked arterial hypotension primarily due to
peripheral vasodilatation, and a decrease in
packed cell volume caused by splenic dilatation.
They exert an antiarrhythmic effect on the heart
(Muir et al., 1975; Muir, 1981) which was originally
thought to be due to a quinidine action on the
cardiac membrane (Lees, 1979, 1979a), but has
more recently been suggested as being caused by a
blocking action on the cardiac o-arrhythmic re-
ceptors (Maze et al., 1985; Dresel, 1985). They have
a spasmolytic action on the gut although, at least
in horses, gut motility is not reduced (J. Davis,
personal communication 1990). However, as they
cause relaxation of the cardiac sphincter, in rumin-
ants they increase the chance of regurgitation
should an animal become recumbent. They have
varying degrees of antihistamine activity and
also produce a partial cholinergic block. All phe-
nothiazine derivatives cause a fall in body temper-
ature partly due 