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Summary

Anaesthesia may alter acutely the disposition of drugs
'in the body. This may be produced by changes in hepatic
blood flow, by changes in hepatic drug-metabolising
enzyme activity or by changes in the distribution of the
drug in the body. The known effect of anaesthesia on
these determinants is described. The control of and
factors affecting hepatic blood flow are discussed, as
are the methods of measuring it. Hepatic drug
metabolising enzymes are described. Their activity,
mathematical models,methods of assessment and factors
altering activity are discussed.

The effect of four differenf anaesthetics was studied
using a canine model with propranolol administered as
the test drug. Five days after surgery to insert portal
venous and femoral arterial and venous cannulae; each
animal was studied on three consecutive days using
dual-route administration of propranolol. That is,
simultaneous administration of radiolabelled intravenous
propranolol and unlabelled intraportal propranolol. The
dogs were studied while awake on the 1lst and 3rd days
and while anaesthetised on the 2nd day. The anaesthetic
agents studied were halothane, isoflurane, enflurane and
a fentanyl, atracurium and nitrous oxide technique.

Blood samples were taken at regular'intervals for
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deterﬁination of plasma propranolol and plasma labelled
propranolol concentrations. The pharmacokinetic
variables for each dog were calculated from these
concentrations.

All four anaesthetic regimens produced a decrease in the
intrinsic clearance (enzyme dependent) of 50-60%
reflecting a marked inhibition of the enzyme function.
The systemic (intravenous) clearance decreased by some
30-40%. This was due in part to the fall in hepatic
blood flow of 25-35% but also as a result of the
decreased enzyme activity.

An additional study to evaluate this technique in man
was undertaken. This involved a randomised double blind
study of the effect on dual-route propranolol (oral and
IV) of a known enzymé inhibitor, cimetidine, a
prostaglandin analogue, enprostil, which may have
altered hepatic blood flow and a placebo. Inhibition of
propranolol metabolism was produced by cimetidine but no
effect on hepatic blood flow was found with either

enprostil or cimetidine.
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1.1 Background

The practice of anaesthesia involves the acute
administration, intravenously or by inhalation, of drugs
to produce and maintain sleep. The development and
clinical use of anaestheticvagents has demanded that the
pharmacology and the physiological effects of each drug
be known in great detail. Historically this has led to a
close association between anaesthesia and the

disciplines of pharmacology and physiology. Early

examples of this may be found in the dose-response

relationships described by Snow for Chloroform and
Guedel’s planes of anaesfhesia for ether. In a review of
the history of pharmacokinetics, Wagner (1) cites
contributions from the anaesthetic 1literature at all
stages of the development of this discipline. This
included descriptions of the wuptake, distribution and
elimination of inhalational agents including ether (2,3)
and halothane (4,5), and intravenous agents such as
thiopentone (6).

Over the years the anaesthetists’ knowledge of drugs
has paralleled the advances in pharmacological methods.
The development of chromatographic systems which are
capable of measuring very small concentrations of drug
in biological fluids has made the anaesthetist aware of

the prolonged elimination time for some anaesthetic
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agents and, therefore, the potential for drug
intéraction in the post-operative period. The ability to
determine the changes in plasma concentration of a drug
over a period of time has led to the development of
mathematical models to describe the distribution and
elimination of drugs. These pharmacokinetic principles
were applied at an early stage to drugs used in
anaesthesia, and, more recently, applied to the design
of infusicnr;egi@ens5for intravenous anaesthesia.

The potential for two drugs interacting to produce an
inhibition or potentiation of effect has been known for
many Yyears. In hypotensive anaesthesia, for example,
halothane was used to potentiate the hypotension
produced by ganglion blockade and, therefore to minimise
the amount of ganglion blocking drug required. However,
apart from drug interactions which produce a
physiological response, such as changes in blood
pressure, heart rate or respiratory rate, the acute
action of anaesthesia on other drugs is not well
described. This may arise from the assumption that the
effect of anaesthesia and anaesthetic agents will be
transient and that changes will not persist into the
post-operative period. There 1is 1little evidence to
support this assumption.

The aim of these studies is to determine the effect
of anaesthetic agents on drug disposition during and

after anaesthesia.
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1.2 Potential interactions in anaesthesia

The area of study of this project is the effect of
anaesthesia on the hepatic determinants of drug
disposition. Accordingly, the effects on renal or
pulmonary drug clearance will not be: dealt with in
detail.

There are three mechanisms affecting drug disposition
which may be altered by anaesthesia :-

a) Drug metabolism by hepatic enzyme systems,

b) Hepatic blood flow, that is the rate of delivery of a
drug to the liver

c) alteration of the distribution of a drug in the body
by changes in volume of distribution or degree of

protein binding.

These three determinants will be dealt with separately.
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1.3 Metabolism

1.3.1 Enzyme function and Biotransformation of drugs

The biotransformation of drugs describes the proéess
of alteration of the chemical structure and biological
properties of a drug by metabolism. The end result of
this process is wusually a more polar compound which is
easier to excrete. Most organic compounds are slowly
eliminated from the body if they remain unchanged
chemically. The physico-chemical ‘properties of each
compound will determine the extent of distribution
throughout the body. A highly 1lipid soluble compound
would be excreted slowly by the kidney unless rendered
more water soluble and polar by metabolism.
Biotransformation does not necessarily inactivate a drug
as some drugs require metabolism to activate them and
others have active metabolites.

The hepatic enzymes are the main mechanism for
removal of drugs from the body. The basic reactions
involved are oxidation, reduction, hydroxylation and
ébnjuéation., These are usually classified as Phase I
(oxidation, reduction and hydroxylation) and Phase II

reactions.

Phase I reactions : Oxidation reactions involve the
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loss of electrons, usually by addition of an oxygen atom
to the substrate, and are catalysed by hepatic
microsomal enzymes known collectively as the cytochrome
P-450 system or mixed function oxidases. This group of
enzymes are discussed below. Reductive reactions involve
the gain of electrons and are much less common. Examples
of reductive reactions in anaesthesia include the
metabolism of azo- and nitro- groups to their
corresponding amines as in the breakdown of fazadinium
and nitrazepam respectively. The dehalogenation of
halothane to trifluoroethane is a reductive process
which 1is normally a minor pathway of metabolism but may
be of importance in the development of halothane
hepatotoxicity. Hydrolysis of esters and amides by
esterases and amidases occurs in many 'tissues 'including
the liver. Examples in anaesthesia inciude the
metabolism of ester local anaesthetic agents, pethidine

and atropine.

Phase IT reactions : Conjugation reactions are

essentially synthetic. They involve the conjugation of a
drug, or drug metabolite produced by a Phase I reaction,
to form an inactive, polarised, water soluble compound
for excretion. The substrates'commonly involved include
glucuronic acid, sulphates, acetyl groups, amino acids
such as glycine and methyl groups. These compounds are

then excreted in the bile or the urine.
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P450 enzyme system : The P-450 system, or mixed function

oxidase system, is able to metabolise a wide range of
substances, ie has broad substrate specificity. The
amount and activity of the system may also be increased
or decreased by exposure to drugs. Increased activity
and concentration of enzymes, induction, is associated
classically with barbiturate administration but this
response 1is produced by many drugs and chemicals. The
range of enzymes induced varies. Barbiturates produce a
generalised increase of enzyme activity but ethanol and
cigarette smoke "produce a narrower band of increased
activity. -The activity of the P-450 system is decreased
by the administration of cimetidine and other drugs. A
more comprehensive description of the P450 system is

given in Chapter 3.

1.3.2 Actions of anaesthetic agents on

drug metabolism

In vitro , animal and human studies

The effect of anaesthesia and surgery on metabolism
of several model compounds has been described. The
majority of human studies have been undertaken between 3
and 8 days after anaesthesia and this introduces a
series of variables which make interpretation of the

results very difficult. This is perhaps best illustrated
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in the study by Pessayre and colleagues (7) who reported
that short operations, 1less than 2 hours, caused an
increase in antipyrine metabolism, whereas, long
operations, greater than 4 hours, caused a decrease in
antipyrine metabolism. However, this is only one aspect
of their population of patients who had a variety of
surgical procedures, different intra- and post-
operative drug therapies, different durations of
parenteral infusions and a variety of post-operative
complications any of which may have an influence on drug
metabolism. Nimmo and colleagues (8) demonstrated a
decrease in antipyrine halfv life one week after
halothane anaesthesia, ~suggesting microsomal enzyme
induction. The antipyrine half life had returned to the
pre-operative control value at four weeks. Duvaldeétin
and co-workers (9) found a similar decrease in
antipyrine half 1life 4-~8 days after halothane or
neurolept anaesthesia. The physiological response to
surgery results in changes in the haemodynamics and in
the protein binding of drugs which would be a major
factor in the altered drug disposition found in these
studies. It is therefore difficult to attribute all or
indeed aﬁy of these chénges found at 3-8 days after
surgery to the action of anaesthetic agents. The field
of interest of this project, however is limited to the
effects of anaesthesia 1in the immediate perioperative

period and the acute effects of the various anaesthetic
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agents are reviewed.

a) Halothane

The effect of halothane on hepatic function has been
extensively investigated in relation to halothane
hepatitis and has provided some insight to the
mechanisms involved in this process. This in turn has
established a basis from which to assess the effect of
halothane on drug metabolism. In 1971 Brown described
the effect of halothane on the ability of isolated rat
hepatocytes to metabolize drugs (10). He demonstrated a
- marked differencev in effect of halothane on Type 1 and
on Type 2 oxidative reactions. Type 1 reactions, for
example aminopyrine metabolism, were inhibited by the
presence of halothane whereas some enhancément was shown
on Type 2 reactions such as the breakdown of analine.
This study concluded that halothane produced an effect
on part of the cytochrome P450 enzyme system involved in
drug metabolism. In a subsequent study, Brown showed a
dose-related, non-competitive inhibition of rat
microsomal glucuronyltransferase activity in | the
presence of halothane, methoxyflurane, chloroform or
diethyl ether (11). Halothane has also been shown to
selectively inhibit the N-dealkalation of bupivacaine by
isolated rat hepatocytes (12). Aune and colleagues (13)
in an in vitro study demonstrated a dose related

inhibition of antipyrine oxidation and, to a lesser
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extent, of paracetamol conjugation in the presence of
halothane. An in vitro study has demonstrated that
exposure to halothane produces an inhibition of P450
activity (14).

More recent work using animal models has confirmed
these basic observations. Dale and colleagues (15)
demonstrated a decrease in NADPH- cytochrome reductase
activity in rats following exposure to 0.05 MAC
halothane. Fish and Rice (16), again in rats, showed an
inhibition of enflurane metabolism, as measured by serum
inorganic fluoride production, during simultaneous
eiposure to halothane and enflurane. The
pharmacokinetics of diazepam and its metabolism were
altered by halothane anaesthesia in rats (17). 1In
contrast, Berger and colleagues (18) found halothane
anaesthesia had no effect on the pharmacokinetics of
theophylline in dogs, but in this study sampling may not
have béen continued for long enough to accurately define
the kinetic parameters (19). Wood and Wood (20) found a
marked, dose related decrease in the rate of aminopyrine
metabolism in rats at 2 and 24 hours after halothane
anaesthesia suggesting a much longer effect than had
been previously demonstrated. In a study comparing the
effect of four different anaesthetic agents on
post-operative hepatic  function in cirrhotic and
non—cirrhétic rats, Baden and colleagues (21)

demonstrated a minimal degree of hepatic dysfunction 48
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hours after anaesthesia in both groups and with each
anaesthetic agent (halothane, enflurane, isoflurane or
fentanyl). Halothane has been shown in studies using a
dog model to affect the metabolism of several drugs
including pethidine (22), lignocaine (23,24), and
verapamil (25) and to decrease the extraction of
indocyanine green (26). In a sheep model, halothane
anaesthesia has been shown to cause a marked but short
lasting decrease in the hepatic clearance of pethidine
(27) and a reduction in the hepatié extraction and
clearance of chlormethiazole (28).

There have been relatively few studies of human
heéatic metabolism durihg anaesthesia. Two studies
(29,30) found a decrease in the production of halothane
metabolites during' halothane anaesthesia, and proposed
that halothane inhibited its own dehalogenation. Plasma
fentanyl concentrations have been demonstrated in man to
be markedly elevated during halothane anaesthesia when
compared with a control group (31,32). Fish and Rice
(33) demonstrated a similar degree of inhibition of
enflurane metabolism in man during concurrent halothane
administration as they had previously found in rats.
Halothane anaesthesia has been shown td alter the
pharmacokinetics of 1lignocaine in man (34) but not of

thiopentone (35).
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b) Enflurane

The effects of enflurane on hepatic drug metabolism
have been studied 1less extensively than those of
halothane. Aune and colleagues (13) found a similar
degree of inhibition of antipyrine and paracetamol
metabolism in rat hepatocytes exposed to enflurane or
halothane. DaRocha-Reis (36) found no increase in rat
microsomal proteins following exposure to enflurane at
various concentrations for increésing lengths of time.
Dale and colleagues (15) showed exposure to enflurane
had 1little effect on rat microsomal enzyme activity.
Wood and Wood (20) found enflurane anaesthesia had no
effect on aminopyrine metabolism in the rat and Berger
and colleagues (18) found no alteration in theophylline
pharmacokinetics in dogs. However, Merin and colleagues
found a reduction in the clearance of verapamil in dogs
during enflurane anaesthesia.

There are few studies of the acute effects of
enflurane in man. Berman and co-workers (37) found
altered cortisol metabolism in a group of volunteers
immediately following enflurane anaesthesia. They showed
a shift in the ratio of the 6-OHF to 17-0OHCS metabolites
which they suggested was due to induction of hepatic
microsomal enzymes. It is possible that this change was
due, in part, to inhibition of hepatic clearance of
metabolites. Ghoneim and van Hamme (38) found enflurane

anaesthesia had no effect on the pharmacokinetics of
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thiopentone. Schuttler and colleagues (39) demonstrated
that, in contrast to fentanyl anaesthesia, enflurane
anaesthesia had no effect on etomidate pharmacokinetics.
Oikkonen and colleagues (40) did not find consistenﬁ
changes in antipyrine metabolism immediately after
enflurane or balanced anaesthesia. However, this study
included .patients who had factors which may have
influenced  hepatic enzyme activity, such as recent
anaesthesia and concurrent administration of drugs known
to induce enzymes. Antipyrine clearance and half-life
were unchanged 4 and 7 days after enflurane anaesthesia

(41).

c) Isoflurane

There are as yet relatively few studies of the effect
of isoflurane on drug metabolism. Wood and Wood (20)
demonstrated that isoflurane anaesthesia decreased the
elimination rate of aminopyrine in rats but to a smaller
and shorter lasting extent than halothane.
Fiserova-Bergerova (42) demonstrated in rats exposed to
sub-anaesthetic concentrations of isoflurane and
halothane or nitrous oxide and halothane, that
isoflurane inhibited the oxidative metabolism of
halothane but enhanced the reductive metabolism. A
subsequent study confirmed this effect but demonstrated
that it was transient by showing that the metabolism of

halothane administered 4 or 24 hours after the
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isoflurane was unaffected (43). Nitrous oxide had no

effect on halothane metabolism.

d) Acute versus chronic exposure to volatile agents

In a manner similar to the influence of time between
exposure to volatile agents and time of testing drug
metabolism described above, the duration and extent of
exposure to these . agents also appears to alter drug
metabolism. In vitro studies with rat hepatocytes have
demonstrated an inductive effect following prolonged
exposure to low dose ether (44,45) but no effect
following exposure to halothane (45) or methoxyflurane
(44) . Antipyrine metabolism has been shown to be
increased in anaesthetists and theatre personnel
regularly exposed to volatile anaesthetic agents
(46,47,48). In one of these studies (47) the subjects
were not exposed to volatile agents for three weeks and
their antipyrine clearance decreased. The
biotransformation of halothane by anaesthetists with
regular exposure to anaesthetic agents has been shown

not to be altered significantly (29,49).

e) Intravenous induction agents

As intravenous induction agents are relatively rarély
‘are

used alone to provide anaesthesia thereAfew descriptions

of their effect in isolation on drug disposition. The

enzyme inducing effect of barbiturates has not been
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demonstrated following single exposure to thiopentone or

methohexitone during anaesthesia (50).

f) Opioids

Alteration of hepatic enzyme function by opioid drugs
has not been demonstrated in vivo . An in vitro study
using human liver microsomes has suggested a competitive
inhibition of desipramine hydroxylation by both fentanyl

and alfentanil (51).

1.3.3 Summary
Anaesthetic agents have been shown to produce an

effect on hepatic microsomal enzyme activity in vitro

and in animal and human studies. Halothane is the most
extensively investigated agent. An inhibitory action on
the oxidative  metabolism of many drugs has been
demonstrated in all three types of study during or
following exposure to halothane. The effect of enflurane
is defined 1less clearly. Some studies have suggested a
similar effect to that found with halothane but the
majority have found enflurane anaesthesia to have little.
effect on hepatic drug metabolism. There are few studies
of the effect of isoflurane anaesthesia but it appears
that isoflurane may have a similar inhibitory effect to

that of halothane. Chronic exposure to a low dose of
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volatile agent appears to cause hepatic enzyme
induction. Intravenous anaesthetic agents and opioids
have undergone only 1limited study but do not appear to

have a major effect on hepatic enzymes.
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1.4 Hepatic blood flow

1.4.1 Anatomy and requlation

The 1liver receives its blood supply from the hepatic
artery and the portal vein. The hepatic artery arises
from the coeliac artery and supplies 30-40% of the total
hepatic blood flow. The portal vein is formed by the
confluence of the superior mesenteric and splenic (hence
inferior mesenteric) veins and thus carries blood from
all areas of the alimentary tract within the abdomen as
well as supplying 60-70% of hepatic blood flow. The
hepatic artery and portal vein run in parallel and
undergo serial branching throughout the liver. There is
no vascular communication between the right and left
halves of the liver. The terminal branches of the portal
vein drain into the hepatic sinusoids.

Hepatic blood flow is determined principally by
hepatic arterial resistance for arterial flow and for
venous flow by splanchnic vascular and portal vascular
resistance. The control of these determinants appears to
be mainly extrinsic. There is, however, a relationship
of reciprocity between the hepatic arterial and portél
flows which has a hydrodynamic basis. This interaction
results in an increased resistance in one circuit in
response to an increased flow through the other. It is

possible that hepatic haemodynamics are geared towards
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maintenance of portal venous pressure rather than portal
blood flow. Neural control of hepatic flow is exerted by
both the sympathetic and vagal nerves but this is
relatively weak when compared with other organs.

The extrinsic controls of hepatic blood flow are
principally metabolic in origin and include the portal
venous pH, pCO2 and pO2. These substances are all likely
to be present after a meal and in part account for the
increased blood flow found with increased hepatic
metabolic activity;

The anatomy, regulation and measurement of hepatic

blood flow are described more fully in Chapter 2.

1.4.2 Effect of anaesthetic agents on hepatic

blood flow

Animal and human studies

a) Halothane

The effect of halothane on regional circulation was
initially investigated as a possible explanation' of
~ hepatic damage following anaesthesia. = Following the
description of a decrease in splanchnic circulation in
man during halothane anaesthesia by Epstein and
colleagues in 1965 (52), the same group assessed the
effect on hepatic blood flow using indocyanine green

extraction (53). They found that halothane anaesthesia
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caused a 25-30 % fall in hepatic blood flow from a
pre-anaesthetic control wvalue. Using a dog model to
measure hepatic blood flow by the disappearance of
radiolabelled Xenon injected into the portal vein,
Ahlgren and colleagues (54) found portal blood flow
decreased with increasing depth of halothane anaesthesia
during spontaneous and assisted ventilation. Gelman (55)
using a colloidal " gold technique to measure hepatic
blood flow in man, found halothane anaesthesia in the
absence of surgery resulted in a decrease to 84% of
control value. When these measurements were repeated
during surgery it was noted that body surface surgery
cause a further féll to 76% of control whereas upper
abdominal surgery resulted in a fall to 42% of the
control value of hepatic blood flow. Thulin and
colleagues (56) using an electromagnetic flow probe in
dogs described a decrease to 50-60% of control value in
both  hepatic artery and portal vein flow during
halothane anaesthesia. They also noted a decrease in
splanchnic oxygen flow and uptake of around 50%. Hughes
and colleagues (57) also using electromagnetic flow
probes in greyhounds found a dose related decrease in
hepatic arterial, portal venous and total hepatic blood
flows., They showed no change in hepatic arterial
resistance or hepatic oxygen consumption. Tranquilli and
co-workers (58) using a microsphere technique,

demonstrated a dose related decrease in regional blood
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flow, including splanchnic but not hepat;c arterial
flow, during halothane anaesthesia in swine. They noted,
however, that the percentage of the cardiac output
received by the 1iver was increased to 162% of the
control value. Using a similar microsphere technique in
dogs, Gelman and colleagues (59) found a dose related
decrease in pre-portal flow during halothane
anaesthesia, but that hepatic artery flow was not
altered at 1 MAC and decreased at 2 MAC of halothane.
Gelman and Dillard (60) found halothane anaesthesia
resulted 1in a 40% rise in hepatic oxygen supply from a
pentobarbitone control value. In a study of the
reciprocity of hepatic blood flow, that is portal vein
and hepatic artery flows, Seyde and Longnecker (61)
demonstrated that, in contrast to isoflurane and
enflurane, halothane anaesthesia in the rat impaired
this mechanism, as assessed by the ratio of hepatic

arterial to portal venous flow.

b) Enflurane

Irestedt and Andreen (62) studied the effect of 1 MAC
enflurane anaesthesia on hepatic blood flow,
electromagnetically measured, in dogs and found -.
decreases in hepatic arterial and portal venous flowsto
65-70% of control and no significant effect on hepatic
oxygen uptake. They concluded that these changes were

primarily due to cardiovascular depression and that
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splanchnic blood flow was well preserved. Hughes and
colleagues (57) 1in their study of greyhounds found

dose related decreases in hepatic arterial and portal
blood flows down to a' value of 44% of control at 3%
enflurane anaesthesia. In contrast to halothane
anaesthesia, hepatic arterial resistance decreased
significantly with enflurane. Tranquilli and colleagues
(58) in a study of swine found no change in hepatic
arterial flow but a marked fall in splanchnic flow
during anaesthesia with 4% enflurane. The percentage of
cardiac output increased to 133% of control during
anaesthesia. Seyde .and - Longnecker (61) found
preservation of the reciprocity of flow in the hepatic
artery and portal system in rats during enflurane

anaesthesia.

c) Isoflurane

There are fewer studies of the effect of isoflurane
anaesthesia on hepatic blood flow than with the other
agents. Gelman and colleagues (59) using a microsphere
technique in dogs described a dose related decrease in
pre-portal flow but a dose independant increase in
“ hé§atic arterial flow dufin§4isbflurane anaesthesia at
1 and 2 MAC. In a subsequent study, Gelman and Dillard
(60) found 1 MAC isoflurane anaesthesia in the dog
increased the hepatic oxygen supply by 70% when compared

to pentobarbitone aneasthesia. As with enflurane,
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isoflurane anaesthesia appears to preserve the
reciprocity of hepatic blood flow in rats (61).
Isoflurane anaesthesia produced no change in hepatic
arterial flow in pigs (63).‘ Lam and colleagues (64)
demonstrated preservation of hepatic blood flow, as
estimated from indocyanine green clearance, in man
duriny isoflurane induced hypotension. They also found
that on recovery of normal blood pressure, but still
during anaesthesia there was a significant fall in

estimated hepatic blood flow.

---d) Intravenous induétion agents

The use of intravenous induction agents as the sole
method of anaesthesia has not been studied but there are
several studies where a combination of nitrous oxide and
incremental doses of an induction agent have been used.
The effect of nitrous oxide on hepatic blood flow has
been studied in dogs by Thomson and colleagues (65), who
found a dose related decrease in hepatic arterial and
portal venous blood flow, reaching a maximum decrease of
20% with 70% nitrous oxide. Levy and colleagues (66),
using disappearance of radioactive colloid to estimate
hepatic blood flow, found a decrease of nearly 40%
during thiopentone infusion- nitrous oxide anaesthesia
in spontaneously breathing patients. In the same study,
a mean decrease of 15% was found during thiopentone-

nitrous oxide- suxamethonium anaesthesia. Epstein and
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co-workers (67) found little change in estimated hepatic
blood flow during nitrous oxide anaesthesia followihg
thiopentone induction.

Using a dog model, Irestedt and Andreen (68)
demonstrated a 25% fall in total hepatic blood flow
during neurolept anaesthesia with droperidol, fentanyl

and nitrous oxide.

e) Spinal anaesthesia

Mueller and colleagues (69), in a study of spinal
anaesthesia using procaine, described a mean fall in
hepatic blood flow of about 20% during low (T10) and a
fall of 30% during high (T2-3) spinal anaesthesia.
Kennedy and colleagues (70) found that lignocaine spinal
anaesthesia to T5 level caused a 23% aecrease in hepatic
blood flow at 1/2 hour which had recovered to 90% of

control at 1 hour.

1.4.3 Summary

Anaesthesia produces a decrease in hepatic blood
flow. With the inhalational agents this change appears
to be dose related. Halothane anaesthesia causes a dose
related decrease in both hepatic arterial and portal
venous flow and impairment of the reciprocity of the two
flows. Enflurane anaesthesia appears to have less effect
on arterial kblood flow but at higher concentrations the

total flow is lower than with halothane due primarily to
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the cardiovascular depressive effect of enflurane. There
are fewer studies during isoflurane anaesthesia but it
appears that reciprocity is maintained with an overall
decrease in total hepatic blood flow but a relative
increase in hepatic arterial flow. Decreases of 20-25%
in total hepatic blood flow have been demonstrated
during intravenous anaesthesia supplimented by nitrous

oxide and during subarachnoid anaesthesia.
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1.5 Distribution of drugs in the body

The final mechanism by which the disposition of a
drug may be altered is by change in its distribution
within the body. This may occur by changes in the volume
of distribution of the drug or by changes in the extent
of protein binding, hence amount of free drug in the

plasna.

1.5.1 Volume of distribution

The volume of distribution of drugs has been shown to

be altered 1in disease states. A decrease in the volume.

of distribution of lignocaine has been demonstrated in
patients with congestive cardiac failure, perhaps
arising from poor tissue perfusion (71). The effect of
renal or hepatic disease on the volume of distribution
of neuromuscular blocking agents has been studied. In
renal disease, no significant effect on the volume of
distribution of d-tubocurarine (72), pancuronium
(73,74), atracurium (75,76) or vecuronium (77) has been
demonstrated ~but  Ramzan (78) found a significant
increase with gallamine. In hepatic disease a less clear
picture is found. With pancuronium Duvaldestin (79) and
Westra (80) demonstrated a significant increase in

volume of distribution in hepatic disease (cirrhosis,
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biliary obstruction) but Somogyi (81) found no change.
- Westra (80) found no change in the distribution volume
of gallamine but Ramzan (82) found a significant
increase in patients with biliary obstruction. No
significant changes have  been demonstrated for
atracurium (75) or vecuronium (83,84) in patients with
hepatic disease.

The acute effect of inhalational or intravenous
anaesthetic agents on the distribution of drugs has not
been studied extensively (85,86). The apparent volume of
distribution of antipyrine was shown to be unchanged in
the postoperative period (87). The plasma volume and
extracellular fluid volume are decreased after operation
and this may influence drug distribution during this
period. Thé majority of studies of drug distribution in

the presence of anaesthesia have found no significant or

consistant change in the apparent volume of
distribution.
1.5.2 Protein- binding

Many drugs are transported in the blood to their site
. of action bound to plasma proteins. An‘equilibrium is
formed between unbound drug and a reversible
drug-protein complex and this relationship obeys the law
of mass action. Therefore, a fall in the concentration

of unbound drug results in dissociation of the

43



drug-protein complex to maintain the unbound drug
concentration. The pharﬁacological effects of a drug are
produced by the unbound fraction which can cross
biological membranes to reach the target organ or
receptor much more readily and is also eliminated from
the body more easily. Changes in the amount of unbound
drug, the free fraction, can result in changes in the
pharmacokinetics and in the pharmacological action of a
drug. The majority of drugs are bound to plasma albumin,
alpha-1 acid glycoprotein (AAG) or lipoproteins. Drugs
. may bind to more than one protein eg prednisolone which
binds to albumin, AAG and transcortin (a lipoprotein).
Changes in the plasma concentration of these proteins,
by disease or physiological response, will alter the
free fraction of a drug. This is discussed below.
Anaesthesia may alter the protein binding of a drug by
two mechanisms. Drugs used for anaesthesia, or their
metabolites, may compete for protein binding sites and
displace other drugs. Anaesthesia may influence the
production of proteins, especially AAG, and thus alter

the total drug binding capacity of the blood.

a) Competition

The displacement of one drug by another competing for
the same binding site is characterised by the
interaction of phenytoin and warfarin. The introduction

of phenytoin therapy to a patient already taking
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warfarin results h\increasedj effect of the warfarin
because of displacement from the binding site on plasma
albumin (88). Albumin has at least three binding siteé
which have been identified with marker drugs. These
sites are characterised by discrete binding of diazepam,
digitoxin and warfarin. Some drugs are able to bind to
more than one site, eg sodium valproate binds to both
the diazepam and the warfarin site (89). Diazepam can be
displaced from its binding site on albumin by other
benzodiazepines, penicillin derivatives and oral
hypoglycaemics (90).

The volatile anaesthetic agents can, at high -
concentration, cause - structural changes in plasma
proteins (91). This may alter the affinity of the
ﬁrotein - drug binding. In vitro studies have shown
that enflurane, halothane and trifluoroacetic acid (a
halothane metabolite) displace diazepam from albumin but
do not affect the binding of propranolol or prazocin
V(92). There 1is 1little information on the in vivo
effect of anaesthetic agents on drug-protein binding.
Sulphaphenazole may displace thiopentone from protein
binding sites leading to an enhancement of effect (93).
In vitro studies suggest that bupivacaine which is
highly protein bound may be displaced from its binding
site by diphenylhydantoin, quinidine, pethidine and
desipramine (94). If this were to apply in vivo toxic

effects may be noted at normal dose ranges as
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bupivacaine has a low therapeutic ratio (95) .

Bupivacaine . displaces mepivicaine in wvitro (96)
suggesting an interaction between amide local
anaesthetics.

An in wvivo effect of competitive binding is a
possible explanation of the increased induction dose
required with the emulsion formulation of propofol when
compared with that using the Cremophor formulation (97).

An increase in drug binding to liposomes was postulated.

b) Altered binding capacity

The effects of the altered drug binding capacity
resulting from the decreased or abnormal plasma protein
concentrations in patients with renal or hepatic disease
are well known in anaesthesia and are of clinical
significance. Significant elevations 1in free drug have
been demonstrated in patients with renal disease for
thiopentone (98), etomidate (99), diazepam (100),
midazolam (101) and alfentanil (102), and in patients
with 1liver disease for morphine, thiopentone (103,104)
and diazepam (105). The marked elevation of AAG
"conceﬁtration seen in patienﬁs following trauma and
thermal injury leads to increased d-tubocurarine binding
and hence to an increased dose requirement in these
patients (106).

The effects of anaesthesia on drug binding capacity
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have been described following acute but not chronic
exposure. Acute exposure studies describe the changes
found following anaesthesia and surgery and imply a
single exposure to anaesthetic agents. Chronic exposure
studies of drug metabolism have been conducted using
anaesthetists and operating theatre personnel who are
regularly exposed to low doses of anaesthetic agents in
their working environment. However, these studies have
used antipyrine, which undergoes minimal protein
binding, as the model drug and binding changes were not
studied.

The effect of surgery and anaesthesia on drug binding
has been demonstrated in several studies. Fremstad and
colleagues (107) found an increase in the percentage
binding of quinidine immediately following surgery which
persisted for several days. Feely (108) reported a
similar increase in propranolol binding following
thyroid surgery. These changes closely paralleled
changes in the acute phase reactant proteins, in
‘particﬁlar in alpha-l acid glycoprotein which avidly
binds both of these drugs. Alpha-1 acid glycoprotein
levels have been shown to be elevated, with resultant
alteration in drug binding, during chronic cannulation
(109) and in chronic inflammatory disease (110,111).

A more rapid effect on drug binding has been
demonstrated during the administration of heparin. Wood

and colleagues (112) found an altered binding of
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propranolol during heparinisation for cardiopulmonary
" bypass. Alteration in the extent of binding of several
benzodiazepines has been demonstrated in volunteers
given heparin (113).

A human study which measured the plasma binding of
propranolol and verapamil in a group of patients
undergoing cardiac surgery found this was not altered by
anaesthesia. The extent of plésma binding of both drugs
was not altered by administration of diazepam, fentanyl
or halothane but was altered by heparin and
cardio-pulmonary bypass (114).

An in wvitro study by Dale and Nilsen (92) found
that at clinical concentrations enflurane increased the
free fraction of diazepam by 60%. The halothane
metabolite tri-fluroacetic acid (TFA) at a concentration
found post-operatively increased the free fraction of
diazepam by up to 90%. Halothane, TFA or enflurane did
not significantly alter the binding of propranolol or

prazocin.

1.5.3 Summary

There 1is 1little evidence that anaesthetic agents
produce an acute change in the volume of distribution of
other drugs. Competition with other drugs fof drug
binding sites on plasma proteins has been demonstrated

for inhalational, intravenous and local analgesic
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»agents. The unbound fraction of many drugs including
anaesthetic agents is increased in patients with liver
or renal diseése. In the postoperative period the
increase in phase reactant proteins may alter the extent

of drug binding.
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HEPATIC BLOOD FLOW

Anatomy
2.1.1 Macroscopic anatomy

2.1.2 Microscopic anatomy

Hepatic blood flow

2.2.1 Total hepatic blood flow
2.2.2 Hepatic arterial flow
2.2.3 Portal venous flow

2.2.4 Reciprocity

Regulation of hepatic blood flow
2.3.1 Metabolic control

2.3.2 Neuronal control

2.3.3 Hormonal control

2.3.4 Other factors

Measurement of hepatic blood flow

2.4.1 Techniques

50



2.4.2 Indirect measurement

2.4.3 Clearance techniques

a)
b)
c)
d)

e)

Bromsulphthalein
Indocyanine green
Other substances
Metabolic clearance

Dual route administration

2.4.4 Inert gas washout

2.4.5 Fractional distribution

2.4.6 Direct methods of measurement

a)
b)
c)

d)

Diversion of flow
Electromagnetic flow probe
Ultrasonic probe

Heat exchange

51



2.1 Anatomy

2.1.1 Gross anatomy

The 1liver receives its blood supply from the hepatic
artery and the portal vein. The hepatic artery arises
from the coeliac artery and supplies 30 - 40% of the
total hepatic blood flow. The portal vein is formed from
the superior mesenteric and splenic (hence inferior
mesenteric) veins. The hepatic artery and portal vein
run together, undergoing serial branching accompanied by
tributaries of the bile duct, throughout the liver.
There 1is no communication between the right and left
halves of the liver. The venous drainage is through the
three (central, right and left) hepatic veins which join
the inferior vena cava separately on the upper surface
of the liver just below the diaphragm.

The biliary system is formed within the liver by the
confluence of bile canaliculi into ductules which then
form the bile-ducts. These emerge from the liver as the
right and left bile ducts and join to form the common
hepatic duct. The cystic duct from the gallbladder joins
the common hepatic duct to form the common bile duct

which runs behind the duodenum and pancreas and'opens
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into the second part of the duodenum, about 10cm from
the pylorus, at the ampulla of Vater, usually in common

with the pancreatic duct.

2.1.2 Microscopic anatomy

The microscopic anatomy of the 1liver is described
classically wusing the hexagonal, lobular model. Modern
descriptions are derived from the structure of the
hepatic microcirculation and define the hepatic acinus
as the basic unit. An acinus is an irreqular parenchyﬁal
mass surrounding a terminal portal vein and its
accompanying hepatic arteriole and bile ductule. The
portal vein is the key structure 6f the hepatic
microcirculation. The portal vein undergoes successive
subdivisions, accompanied by hepatic arterial branches,
to terminal divisions 20 - 30um in diameter which have
very short side branches opening into the hepatic
sinusoids. The sinusoids are 1lined by endothelial and
Kupffer cells and, from them, the blood perfuses the
liver parenchyma and drains directly into a branch of
the hepatic vein. Kupffer cells (phagoéytic endocytes)
are part of the reticulo-endothelial system. They play a
role in bilirubin production and act as scavengers of
the hepatic circulation, phagocytosing particulate

matter such as damaged erythrocytes. Hepatocytes are
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polygonal epithelial cells, approximately 30um in
diameter, which form a single cell plate with one
surface facing the sinusoidal space and the other facing
the bile canaliculus. The sinusoidal surface is covered
in microvilli related to the cell’s secretory and
absorptive activity. The canalicular surface has an

uneven covering of microvilli.
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2.2 Hepatic blood flow

2.2.1 Total hepatic blood flow

The 1liver receives approximately one quarter of the
cardiac output, resulting in a total hepatic blood flow
of about 1500ml.miﬁt that is over 1ml per gram of liver
tissue per minute. The intrahepatic distribution of the
hepatic artery and portal vein, and the hepatic
microcirculation are described above. The hepatic artery
normally contributes 30~40% of the total hepatic blood
flow. |

The total hepatic blood flow is determined by the
perfusing pressure (arterial and portal venous pressure)
and the resistance. The resistance to flow 1is
determined by three factors : the hepatic arterial-

resistance, the vascular resistance of the intestinal-:

vessels, and the intrahepatic portal vascular
resistance.
2.2.2 Hepatic arterial flow

The mean hepatic artery pressure is about 100mmHg and
the arterial bed demonstrates pressure-induced
autoregulation. The hepatic arterial flow is subject to

some degree of pressure-induced autoregulation
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(115-120). The degree of autoregulation is not of major
physiological significance and the classic pfessure-flow
relationship of, for example, the coronary artery has
not been demonstrated consistantly (115,117). It has
been suggested that hepatic arterial autoregulation may
be of greater importance when the 1liver 1is active
metabolically than in the denervated preparation used

for autoregqulation studies (121,122).

2.2.3 Portal venous flow

The "portal flow does hot appear to have direct
autoregulation, but is subject to an inflow control from
the splanchnic circulation. Portal venous flow accounts
for 60-70% of total hepatic flow. The pressure within
the portal vein is about 200 mmH20, falling to 50 mmH20
in the terminal portal veins. Most studies have
demonstrated a 1linear relationship between pressure and
flow for the portal system (123-128). The portal
vascular resistance increases in the presence of low
portal blood flow and decreases at very high flows. This
supports the theory that the regulatory mechanism
‘géverning~ portal flow is the maintehance of portal
venous pressuré. This theory is attractive in that the
input into the portal vein can be varied by alterations
in the splanchnic blood flow and that the portal vein

serves to provide a constant perfusing pressure for the
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sinusoids.

2.2.4 Reciprocity

A reciprocity between hepatic arterial and portal
venous blood flow has been demonstrated in man
(129-133). For example, the reduction of portal flow
during haemorrhage is compensated for, in part, by an
increase in hepatic arterial flow. This
inter-relationship is inadequate to compensate for
complete obstruction of one of the flows. It is possible
--that the portal flow may be governed by changes
occurring in the hepatic arterial flow in response to

the metabolic oxygen demands of the liver.
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2.3 Requlation of hepatic blood flow

The regulation of flow through the liver is subject

to metabolic, neuronal and hormonal factors.

2.3.1 Metabolic control

The increase in the metabolic activity of the liver
which occurs after eating results in an increase in the
total hepatic blood flow (134,135). This is due to, in
part, the increase in splanchnic blood flow producing an
increase in portal flow (135,136), and in part to an
increase in hepatic arterial flow (134). A similar
pattern 1is seen during enzyme induction'(137,138). Both
of these changes are accompanied by an increase in both
portal and arterial oxygen extraction. The stimulus to
the increase in flow may be a local metabolic change
resulting from the increased oxygen demand. The effect
of alterations in arterial and portal oxygen and carbon
dioxide tensions has been described in animal studies.
In the dog an arterial pO2 of 5.8kPa had no detectable
effect on arterial or portal flow, but severe hypoxia
(pa02 3.3kPa) produced a decrease in hepatic arterial
flow and an increase in hepatic arterial resistance
(139,140). An increase in portal venous oxygen content

caused an 1increase in hepatic arterial resistance (130)
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but an arterial pO2 of 53kPa had no effect on hepatic
blood flow (140). Also in the dog, a moderate increase
in arterial pCO2 (8.6kPa) produced a small rise in
arterial and 1larger rise in portal venous blood flow
(139). A similar effect on flow was seen with
hypercapnia and acidosis (pH 6.8) (129); Hypocapnia and
alkalosis cause a fall in arterial and portal flow
(129,139). Decreasing the pH of portal blood produced a
marked increase 1in portal resistance and a smaller
decrease in arterial resistance (130). It is likely that
changes 1in the portal rather than systemic p02, pCO2 and

pH are a more important influence on hepatic blood flow.

2.3.2 Neuronal control

The hepatic  vasculature is known to receive
innervation from both the sympathetic and
parasympathetic systems. It seenms likely that
stimulation of the vagus nerve has 1little effect on
hepatic blood flow in the dog. It may be that vagal
stimulation alters the microcirculation  without
affecting the overall flow. An increase in sinusoidal
diameter during Qagal stimulaﬁién has been,demonstrated
in  the rat (141). Stimulation of the sympathetic
peri-arterial nerves, in the cat (142) or dog (143-145),
causes arterial constriction, suggesting that this is an

important regulator of hepatic vascular tone. The same
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frequencies of stimulation also cause an increase in
portal pressure and portal vascular resistance in both
the cat (142) and dog (144,145). Sympathetic stimulation
also causes a slower, sustained contraction of the
capacitance vessels within the 1liver with resultant
decrease in hepatic volume (146). In this way the liver
acts as a reservoir for blood which can be released into
the ciculation 1in a controlled manner during periods of
sympathetic stimulation. In the dog a maximum of 60% of

the hepatic blood volume can be released (147).

2.3.3 Hormonal control

The hepatic and splanchnic vascular bed contains both
alpha- and beté— adrenergic receptors.
Alpha-adrenoreceptor stimulation resulting from an
infusion of noradrenaline reduces total hepatic blood
flow by hepatic arterial and portal venous constriction
in both the awake and anaesthetised dog (148-150). This
effect 1is present during infusion of noradrenaline to
therapeutic concentrations but such concentrations will
not be reached by endogenous noradrenaline release. The
effect can a,'be ' blocked by v aipha-adrenoreceptor
antagonisté (133). Beta-adrenoreceptor stimulation
produces a hepatic arterial vasodilation but has no
effect on portal vascular resistance which indicates an

absence of beta-adenoreceptors in the portal vein
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(123,151,152,153). The effect of adrenaline at basal
physiological concentrations is to cause hepatic
arterial vasodilation and increase splanchnic flow and,
therefore, portal flow (154). An increase in adrenaline
concentration would tend to increase hepatic blood flow,
but this may well be accompanied by an increase in
sympathetic nervous activity which has an arterial and
venous constrictor effect (155). The resultant total
effect will depend on the balance of these two
mechanisms. The beta-adrenergic agonist isoprenaline has
been shown to cause hepatic arterial vasodilation
(120,123). This can be attenuated by beta-adrenergic
blockade with propranolol (120,123). Propranolol does
not affect the portal venous constrictor effect of
noradrenaline (152) and intensifies the arterial
constrictor effect of mixed alpha- and beta- adrenergic
agonists such as adrenaline (133,156). Beta-adrenergic
blockade with propranolol does not alter either hepatic
arterial or portal venous resistance, but a transient
increase in hepatic arterial resistance following
0.1lmg/kg IV 1in the dog has been described (151). An
overall reduction in hepatic blood flow of 10-20% has
been described during beta-adrenergic blockade, due

mainly to the decrease in cardiac output.

2.3.4 Other factors
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| Hepatic blood flow is increased after eating and this
is due to increased flow in both the hepatic arterial
and the splanchnic (portal) systems. Several mechanisms
appear to be responsible for this postprandial
hyperaemia, including : increased osmolarity of the
portal venous blood (157), bile acids and salts (158)
and a number of gastrointestinal hormones (159). None of
the hormones administered alone exerts sufficient effect
on hepatic blood flow to be considered a regulator of
flow but in combination they probably produce the
hepatic arterial vasodilation seen after eating (160).
Glucagon causes hepatic arterial dilation and
antagonises hepatic arterial vasoconstriction (161-163).
It is likely that these properties are of importance
when glucagon 1is released during stress in that they
will maintain hepatic arterial flow to meet the
increased oxygen demands of glycogenolysis (164).

The splanchnic circulation, hence the portal flow, is
influenced by respiration, intra-abdominal pressure,
gravity and by gut wall activity. During exercise there
is a marked decrease in portal flow due to splanchnic

vasoconstriction.
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2.4 Measurement of hepatic blood flow

2.4.1 .Techniques

The techniques for measurement of hepatic blood flow
can be classified broadly into direct and indirect
methods.

The direct methods are, in general, more invasive and
include the application of electromagnetic flow probes
and heat exchange thermocouples. They have been
implanted both acutely and chronically in animal
preparations to measure separately both portal and
arterial flow. The use of such probes in humans is
limited to the acute intra-operative situation, such as
during abdominal surgery. The indirect methods have been
applied to <clinical research more widely and a fuller

description of the indirect methods will be given.

2.4.2 Indirect measurement

The indirect methods of measuring hepatic blood flow
have the advantage of being 1less invasive but the
majority produce only an estimate of total hepatic blood
flow. A further disadvantage of these methods is the

inability to ;&ifféfentiate between the portal and
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arterial flows. These techniques are dependent on
removal of a marker substance f;om the blood by the
liver. The most commonly used is the clearance method
which is based on the Fick principle and hepatic blood
flow 1is taken as the inverse of the arterio-venous

difference in concentration across the liver.

2.4.3 Clearance and hepatic blood flow

Estimation of hepatic blood flow has been made by
relating the rate of extraction or clearance of a
substance from the blood by the liver to the blood flow
through the 1liver. Such calculations are based on the
Fick principle which states that, at steady state, the
émount of a substance taken up by an organ is equal to
the product of the arterio-venous difference in
concentration of the substance and the blood flow
through the organ.

blood flow rate = amount removed/unit time
arterio-venous difference

a) Bromsulphthalein

The use of this principle to estimate hepatic blood
flow was described in 1945 by Bradley and colleagues
(165). They measured the removal of bromsulphthalein
(BSP) by the 1liver during a constant rate infusion.

Samples of arterial and hepatic vein blood were taken to
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measure a-v difference. It was assumed that the arterial
concentration of BSP was constant and therefore that the
rate of removal of BSP by the liver was equal to the

rate of infusion. Thus ;

H.B.F., = rate of infusion of BSP X 1
arterial - venous BSP conc. Haematocrit

As BSP 1is cleared only from the plasma this method
actually measures hepatic plasma flow and correction
using the haematocrit must be made to estimate hepatic
blood flow. : S

This method makes several assumptions including :
that the arterial concentration is constant, that only
the 1liver removes BSP from the blood and that there is
no enterohepatic circulation. In certain circumstances
each of these may not hold true and may introduce error
into the estimation.

The properties which are desirable in an indicator
substance used for estimation of hepatic blood flow with
this method include :

1. Rapid and complete mixing with the blood. This is of
particular importance when the single injection
technique is used as described below.

2. Removal from the blood only by the liver

3. No entero-hepatic circulation

4. A high rate of extraction from blood by the liver
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which follows a first-order, concentration independent

process.

5. No systemic or toxic effects. ‘

6. Small volume of injection relative to blood volume
Bromsulphthalein does not fulfill all of these

criteria. A small amount ( <10%) of BSP undergoes

extrahepatic extraction and a small amount of

enterohepatic circulation may occur (166). The

extraction of BSP can vary and may be less than 10% in

the presence of a raised serum bilirubin (167).

b) Indocyanine green L

The dye indocyanine green (ICG) is used more commonly
for estimation of hepatic blood flow. ICG has a high
hepatic extraction ratio and is removed almost
exclusively by the liver. There is minimal enterohepatic
circulation (168). Two different methods of
administration have been used for ICG to determine
hepatic blood flow (169). The method of continuous
infusion described for BSP has been used, but as this
requires cannulation of the hepatic vein, a simpler,
less invasive method has been' devised. This involves
bolus injection into a central or peripheral vein and
sampling from the systemic circulation. This technique

has been used to measure cardiac output and arterial

sampling is required. However, for measurement of
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hepatic blood flow peripheral venous sampling is used
usually (170).

Hepatic blood flow can then be estimated by
calculating the total blood volume and the exponential

rate of elimination (k) of ICG from the blood :
HBF = k x blood volume

An alternative method calculates the slope (K) of the
‘plot of the log of‘plasma ICG concentration against time
and the extrapolated zero time concentration (Cp0) from
this plot : : B '

HBF = K. Dose of ICG X 1
CpoO Haematocrit

This method which essentially calculates the plasma
clearance of ICG which is considered to be equivalent to
hepatic plasma flow. This value must then be corrected
by the haematocrit to obtain blood flow. This method is
described more fully in the Methods section. A
disadvantage of ICG is that 1is must be measured
immediately as it is not stable at room temperature and
deteriorates with time even when stored frozen (168).

The term clearance used in association with
bromsulphthalein and indocyanine green 1is taken to
describe the efficacy with which the liver removes the
substance from the blood and does not impiy any

metabolic process. Both substances undergo two
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processes, uptake from plasma and excretion in the bile,
which  require normal hepatic function. BSP also
undergoes conjugation before excretion. In patients with
hepatocellular damage or biliary obstruction the

clearance of both ICG and BSP may be impaired.

c) Other substances

A similar form of clearance measurement can be made
using colloids which are taken up avidly by the Kupffer
cells. This method, described originally in 1952
(171,172), 1is based . on the ability of KRupffer cells to
remove colloidal particles of a certain size on
first-pass. Therefore, with an extraction ratio of
virtually 100% the need for hepatic vein sampling is
avoided and the single injection technique described for
ICG can be used. A number of radio-labelled substances
such as P32 1labelled chromic phosphate, I131 labelled
albumin and colloidal gold (Aul98) have been used to
measure hepatic blood flow (172,173). The particle size
is critical and false values may be obtained due to
recirculation of small particles. This technique still
frequifes blood sampling for counting the disappearance
of the fadioactivity. An alternative version of this
technique involves external counting over the forehead
or calf (174,175). This has been found to have a similar

rate of disappearance (k) of radioactivity. However as
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hepatic blood flow is equal to k times blood volume,
blood volume must be calculated. The disadvantages of
these methods include the expense and limitations on
repeated measurement. The phagoctosing activity of
Rupffer cells may be less affected by liver disease than
hepatocyte activity and, therefore, a better estimate of
flow may be obtained with this method in the presence of

hepatic disease.

d) Metabolic clearance

The clearance - of substances which.require an hepatic
enzymatic process for their elimination have been used
to estimate hepatic blood flow. The use of this
technique (176) 1is based on the venous equilibration
model of hepatic drug clearance, which is described in
Chapter 3. The clearance of a substance metabolised by
the 1liver can be either enzyme or perfusion limited. An
enzyme 1limited clearance occurs when a drug is of low
hepatic extraction, that is, only a small amount of that
presented to the 1liver is removea on each pass, and
clearance is therefore independant of hepatic blood
flow. Perfusion 1limited clearance occurs when the drug
is removed in the 1liver by a process with a large
reserve of enzyme of high affinity for the drug. This
results in most of the drug being removed on a single

pass through the 1liver and the rate of clearance being
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determined by the amount presented to the liver, that
'is, the hepatic blood flow.

The measurement of hepatic blood flow based on this
concept compares the oral and intravenous administration
of the same dose of a drug. The drug must be absorbed
completely from the gut and metabolised only in the
liver. The hepatic blood flow can be calculated from the
dose of drug and the difference in area under the
time-concentration curves for the oral and intravenous

administratipn.

Hepatic blood flow = _Dose

A AUCiv - AUCo

The drug is given on two separate occasions, once
orally and once intravenously. This technique has been
described in wman (177,178). However, its use has been
limited by the assumptions required to apply this method
which influence its accuracy. The most important of
these are that all the drug is absorbed when given
orally and that the basal conditions of hepatic blood
flow and enzyme activity are the same on the two study

periods.

e) Dual route administration

A more accurate development of this is the dual route
technique which is described in the Methods. This

technique applies the the same model described above but

70



the drugs are administered simultaneously orally and
intravenously (179). To differentiate between the two
routes one dose is radiolabelled. This allows a smaller
dose to be given by the oral route than by the
intravenous which is appropriate for a drug of high
first pass metabolism. Hepatic blood flow is then
calculated from the formula

HBF = DOSEo.DOSEiv
AUCiv.Do - AUCo.Div

The derivation of this formula is given in the Methods.

2.4.4 Inert gas washout

As the name implies this technique measures the
elimination of an inert gas injected into the portal
system. Radio-labelled gas,such as 85Krypton (180) or
133Xenon (181), is injected into a tributary of the
portél vein or ‘into the hepatic artery and its passage
through the 1liver (washout) recorded by a gamma camera
placed externally over the 1liver (182). This method
requires an operative procedure which limits its use in
patients to +those undergoing laparotomy or to animal
studies. A less invasive form of this technique has been
developed which involves inhalation of a trace dose of
133Xenon 1in oxygen in a closed system to equilibration
(183,184). This occurs rapidly ( <5min) due to the

relative insolubility of xenon. A scintillation counter

71



measures the radioactivity over the liver at
equilibration and over a 15min washout period after the
breathing system is removed. The calculation of blood
flow from external scintillation counting is complex but
values similar to those found with other methods have

been produced.

2.4.5 Fractional distribution

This method relies on the distribution of a centrally
injected substance by the regional blood flow into
organs where it is taken up by the cells. Radiolabelled
compounds such as I131 antipyrine, 42KCl and 86RbC1,
have been used (185). This technique is of use only in
animal studies as the tissue has to be removed for
scintillation counting. A similar 1limitation is found
with the use of radio-labelled microspheres (5-50um in
diameter) which are injected centrally and become wedged
in the capillaries of the target organ. This technique
can be used for serial measurements by using spheres of
different sizes and 1labelled with different isotopes

(59,186) .

2.4.6 Direct methods of measuring hepatic blood flow

Several methods of measuring flow have been described

which are now only of historical interest. As implied by
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the title all these methods are invasive. The older
techniques involve diversion of the blood flow through
the measuring | instrument, whereas the more modern
techniques are applied to the vessel without interupting

its continuity.

a) Diversion of flow

The simplest method was to divert the flow through a
vessel into a graduated cylinder for a fixed time
period. The flow, however, would be influenced by the
change in circulating volume. More sophisticated
instruments, such as the Ludwigj stromuhr or liquid
rotameters, returned the measured blood flow to the
circulation. The ILudwig stromuhr involves a system of
four tubes diverting blood from a vessel to a measuring
chamber and returning it to the vessel. By clamﬁing two
of the tubes blood can be diverted in either direction
through an o0il filled calibrated chamber and flow
calculated from volume per unit time. The 1liquid
rotameter works on the same principle as the gas
 rotameters on‘;aﬁaééthetic machines with displacement of
a bobbin in a tube which is compensated for variations
in flow and viscosity. The use of a rotating vane inside

a tube inserted into a blood vessel has been described.
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b) Electromagnetic flow probe

The technique most commonly used for direct
measurement of hepatic blood flow is an electromagnetic
flow meter. These instruments are based on the principle
of measuring the induced electromagnetic field created
when blood flows at right-angles to a magnetic field
(187). The voltage induced by the blood flow is
proportional to its average cross-sectional velocity.
The probe used to measure flow through larger vessels,
such as the hepatic artery or portal vein, is C-shaped.
This design allows the probe to wrap round the vessel
creating a uniform magnetic field of constant
cross-sectional area and maintains the vessel diameter.
This instrument has been -used in man most frequently
during porto-caval shunt procedures to assess the extent
and direction of flow (188). In animal studies such
probes have been used both acutely and chronically
implanted (189,190). The problems encountered include

stability of baseline values and calibration.

c) Ultrasonic probes

Ultrasonic blood flowmeters utilise the distorting
effect of a moving liquid on soundwaves of highftequéﬁéy
and very short wavelength. Two basic designs are used.

The first uses two transducers placed on either side of
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the vessel such that the line connecting them forms a
small acute angle with the direction of blood flow. Both
transducers act alterately as transmitter and receiver
the direction changing several hundred times a second.
The velocity of the soundwaves travelling with the
direction of blood flow will be higher than that of
those travelling upstream. The difference between the
two can be used to measure the velocity of the blood
flow. The second method uses the principle of the
Doppler phase shift. A transmitter and receiver are
placed beside each other outside a vessel angled against
the direction of flow. The small change in frequency
from the transmitted to the received sound caused by
reflection by the _moving blood is detected by the
receiver. This change is proportional to the velocity of
the blood flow. It can be seen that both these methods
measure velocity of flow rather than flow but flow can
be calculated if the cross-sectional area and velocity
profile are known. Despite this disadvantage these
instruments have proved useful and can be made small

enough to fit in a catheter tip.

d) Heat exchange
Heat exchange methods relate the loss of heat of a

heated element to the rate of blood flow (191). The

simplest method involves a heated thermocouple placed in
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the vessel and the rate of heat loss measured. This,
however, only measures change in flow rather than
quantitative flow. A more sophisticated development
places two thermistors in a catheter tip, one heated,
one not and the difference in temperature over a time
period gives a measure of heat clearance which is
related to blood flow (192). These techniques have been
used acutely in man (193) and also as chronic implants

in animal studies (194).
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3.1 Introductibn

The 1liver is the principal site of drug metabolism in
the body. The primary mechanism is the biotransformation
of 1lipid soluble compounds into more water soluble ones
which are more easily excreted in the bile or by the
kidneys. The resultant compound may be a. smaller
fragment of the original molecule or a new larger
molecular weight compound is formed by 1linkage
(conjugation) of all or part of the original molecule
with another pfoduced in the 1liver. In general,
metabolites with a molecular weight of 500-1000 are
predominantly excreted by the liver and the smallef ones
are excreted renally. The hepatic drug metabolising
enzymes are found mainly in the smooth endoplasmic
reticulum of the hepatocyte, but are present also in the
mitochondria and the cytoplasm.

The baéic reactions involved in the hepatic
metabolism of drugs are oxidation (loss of electrons),
reduction (gain of electrons), hydrolysis (addition of
an -OH group)and conjugation (linkage with another
compound). These reactions can be divided into Phase I
- (oxidation, reduction and hydrolysis) and Phése II
(conjugation) reactions. For many drugs the metabolite
of an initial Phase I reaction undergoes a subsequent

Phase II reaction before excretion.
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3.2 Drug metabolism reactions

3.2.1 Phase I reactions

Oxidation reactions

Oxidation of drugs by the liver is carried out by a
series of enzymes found in hepatic microsomes known as
the mixed function oxidases or cytochrome P-450 system.
These enzymes are haemoproteins and contain an iron
molecule’ which is able to accept and donate electroné to
catalyse reactions. Oxidation reactions add an oxygen
atom to the substrate and this in some cases results in
cleavage of the molecule. A variety of reactions
involving - the P-450 system come under the general
heading of oxidations and these are summarised below,
with examples relevant to anaesthesia (195). These
reactions include H aliphatic hydroxylation
(thiopentone), aromatic hydroxylation (fentanyl),
O-dealkylation (pancuronium), N-dealkylation (morphine),
N-oxidation (pethidine), desulphuration (thiopentone)
and dehalogenation (halothane).

Reductive reactions

Reductive reactions are much less common and include
the metabolism of azo- (fazadinium) and nitro-

(nitrazepam) groups to their corresponding amines. The
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dehalogenation of halothane +to trifluoroethane is a
reductive process which is hormally a minor pathway of
metabolism but may important in the development of
halothane hepatotoxicity.

HYdrolysis

Hydrolysis of esters and amides occurs in most
tissues including the liver. Esterases and amidases are
involved in the metabolism of an number of drugs useein
anaesthesia, including amide and ester local
anaesthetics, atropine and pethidine.

3.2.2 Phase II reactions

Phase 1II reactioné are essentially synthetic and
involve the conjugation of a drug, or drug metabolite
produced by a Phase I reaction, to form an inactive,
polarised, water soluble compound for excretion. The
substrates commonly involved include glucuronic acid,
sulphates, acetyl groups (acetylation), amino acids (eg.
glycine) and methyl groups (N-methylation). The
oxidative metabolite of  thiopentone, thiopentone
véarbdkylic acid; is conjugated.fwith glucuronide and

excreted in the urine.

3.2.3 P450 enzyme systen

The cytochrome  P-450 system or mixed function

81



oxidases are located in the hepatic smooth endoplasmic
reticulum. They are pigmented haemoproteins which are
involved in the metabolism of numerous endogenous and
exogenous substances. The name P-450 derives from the
observation that in a reducing environment (carbon
monoxide) a microsomal suspension of the pigmented
haemoproteins bound the carbon ménoxide reversibly to
exhibit a broad 1light absorption band with maximal
intensity at the wavelength 450nm (196,197). This
pigment (cytochrome) is the final stage in a series of
catalytic 'steps - —and is involved direcﬁly in binding of
the drug substrate and oxygen to microsomes. The mixed
function oxidase system comprises of Cytochrome P450,
the enzyme NADPH- cytochrome P450 reductase and a lipid
component. The system is based on the ability of the'
iron in the haem molecule of cytochrome P450 to undergo
cyclical oxidation-reduction reactions in conjugation
with substrate binding and oxygen activation (198,199).
The NADPH- cytochrome P450 reductase acts as the link
between the NADPH-dependant electron transfer systenm,
which involves several flavoproteins,. and cytochrome
f—450~i— substrate compleX'(Figuré 1) . The enzyme acts as
a carrier of an electron which it donates to the
cytochrome-substrate allowing it to combine with an
oxygen molécule (200). It 1is 1likely that a complex
involving cytochrome P-450, oxygen and drug substrate is

formed before one atom of the oxygen is iﬁéorporated
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1

The catalytic cycle of cytochrome P450

Figure
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into the substrate and the other reduced.to water with
the addition of a further electron from the NADPH
system. The product of the substrate-oxygen reaction, .
the drug metabolite, 1is then released and the reduced
cytochrome P450 combines with another substrate
molecule. Using radiolabeiled oxygen, it has been shown
that the oxygen used in this cycle is derived from air
and not from water (201). The function of the 1lipid
component is not fully known but it has been shown to be
essential for the system’s activity. It may have a role
in substrate ‘binding, facilitatibn of electron transfer
or act as a template for the complex formation of the

other molecules.
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3.3 Models of hepatic drug metabolism

The pharmacokinetics of hepatic drug elimination has
been studied widely and mathematical models developed to
describe the limiting factors involved in hepatic
clearance (202,203). The models make a number of
assumptions regarding the extent of binding of the drug
and the characteristics of the enzymes involved in the
elimination of the drug including the Vmax (the maximum
rate -~ of the enzymatic process) and Km (the
enzyme-substrate dissociation constant). They also assume
that there 1is complete mixing between the hepatic
arterial and portal venous blood before it reacﬁes the
sinusoids (204,205), that only unbound drug crosses
membranes and that there is no barrier to diffusion
across the  membrane (206) . The two basic models
developed aré the venous equilibration model and the

parallel tube model.

3.3.1 Venous equilibration model

The venous equilibration model is described also as
the "well-stirred" model (176,202). This arises from the
assumption by this model that the 1liver is a single
compartment with uniform drug concentration. The model

also makes the assumption that the concentration of
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unbound drug in the venous blood leaving the liver is
the same as that to be found ﬁithin the hepatocytes.
That is, that during transition of the liver a statevof
-equilibrium forms between the blood and the tissue. It
assumes also that the éate of elimination of a drug by
the 1liver is the product of the capacity of the liver to
metabolise the drug times the unbound concentration of
the drug in the 1liver.

The mathematic expression of this concept relates the
hepatic blood flow (Q), the fraction of drug unbound in
the blood (fu), the steady-state extraction ratio (E),
the intrinsic clearance of the unbound drug by the liver

(clint) and the total drug clearance by the liver (Clh)

Clh = QE = _0.fu.Clint
Q + fu.Clint

Thus, when Clint has a large value in comparison to
Q, hepatic clearance will be proportional to Q. However,
if Clint is small in comparison to Q, hepatic clearance
becomes independent of Q. This can be illustrated by

substitution of arbitrary values into the equation :

eg Q= 1000, Clint = 5000 Clh = 833

Q= 500, Clint = 5000 Clh = 455

Q= 1000, Clint = 2500 Clh = 714
where halving the blood flow almost halves the hepatic
clearance but halving the Clint only produces a 15%

reduction. In contrast when Clint is small :
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= 1000, Clint = 100  Clh = 91
Q = 500, Clint = 100 Clh = 83
Q = 1000, Clint = 50 Clh = 47

the effect is reversed.

It follows from this that when the liver has a large
capacity to metabolise a drug (ie the drug is of high
hepatic extraction) the rate of elimination will be
determined by the rate of presentation of the drug to
the 1liver (ie the hepatic blood flow). The clearance of
such a drug is described as perfusion limited. If the
liver has a 1low metabolic capacity for a drug, low
hepatic extraction, the rate of presentation of the drug
will be 1less important and the determining factor will
be enzyﬁatic’ metabolic clearance rate. In this case the

clearance of the drug is capacity limited.

3.3.2 Parallel tube model

The parallel tube model makes the same basic
assumptions as the venous equilibration model but
incorperates two additional ones (203). Firstly that the
liver can be regarded as a group of parallel cylinders
of the same length which have enzymes evenly distributed
in all the cells surrounding each tube and that flow is
in on%y one direction. The second assumption is that at
any point along the 1length of the cylinder an

equilibrium exists between drug in the cylinder and drug
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at the enzymatic site. If the parallel tubes can be
equated to hepatic sinusoids this model would appear to
be more accurate physiologically, as it takes account of
a concentration gradient of the drug along the length of
the tube. This introduces a non-linearity to the
solution of rate of removal of drug and therefore
specific solution of velocity of removal, extraction
ratio and clearance are not possible unless certain
conditions are observed. If the concentration of unbound
drug 1is 1less than the Km of any enzyme system and
binding is not saturated by high drug concentrations-a
solution for the concentration of drug leaving the liver

(Cout) can be derived ;

Cout = Cin.e -fbout.Clint,1/Q

where Cin 1is concentration of drug entering the liver,
fbout 1is the unbound fraction of drug leaving the liver
and Clint,l is the maximal intrinsic clearance for the
entire liver. Therefore :

Extraction ratio (E) = 1 - e -fbout.Clint,1/Q

and as Cl =QE :

Hepatic clearance = Q.(1 - e -fbout.Clint,1/Q)
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3.3.3 Comparison of the models

The two models will produce very similar values for
extraction ratio and clearance when describing the
behaviour of drugs at the extremes of the range of
extraction. That is a drug of high extraction clearance
will be 1limited by hepatic blood flow and for a drug of
very low extraction clearance will be limited by enzyme
function (intrinsic clearance). The differences between
the models are evident when describing drugs of
intermediate clearance using the determinants of hepatic
blood flow, drug binding and intrinsic clearance.
Prediction of the effect of changes in hepatic blood
flow on a range of hepatic extraction and clearance
values provides a reasonable correlation betwen the
models with a maximal difference of 30% when the
extraction ratio was between 0.7 and 0.8 (205). This
agrees with an analysis of experimental data from a
study of isolated perfused rat livers (207,208). There
is reasonable agreement in predictions of
bioavailability for most extraction ratios but when
approaching unity (E=1.0) marked discrepancy occurs.
There is very little difference in the predicted values
for extraction or clearance with changes in unbound
fraction for thé entire range of extraction ratios.
Changes in the intrinsic clearance produce a higher

clearance using the venous equilibration model over the
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full range of extraction ratios and this effect is most
evident at high extraction ratios.

Validation of these models under experimental
conditions ‘using isolated perfused 1livers has proved
difficult. The venous equilibration model appears to be
the more consistant with these studies when describing
the behaviour of high extraction drugs, such as

lignocaine (209).
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3.4 Hepatic drug elimination

The hepatic elimination of a drug can be influenced,
theoretically, at a series of determinant steps in the
process. These steps include ;

a) hepatic blood flow

b) the extent of binding of the drug to plasma proteins
and blood cells

c) the uptake of the drug into the hepatocyte

d) the intracellular drug binding capacity =~

e) the rate and capacity of the enzymic reaction

f) the effect of the metabolite on the enzyme

g) the elimination of the metabolite into the bile or
blood

Steps ¢ - f can be considered under the general
heading of intrinsic clearance. The contribution of, and
the effect of changes in, these four factors, hepatic
blood flow, drug binding, intrinsic clearance and
metabolites} on the elimination of drugs is discussed

below.

3.4.1 Hepatic blood flow

The effect of changes in hepatic blood flow on drug
elimination have been outlined above in the description

.. of the venous equilibration model. The importance will
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depend on the route of administration of the drug and
the extent of hepatic extraction. The clearance of a
drug of high hepatic extraction given intravenously is
proportional +to hepatic blood flow (ie it is perfusion
limited) and therefore, alterations in flow Will produce
a change in clearance (210). There would be no change in
the clearance of an orally administered high extraction
drug but the biocavailability would alter (Cliv = Clo x
F). For drugs of 1low hepatic extraction the hepatic

blood flow has little influence on the rate of

elimination after either oral or intravenous =~

administration (176). The inter-relationship between
these variables can be illustrated by computer
simulations which predict the effect on clearance or
extraction ratio of changes in hepatic blood flow

(Figure 2).

3.4.2 Drug binding

Within the blood a drug exists in two forms, unbound
and bound. The drug is bound reversibly to plasma
proteins and lipoproteins and to blood cells. The amount
of unbound drug (free drug) is the principal determinant
of drug efficacy. The free drug is available to cross
membranes and reach receptor sites. An equilibrium forms
across a membrane between the free drug concentrations

on either side of the membrane and is independent of the
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Figure 2
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bound concentration. That is, if there is a difference
in extent of binding on either side of a membrane the
total amount of drug on each side will be different but
the free concentration will be the same. If a drug is
highly bound ( >90%) small changes in the extent of
binding will have a marked effect on the amount of free
drug, and therefore, on its biological effect. However,
a drug which has a low extent of binding will show only
a small change in free drug concentration in response to
a small change in binding.

The -effect of drug bindiﬁg on hepatic elimination
depends on the extent of hepatic extraction of the drug.
A high hepatic extraction drug, such as propranolol
(E=0.8), may be highly protein bound (propranolol 10%
free). This suggests that on a passage through the liver
both free and bound propranolol are taken up from the
blood. The affinity for binding the drug for the
proteins in the hepatocyte must be greater than its
affinity for the plasma proteins. The clearance of
propranolol is not 1limited by protein binding (211). A
decrease in plasma prdtein binding will tend to increase
tﬁe volume of distribution and increase the half-life of
a high extraction drug which is also lipid soluble (ie
has a 1large volume of distribution) (176,212)..Litt1e
effect is noted on either volume of distribution or
half-life of a high extraction drug with a small volume

of distribution. For a drug of low hepatic extraction
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such as warfarin, the free fraction will be larger than
the extraction ratio. Therefore the rate of clearance
will be limited by the extent of protein binding, ie the
clearance will increase as the free fraction increases
(213). A low extraction drug of small volume of
distribution will not change volume but may decrease its
half-life with a decrease in protein binding. If the
volume of distribution is large it will tend to increase

but no change will be seen in half-life.

3.4.3 Intrinsic clearance

The intrinsic clearance has been defined as the
maximal ability of the liver to remove drug irreversibly
by all pathways in the absence of any flow limitations.
This term covers the uptake of a drug into the
hepatocyte, its transport in the cell, the enzymatic
metabolic process and the effect of metabolites. One of
these steps will be the rate limiting step of intrinsic
clearance. Uptake of a drug into the cell may be an
~active process as for many organic compounds (214) or a
péssive | process with the drug moving down a
concentration gradient across the cell membrane. Lipid
soluble drugs will traverse the membrane more easily.

The gradient across the membrane is maintained by the
efficient and rapid binding of the drug by intracellular

proteins, and also by the rapid formation of
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enzyme-substrate complexes. The intracellular binding of
a drug could be the rate limiting step in the process if
there was a higher affinity for the substrate with the
intravascular proteins than with the intracellular ones,
or if the capacity of the intracellular proteins was
saturated easily (214). |

The kinetics of the drug metabolising enzymes will be
the major influence on drug elimination. The velocity of
an enzymic reaction will be determined by the amount of
enzyme available, the amount of substrate present and
the action of any inhibitory or acceleratory mechanisms
(215). The general formula. for an enzyme substrate

reaction is ;
E+ S =>ES =>E-+ M

where E is the concentration of enzyme present, S is the
concentrtion of substrate, ES 1is the enzyme-substrate
complex and M is the metabolic product of the reaction.
The formation of ES is a rapid process but its breakdown
is much slower and an equilibrium is formed between ES
and E and S. The relationship between the velocity of
reaction (v) and substrate concentration describes a
hyperbolic curve. This is the basis of the

Michaelis-Menten equation;

v = Vmax.Kn
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where v is the velocity of the reaction, Vmax is the
maximum  velocity of reaction when the enzyme is
saturated with substrate and Km is the enzyme-substrate
dissociation constant. Km describes the relationship
between enzyme, substrate and enzyme-substrate complex

concentrations ;

Km = (E - ES).S

ES

Km can be determined using a Lineweaver-Burk plot which
plots the reciprocal of v against the the reciprocal of
S. The intersection of this line with the—abscissa is
-1/Km and the intercept with the ordinate is -1/Vmax.

It 1is 1likely that some drugs may be metabolised by
more than one enzyme or that two drugs may compete for
the same enzyme. In these situations the determination
of Km is more complicated. The former case is likely to
occur with drugs which undergo a simple oxidation with

the P450 system.

‘ The velocity of enzyme reaction can be enhanced or
inhibited. This is different from enzyme induction or
inhibition where the main change is in the concentration
of enzyme available rather than a change in activity.
The changes in velocity are usually related to the

substrate concentration (215). High levels of substrate
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may inhibit the reaction by sevefai mechanisms including
binding of co-factors of the reaction, binding to
inactive sites on the enzyme which interfere with
binding to the active site or by outstripping the supply
of other reactants required for the reaction. The
velocity of reaction may be enhanced by binding at sites
on the enzyme other than the active one. Such binding
may cause a steric change which increases the binding
capacity of the enzyme.

The reactions involving the hepatic drug metabolising
enzymes proéeed at a slow rate relative to many
biological enzymatic processes eg. cholinesterases. To
compensate for this the enzyme systems are able to speed
up turnover by increasing their conéentration, that is
by induction. There are a large number of substances,
drugs and chemicals, which are known to produce enzyme
induction including barbiturates (216,217), ethanol
(218,219) and cigarette smoke (220). Increase in enzyme
activity will be noticed within 3-4 days of starting an
inducing drug, reaching a maximum at 2 weeks, and will
still be evident 2 weeks after discontinuation of the
drug. The range of induced P450 enzymes will vary
depending on the inducing drug. For example, a
generalised inducion of many P450 forms will occur with
phenobarbitone treatment (217), but a smaller range will'
be found with ethanol (219). Enzyme induction will

result in a more rapid metabolism of drugs. Inhibition
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of PﬁSO enzymes has also been described and results in a
slowing of elimination and prolongation of effect of a
drug. Drugs shown to cause inhibition include cimetidine
(221), chloramphenicol (222) and allopurinol (223). The
effect of anaesthetic. agents on enzymes has been
discussed in . -:Chapter 1. The effects of hepatic drug
metabolising enzyme inhibition and induction will be
most marked on drugs of low hepatic extraction.

Assessment of the activity of the hepatic drug
metabolising enzymes is discussed later in the chapter
(3.5).

It is possible for a metabolite of an enzymic process
to interfere with the ongoing reaction which produces
the metabolite. This may océur due to the metabolite
binding on or near the active site of the enzyme, or as
a chemical effect of the metabolite altering the

environment of the reaction.

3.4.4 Elimination of the metabolite

The end product of drug metabolism is a more polar
water-soluble molecule. This molecule or conjugate is
excreted from the hepatocyte into the biliary or hepatic
venous systemn. The metabolites released into the
systemic circulation are excreted usually by the kidney.
The excretion of metabolites from the hepatocyte may be

a passive process but active transport systems have been

97



identified (224). It is not normally a rate-limiting
step in the elimination of a drug. Obstruction of the
biliary outflow could, in a manner parallel to that seen
in bilirubin metabolism, lead to an intracellular
accumulation of metabolite or spillage of a metabolite
normally excreted in Dbile into the the systemic
circulation. Defective uptake of drugs by hepatocytes
has been demonstrated in experimentally produced

cholestasis (225).
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3.5 Assessment of hepatic enzyme activity

3.5.1 Introduction

The central role of the 1liver in drug metabolism
makes it desirable to know the influence of hepatic .
enzymes on the elimination of a drug. This can be
achieved by pharmacokinetic studies of the drug’s
elimination. In addition, it is desirable to evaluate
the effect  of a drug on the hepatic enzymes. This is
achieved by measuring the effect of the drug on the
pharmacokinetiqs of known substrates. The use of such
model substrates can be extended usefully to measure the
capacity and capabilities of the hepatic drug
metabolising enzyme system. Such an approach has been
used in the study of drugs which produce enzyme
inhibition or induction and in the study of the genetic
polymorphism of drug metabolism.

The properties of an ideal drug for use as a model
for assessing hepatic enzyme activity would include
(226) ;

a) single compartment kinetics allowing calculation of
clearance from the elimination half-life.

b) elimination exclusively by hepatic metabolism

c) hepatic metabolism should be independent of hepatic

blood flow and protein binding.
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d) if given orally the drug should be rapidly and
completely absorbed

Additional information about the drug metabolising
enzymes can be obtained if the metabolite or metabolites
of the drug can be measured in plasma or urine. This may
allow the differentiation of effects on alternative
pathways of metabolism to be evaluated. However, the
rate of production of the metabolite and its rate of

excretion may differ (227).

A number of drugs have been used to evaluate hepatic
drug Imetabolising 'adtivity, but none has been showh to
fulfill the criteria set out above completely. The drugs
used include those of 1low hepatic extraction such as
antipyrine, aminopyrine and diazepam, and high hepatic
extraction drugs such as propranolol, galactose,
pentazocine and 1lignocaine. The use of low extraction
drugs has the advantage that their elimination is
independent of hepatic blood flow. However, simultaneous
administration of a 1low and a high extraction drug has
shown a correlation between the clearance of both drugs
in patients with hepatic disease. The most commonly used
drugs, antipyrine and aminopyrine will be described.
Their use and the advantages and disadvantages will be

discussed.
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3.5.2 Antipyrine

Antipyrine 1is a phenylpyrazolone derivative which
has analgesic and antipyretic properties. Its mode of
action is similar to that of the salicylates. Antipyrine
has been used widely as a measure of hepatic enzyme
activity because its metabolic profile is well suited to
this task : 1t is well absorbed from the intestine after
oral administration, its binding to tissues and proteins
is 1limited, it has a low hepatic extraction ratio and
therefore its elimination is independent of hepatic’
blood flow, almost all metabolism of the drug occurs in
the 1liver and there is minimal ( <5%) renal excretion
(228). As it has single compartment kinetics both the
plasma half-life and the <clearance give a measure of
hepatic metabolism (229). It has a relatively 1long
half-life in man (8-14 hours) and, as the salivary
concentration and plasma concentration are very similar,
the former method of sampling has been found convenient.
The long half-life is also a disadvantange which
precludes its use in sequential studies, as several days
washout is requifed.

The metabolism of antipyrine involves the production,
by the P450 system, of three oxidative metabolites. Its
metabolism has been used, therefore, to assess the
effect of 1liver disease on drug oxidation reactions

" (230) and to assess the enzyme inhibitory or inductive
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effects of a wide range of drugs, including
anticonvulsant (231) and antitubercular drugs (232)
(inducers) and beta-adrenergic (233) and H2 blockers
(234) (inhibitors) and factors such as smoking and
eating (235,236). Attempts have been made to use
antipyrine metabolism as a predictor of the ability of
the 1liver to metabolise other drugs but the correlation
has been variable (228). This may due to the relatively
non-specific metabolic profile of antipyrine which
involves at least three discrete mixed function
oxidases. Some studies ‘have attempted to parailel the
production of an individual metabolite with a test drug.
The half-life of antipyrine is increased in 1liver
disease (237), hypothyroidism (238) and with age (239).
Antipyrine may cause an induction of its own metabolism
(240) and this, also, prevents its use in serial studies

over a short time period.

3.5.3 Aminopyrine

Aminopyrine is also a pyrazolone derivative and is
related to antipyrine. It has a shorter half-life than
antipyrine and undergoes de-methylation by the hepatic
microsomal enzymes. The products of its metabolism
include formaldehyde, formic acid and CO2. The last of
these products has been used as an indirect measure of

mixed function oxidase function. Administration of
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aminopyrine radio-labelled with 14C allows measurement
of 1its metabolism by detection of 14C02 in expired
breath (241). The expired CO2 is adsorbed in collection
vials for subsequent scintillation counting. The
aminopyrine breath test has been used in animal and
human studies to evaluate the effect of drugs (242) and
environment on drug metabolism. This test also proved to
be a poor predictor of the metabolism of other drugs
such as diazepam (243). The main advantage of the
aminopyrine breath test is that it is relatively simple
to perform. A similar principle, measurement of the
14C02 metabolite, has been applied to other
radio-labelled substances such as galactose (244),

diazepam (222), mephenytoin (245) and caffeine (246).

3.5.4 Other drugs

Other drugs used as models of metabolising capability
include theophylline which shows a variable response to
known enzyme inducers (247) and hexobarbitone (248)
which has been used in many animal studies and has the
advantage over amylobarbitbne (249) of being metabolised

almost entirely by hepatic microsomal enzymes.

3.5.5 Endogenous metabolites

The measurement of endogenous metabolic products has
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been  advocated as a measure of hepatic enzyme function.
D-glucaric acid is the end-product of the glucuronic
aéid carbohydrate metabolic pathway and is excreted in
the wurine. An increase in the production of D-glucaric
acid has been noted following known enzyme inducing
drugs (250,251). However, the mechanism of this change
is not fully understood and it may not represent enzyme
induction. The urinary excretion of 6b-hydroxycortisol,
a minor metabolite of cortisol produced by the hepatic
mixed function oxidases, has been proposed as a measure
of enzyme induction (252).- It appears to be a reasonable
measure of enzyme induction (240,253) but not of enzyme
inhibition (253). As cortisol production is subject to
many influences the production of 6b~hydroxycortisol
does not correlate well with the clearance of test drugs

and therefore, cannot be used as a predictor.
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3.6 Factors affecting hepatic drug metabolism

A number of physiological and environmental factors
have been shown to influence the activity of hepatic
drug metabolising enzymes. .

Age

A large number of animal studies and human studies
have demonstrated that with increasing age there is a
decrease in the ability of the 1liver microsomes to
metabolise - drugs. '~ Alterations in clearance and/or
half-life have been demonstrated for many drugs in the
elderly. These changes may be difficult to interpret as
they are often accompanied by changes in drug binding
and volumne of distribution. For example, diazepam
half-life is prolonged in the elderly and the volume of
distribution is increased (105). Antipyrine half-life is
increased and clearance decreased suggesting that the
metabolic activity of the 1liver decreases with age
(239,254).

Sex

It might be expected from the difference in total
body .~ water and fat that the distribution of a drug
would differ between male and females. This, however,
does not appear to be manifest in different rates of
elimination of drugs. A higher rate of drug metabolism

has been noted in male than in female rats, but this is
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the only species that this has been observed in. More
effect might be éxpécted with drugs dependent on renal
elimination because of a 1lower glomerular filtration
rate in females (255).
Species

Many studies of drug metabolism are done using an
animal model initially. It is not possible to then
extrapolate these results to any other species as the
rate of of metabolism or pathway of metabolism may
differ. There are many examples of these differences
which can be illustrated by the different half-life of
propranolol in dogs (1lhr) and man (4hr) and the
metabolism of sulphadimethoxine in rats (acetylation)
and man (glucuronidation) (256). If.the same metabolic
pathway is present correction for body weight and
circulation time (257) has demonstrated some correlation
between body weight and oxidase activity in mammals
(258) .
Genetic

The inter-individual differences in response to a
drug may be partly explained by the genetic variation
within a study pobulatidn. For many drugs the
individuals’ rate of drug metabolism would exhibit a
normal distribution around a mean. For some drugs,
however, a bimodal distribution may be found. The
classic example of this is the acetylation of

sulphadimadine which can discriminate between slow and
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fast "acetylators". The percentage of acetylated drug in
the urine at 6 hours was used to determine the dose of
isoniazid for antitubercular treatment (259). More
recent studies have shown that there are genetic
variations in drug oxidation capability. This has led
to '"oxidation phenotyping" usihg the hydroxylation of
the antihypertensive debrisoquine (260,261) or the
oxidation of alkaloid sparteine (262) as discriminants-.
An autosomal recessive characteristic of poor ability to
hydroxylate debrisoquine has been demonstrated (260).
This ‘characteristic does not appear to be associated
with changes in iantipyrine kinetics (263,264) but
several reports have linked poor metabolisers with an
increase in adverse effééts of drugs undergoing
oxidative elimination such as beta-adrenergic blocking
drugs (265,266).

Liver disease

It would be expected that the changes produced by
liver disease would include a decrease in the ability of
the hepatocytes to metabolise drugs. These changes may
be difficult to demonstrate in isolation as concurrent
changes in hepatic blood flow and drug binding capacity
are likely to be present. The nature and severity of the
disease and the pharmacology of the drug will be
important. A review of 30 studies comparing the
disposition of a number of drugs in patients with or

without 1liver disease found altered kinetics in only 60%
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of the studies (267). Antipyrine elimination has been
shown to be impaired more in patients with chronic liver
disease than in patients with acute reversible liver
disease (237). Studies with other drugs in various
hepatic diseases such as hexobarbitone in acute hepatitis
(268), pethidine in cirrhosis (269) and propranolol in
chronic liver disease (270) have concluded that
impairment of elimination of a drug increases with the
severity of the disease but correlates poorly with
biochemical measures of severity.

Renal disease

The presence of renal disease should not affect
directly the hepatic metabolism of drugs. There may be
an alteration in the disposition of the drug due to
changes in total body water and altered drug-protein
binding. An increase in the adverse effects due to
accumulation of an active metabolite of an extensively
metabolised drug, which is excreted by the kidney
normally, might be expected.

Drug interactions

The ability of some drugs to influence the metabolism
of other drugs has been recognised for many years. This
interaction may accelerate or inhibit the rate of
elimination. The increase in rate of metabolism of
warfarin caused by concurrent barbiturate
administration, with a resultant decrease in

anticoagulant action, has been well documented. Drugs
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associated with an inductive effect on the metabolism of
other drugs include the barbiturates (217), phenytoin
(271), phenylbutazone (272), carbamazipine (273) and
rifampicin (274). Ethanol ingestion has an acute effect
of slowing drug metabolism but chronic ingestion has an
.inductive effect (219). Cimetidine is known to inhibit
the oxidative metabolism of many drugs (221). Elevation
of plasma concentration of drug and increased
therapeutic effect following co-administration of
cimetidine has been demonstrated with beta-adrenergic
blockers (275,276), theophylline (277), benzodiazepines
(278), warfarin (234) and phenytoin (279). Other drugs
associated with enzyme  inhibition and therefore
prolongaﬁion of drug effect are chloramphenicol (222),
sulphaphenazole (280), monoamine oxidase inhibitors
(281) and allopurinol (223).
Smoking

Tobacco smoke contains several thousand chemicals
some of which are known to affect drug metabolism. The
importance of taking a full history of smoking habits in
subjects taking part in pharmacokinetic studies has been
highlighted (220). Smoking has been shown to increase
the rate of elimination of several drugs including
antipyrine (239), theophylline (282) and pentazocine
(220) but not to affect the metabolism of others such as
diazepam (283), pethidine (284), phenytoin (285) and

warfarin (286).
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"Environmental chemicals

The effect of environmental exposure, usually
’industrial, to chemicals has been shown to alter drug
metabolism. Occupational exposure to chlorinated organic
insecticides such as DDT (287) and to polychlorinated
biphenyls (PCBs) (288) has been shown to produce enzyme
induction as shown by a decrease in the half-life of
antipyrine. 1Ingestion of dietary chemicals can also
alter drug metabolism. This has been demonstrated by the
increased rate of phenacetin metabolism after a diet of
charcoal broiled beef, which has a high content of
polycyclic hydrocarbons, when compared with a normal
diet (289). A high protein - 1low carbohydrate diet
caused a decrease “in theophylline half-life and a low
protein - high carbohydrate diet caused an increased

half-life (290).
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4.1 Anaesthesia studies with a dog model

4.1.1 Introduction

The pharmacokinetics of many drugs have been noted to
be altered in the peri-operative period. There are many
interacting factors involved in these changes including
the stress response to surgery, alterations in regional
blood flow and the effect of anaesthetic agents.

Anaesthetic agents, both inhalational and
intravenous, may alter drug pharmacokinetics by effects -
on any of the principle determinants of drug
disposition. As discussed in the introduction, these are
the distribution of a drug in the body, the hepatic
blood flow and the drug metabolising enzyme activity.
There is a growing amount of evidence that the
inhalational anaesthetic agents, especially'halothane,
cause alterations in the peri-operative pharmacokinetics
of several drugs but at present there is little data on

the effect of intravenous anaesthetic agents.

4.1.2 Hepatic extraction and route of administration

~As most drugs are metabolised by the 1liver, any
effect on the disposition of a model drug by an

anaesthetic agent is 1likely to be due to changes in
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hepatic drug <clearance which will result from
alterations in hepatic blood flow and hepatic
drug-metabolising enzyme activity. The extent of this
effect will depend on the degree of hepatic extraction
of the model drug. The clearance of a drug of high
-hepatic extraction when given intravenously will be
determined by its ratevof delivery to the liver ie. the
hepatic blood flow, whereas the intravenous clearance of
a drug of low hepatic extraction will be determined by
hepatic enzyme activity. The clearance of both high and
low hepatic ‘extraction drugs when administered orally,
the oral or intrinsic clearance, reflects hepatic enzyme
activity and 1is unaffected by changes in hepatic blood

flow.

4.1.3 Dual-route administration

It can bee seen that there is a different prime
detérminant of hepatic clearance for a drug of high
hepatic extraction depending on its route of
administration. When the drug is given orally, changes
in- clearance will reflect changes in metabolic enzyﬁe
activity and when given intravenously it will reflect
changes in hepatic blood flow. Thus, by determining the
disposition of a high extraction drug given both orally
and intravenously it is possible to measure the

intrinsic clearance (hepatic enzyme activity) and
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estimate the hepatic blood flow (see Chapter 2). The
model drug must be metabolised only by the liver and
absorbed fully from the intestinal tract when given
orally. This technique can be improved considerably by
administering the drugs simultaneously'. This removes
the major problem of assuming that basal conditions are
the same on 'twb study days. The oral and intravenous
doses of the drug are differentiated by the
radio-labelling of one of the doses, usually the
intravenous one. This technique has been developed using
propranolol as the model drug (291,292). Propranolol is
a beta-adrenergic blocking drug which has a high hepétic
extraction ratio ( >0.7) and is rapidly and completely
absorbed when given orally (293).

This technique of dual-route administration of
propranolol, simultaneous labelled intravenous and
unlabelled oral administration, has been used previously

to measure effects on drug disposition (294-296).

4.1.4 Aim of studies

The aim of these studies was to assess the effect of
different ‘anaesthetic techniques on drug disposition, in
the dog, in the absence of other influences such as
surgery. The technique of dual-route administration,
with propranolol as the model drug, was used to

determine the relative contributions of changes in
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hepatic blood flow and hepatic enzyme activity to any

alteration in drug disposition during anesthesia.
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4.2 - - Human study

4.2.1 Cimetidine

Cimetidine, a histamine H2 receptor antagonist, is
used widely for the treatment and prophylaxis of gastric
ulcers. The concurrent administration of cimetidine has
been shown to alter the pharmacokinetics of a large
number of drugs (221). This wusually has resulted in
increased plasma concentrations of these drugs with the
increased risk of unwanted side effedts (234,297,298).
This change has been attributed to a decrease in hepatic
blood flow and an inhibition of hepatic enzymes (275).
The decreased enzyme activity has been demonstrafed in
many studies and it 1is 1likely that cimetidine is an
inhibitor of the cytochrome P450 enzymes (299,300).
However, the effect of cimetidine on hepatic blocod flow
has not been demonstrated in all studies (300-303). The
apparent decrease in hepatic blood flow demonstrated in
some studies may be due an alteration in the extraction
~of the  indicator drug used to estimate blood flow

produced by cimetidine.

4.2.2 Enprostil

Enprostil (RS-84135, 1lla,15a-dihydroxy- 9-keto
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-16-phenoxy- 17,18,19,20-tetranorprosta- 4,5,13(t)~-
trienoic acid, methyl ester) , a research drug produced
by Syntex, 1is a synthetic dehydro- prostaglandin E2. It
has been shown to have effective anti-secretory and
cytoprotective properties in animals. It is under
investigation currently for the treatment of gastric and
duodenal ulcers (304). The decrease in prostaglandin
production caused by cyclo-oxygenase inhibitors such as
aspirin or indomethacin 1leads to a decrease in basal
gastric and intestinal blood flow (305—307); This
suggests that splanchnic and thus hepatic blood flow is
controlled at least partially by prostaglandins (308).
It is thought that enprostil, therefore, may cause an
increase in hepatic blood flow. It has been shown that,

in vitro , prostaglandins affect the hepatic metabolism
of several drugs including aminopyrine, benzopyrene and

hexobarbitone (309,310).

4.2.3 Aim of study

The aim of this study was to compare the effects of
cimetidine and the synthetic prostaglandin E2,
enprostil; on hepatic blood flow and hepatic enzyme
activity in man. Within the context of this series of
studies it provides three further elements ;

1) the extension of the dual route technique to human

subjects,
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2) a validation of this technique with a known enzyme
- inhibitor and

3) a comparison of the hepatic blood flow measurement:
from this method with that of the more widely used

indocyanine green method.

118



Chapter 5

METHODS

Dog studies

5.1.1 Outline

Preparation of study dogs

5.2.1 Surgery
5.2.2 Animal care
Anaesthesia

5.3.1 Induction

5.3.2 Halothane group

5.3.3 Isoflurane group

5.3.4 Enflurane group

5.3.5 Fentanyl - atracurium - Nitrous oxide
group

5.3.6 Monitoring
Drug administration and sampling

5.4.1 Drug administration

5.4.2 Blood sampling

119



Human study

5.5.1 Outline

5.5 2 Subjects

5.5.3 Drugs

5.5.4 Indocyanine green study
5.5.5 Propranolol

5.5.6 Side effects

Drug analysis

5.6.1 Propranolol assay
5.6.2 HPLC system

5.6.3 Scintillation counting

5.6.4 Measurement of drug binding

Calculatioﬁs

5.7.1 Dose of drug injected

5.7.2 Area under time-concentration curve
5.7.3 Clearance

5.7.4 Hepatic extraction ratio

5.7.5 Elimination constant and half-life
5.7.6 Volume of distribution

5.7.7 Hepatic plasma flow

Statistical analysis

Ethical considerations

120



Dog studies

5.1.1 Outline

This series of studies involved dual route
administration of propranolol during anaesthesia to five
groups of dogs. The groups studied were ;

Group - control (no anaesthesia)
- halothane anaesthesia

Group

- enflurane anaesthesia

1
2

Group 3 - isoflurane anaesthesia
Group 4
5

Group - fentanyl-atracurium anaesthesia
Cannulae were implanted 1in the portal vein, femoral
vein and femoral artery of each dog five days before the

study period.

In each group each dog was studied on three

consecutive days ;

Day 1 - awake, 24 hours before anaesthesia

Day 2 - during anaesthesia (Group 1 awake)
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Day 3 - awake, 24 hours after anaesthesia

The dual route administration involved simultaneous
injection of unlabelled propranolol into the portal vein
and tritium-labelled propranolol into the femoral vein.

Blood samples were taken over the 4 hour study period
for assay of the plasma propranolol and tritiated

propranolol concentrations.
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5.2 Preparation of study dogs

5.2.1 Surgery

Five days before the first study day each dog had
cannulae .placed in the femoral vein, femoral artery and
portal vein. The dogs were anaesthetised with
pentobarbitone (30mg/kg), the trachea intubated and the
lungs ventilated with air. The dog was placed supine and
the abdomen and 1left side of the chest shaved and
prepared with chlorhexidine solution. A short
mid-abdominal, midline incision was made and the spleen
was brought forward. A silastic catheter was then
introduced into a small branch of the splenic vein and
advanced into the portal vein. The position of the
catheter was checked manually before it was secured with
a suture. The ideal position was taken as being a few
centimetres past the Jjunction of the splenic and
mesenteric veins. The proximal end of the catheter was
then brought subcutaneously to the 1left chest wall,

going through the peritoneum separate from the incision.

Initially, the arterial and venous cannulae were
placed in the internal iliac vessels within the
peritoneal cavity and brought trans-peritoneally then

subcutaneously with the portal cannula to the left chest
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wall. However, two dogs prepared early in the series
deveioped intraperitoneal haematoma and could not be
studied. It was decided that it would be easier to
detect any post-operative bleeding if the cannulae were
placed in the femoral vessels through a groin incision.
This would also minimise the intra-abdominal surgery and
decrease the 1length of the incision. In all other dogs
the femoral vessels were mobilised and cannulated
through an incision in the right groin. The cannulae
were advanced some 15 centimetres into the vessels and
secured with a suture. The proximal end was brought
sub-cutaneously, without entering the peritoneum, to the
left chest wall. ;

The three cannulae were brought out on the left chest
wall and secured separately to the skin. The cannulae
were flushed with heparinised saline and secured in a
pouch on a canvas "jacket" placed round the chest over
the forelimbs. This arrangement worked well during the
first two studies but one dog bit through the pouch and
damaged the cannulae. The cannulae were then put into a
small metal box in the pouch. This was satisfactory for
the next two studies but a dog again got access to the
cannulae. For the final studies the cannulae were left
in a 1loop subcutaneously until the first study day when
they were brought out and placed in the box in the
pouch. At the end of surgefy the dog was allowed to

breathe spontaneously and the trachea was extubated.
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5.2.2 Animal care

The dogs were housed in the Animal ' Care Center,
Vanderbilt  University Medical School, in' individual
kennels. All the dogs were fed daily with the same brand
of tinned dog meat and biscuits. The dbgs were fasted
overnight before the first study day, but had free
access to water. They were fed on completion of the

study period on days 1 and 2 and again fasted overnight.

During the study period on Days 1 and 3 of the first
two studies the dogs were in a restraining sling. For
the subsequent studies they were in a small cage which

allowed them to lie down.
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5.3 Anaesthesia

5.3.1 Induction

A standard induction routine was used in all the
groups receiving anaesthesia. Anaesthesia was induced
with thiopentone (6-8 mg/kg), the trachea intubated with
an 8.0 cuffed endotracheal tube and the lungs ventilated
using an Ohio 800 Ventilator. Ventilation was initially
set at 10 ml/kg and adjusted in accordance with the
end-tidal Cco2 as described below. Anaesfhesia was
maintained with the volatile agent in oxygen. The
concentration of inhalational agent was adjusted to
twice minimum alveolar concentration (2 MAC). The MAC
value for dogs for each agent was taken from published
comparative data (311). In group 5, in addition to the
fentanyl, anaesthesia was maintained with 66% nitrous

oxide in oxygen.

Comparative MAC concentrations (%) in dogs and man (311)

dog man
Halothane 0.86 0.77
Isoflurane 1.28 1.15
Enflurane 2.1 1.68
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Maintenance

5.3.2 Group 2 Halothane

Following induction of anaesthesia the lungs were
ventilated with halothane 2.0 MAC (1.72% for dogs) in
oxygen. End tidal halothane concentrations were measured
by gas chromatography. The chromatogram was calibrated
on the morning of each study by injection of known
prepared concentrations of halothane in the range 0-5%.
End-tidal gas samples were aspirated into a 30ml glass
syringe from a sealed port on the endotracheal tube.
This was done at 15 min intervals until a stable 2 MAC
concentration was obtained (approximately 1 hour) and
then at hourly intervals until the end of anaesthesia.
The total time of halothane anaesthesia was calculated
in terms of MAC-hours. An Engstrom Emma analyser was used
in addition to the gas chromatography in the first three
dogs studied in this group but it was found to be not as
accurate as the gas chromatography. Anaesthesia was
maintained for two hours before the administration of
propranolol to allow stable haemodynamic conditions and '

continued throughout the four hour study period.
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5.3.3 Group 3 Isoflurane

Anaesthesia was maintained in this study with
isoflurane 2.0 MAC (2.55%) in oxygen. End tidal
isoflurane concentration was measured by gas
chromatogréphy as described above. Two hours of
anaesthesia were administered before the propranolol was
given and anaesthesia maintained until the end of the

study. The total MAC-hours of anaesthesia was measured.

5.3.4 Group 4 Enflurane

In this group maintenance of anaesthesia with
enflurane 2.0 MAC (4.2%) was attempted initially.
However, it proved difficult to maintain cardiovascular
stability at this concentration and extreme hypotension
resulting in death occurred. It was decided to maintain
anaesthesia with enflurane 1.5 MAC (3.15%) in oxygen in
this group. End tidal concentration was measured by gas
chromatography. Two hours of stable anaesthesia was
;dministered before the propranolol was given and
énaesthesia was maintained until the end of the study

period.
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5.3.5 Group 5 Fentanyl - Atracurium-Nitrous oxide

In this group, following endotracheal intubation, the
lungs were ventilated with nitrous oxide (66%) in
oxygen. Muscle paralysis was achieved with atracurium
using an initial dose of 0.3 mg/kg and subsequent bolus
doses of 0.1 mg/kg every 20 min. Immediately after
tracheal intubation an infusion of fentanyl was started.
An initial short pilot study of infusions of fentanyl
based on the regimens described by Murphy and Hug (312)
-was used to establish a suitable dosage. It was
established that a two rate infusion, 0.75 pg/kg/min for
20 min then 0.22 pg/kg/min for the remaining study
period, produced a suitable anaesthetic staté. That is,
there was no response to an external stimulus of paw
pressure in a dog which had received no muscle relaxant.
This regimen was used for the study. Anaesthesia was
maintained for one hour before propranolol
administration and continued until the end of the four
hour study period. At the end of anaesthesia the
fentanyl infusion was stopped and no further atracurium
given. The dog was then allowed to recover consciousness
and resume spontaneous ventilation before extubation of
the trachea. The total dose of fentanyl and of

atracurium was recorded.
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5.3.6 Monitoring

In all the study groups ventilation was initially éet
to a tidal volume of 10 ml/kg. This was adjusted to
maintain an arterial pCO2 within the range of 4.6 - 5.5
kPa on the basis of regular arterial blood gas
measurements. Blood gas measurement was performed using
a Corning automatic blood gas analyser which was
calibrated each morning before the start of the study.

Arterial blood pressure was monitored continuously
throughout anaesthesia by a pressure transducer and

monitor attached to the femoral arterial cannula.
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5.4 Drug administration and blood sampling

5.4.1 Drug administration

The administration of the unlabelled and labelled
propranolol was‘performed in an identical manner on each
study day. On days 1 and 3 the dog was allowed to settle
in the cage for 20 - 30 min before drug administration.
On déy 2, two hours of anaesthesia with a volatile agent
or one hour of fentanyl anaesthesia was completed before
the drugs were given.

The unlabelled propranolol was given into the portal
vein over a 10min period using a constant rate infusion
pump. In all the studies 40mg of propranolol was used,
with the exception of the enflurane study where 20mg
were given. The smaller dose was used in the enflurane
study to minimise the potentiation of the cardiovascular
effects of the two drugs. At the start of the portal
infusion, the labelled propranolol was given by Bolus
injection into the femoral vein. In all studies a dose
of 200uCi of H3 -propranolol was used. The specific
activity of this:drug'ﬁas 67 ﬁci/mg, oniy some 3ug of
propranolol was given intravenously. Both cannulae
(portal and femoral vein) were flushed with 20ml saline

at the end of injection.
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5.4.2 Blood sampling

An identical protocol for blood sampling was followed
on each day in all of the studies. All blood samples
were taken from the femoral arterial cannula. The
samples were taken over a four hour period. A blank
control sample was taken each day before the propranolol
administration as was a sample for measurement of plasma
binding of propranolol. Following injection of the
propranolol, 8ml of arterial blood was withdrawn every
5min for the first hour and then every 15min over the
next three hours. The blood was centrifuged for 10 min
at 3000rpm and the plasma separated off and stored
" frozen at -20°C for subsequent measurement of plasma
propranolol and Hé—propranolol concentrations. Each
blood sample was replaced by 20ml Hartman’s solution to
maintain blood volume. The analytical methods are

described separately.
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5.5 Human study

5.5.1 Outline

This study compared the effect on hepatic blood flow
and hepatic enzyme activity of cimetidine and enprostil.
Nine volunteers were enrolled into a Latin Square design
study involving three treatments, that is the
administration of cimetidine, enprostil or placebo each
for six days. The drugs were administered in a
double-blind randomised fashion. There was a seven day
washout period between each treatment. On the fifth day
of each treatment hepatic blood flow was measured by the
indocyahine green extraction method. On the sixth day
hepatic blood flow and hepatic enzyme activity were

measured by the dual route propranolol method.

5.5.2 Subjects

Nine male subjects of mean age 23.2 +/- 3.3 years
(+/- sD) and mean weight of 73.8 +/- 9.3 kg were
enrolled into this study. All subjects had an
essentially negative past medical history, a normal
physical examination and normal haematological and

biochemical profile. No other drugs, alcohol or tobacco
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1S

were taken throughout the study period. Written informed

consent was obtained from all subjects.

Each subject received, in a random order, six days
treatment with each of the study drugs. A washout period
of at least 8 days was observed between each treatment.
The study drugs were enprostil 70ug (two 35ug capsules),
cimetidine 600mg (two 300mg capsules) and placebo
capsules. Enprostil is presented as a soft gelatin--- -
capsule and cimetidine in hard capsule form. Therefore,
in order to maintain the blinding of the study, each
dose consisted of two gelatin and two hard capsules.
That is 2 enprostil / placebo soft capsules plus 2
cimetidine / placebo hard capsules.

The dose schedules were ;

enprostil - 2 35ug enprostil soft capsules plus 2
placebo hard capsules b.d. for six days,

cimetidine - 2 300mg cimetidine hard capsules plus 2
placebo soft capsules b.d. for six days and

placebo - 2 placebo hard capsules plus 2 placebo soft
capsules b.d. for six days.

The drugs were administered at 8am and 8pm on the six

study days.
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5.5.4 Indocyanine green study

Hepatic blood flow was calculated for each subject
using the indocyanine green method on the morning of the
fifth day of each study period. Following an overnight
fast, the subjects took their morning medication and
reported to the study centre. After one hour lying
supine to achieve basal conditions, they were given a
dose of 0.5mg/kg indocyanine green by rapid (10 sec)
bolus injection into an antecubital vein. Blood samples
were taken from a vein in the contralateral arm at -1,
1,2,3,4,5,6,7,8,10,12,15 and 20 minutes following
injection. These samples were heparinised and
centrifuged at 3000 rpm for 30 min.

The plasma ICG concentration was then measured
immediately using a Beckman spectrophotometer with
absorbance set at 810nm. On each occasion a calibration
curve was constructed using the subjects own plasma (-1
min sample). The clearance of ICG from the plasma was
estimated from the slope (K) of the plot of the
logarithm of the plasma ICG concentration against time,
extrapolated to zero time'concentration (Cp0) . This was
then applied to the equation :

Clearance = K. Dose
CpO

The blood clearance, which was considered equivalent
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to the hepatic blood flow, was obtained by correcting
the plasma clearance for the haematocrit, which was

measured at the time of study.

5.5.5 Propranolol

Hepatic blood flow was calculated using the dual
route propranolol method on the sixth day of each study
period. The subject took the final (morning) dose of the
drug, again after an overnight fast, and reported to the
Clinical Research Center. After a 30min rest period 80mg
of propranolol was taken orally and simultaneously 50nCi
H3- propranolol was injected intravenously. Blood
samples were taken before the propranolol and at 5,15
and 30min and 1,2,3,4,5,6,7 and 8 hours after the
propranolol. The samples were centrifuged and the plasma
separated off and stored for analysis of propranolol and
H3- propranolol concentrations as described below. A
sample was also taken before the propranolol
administration for determination of the plasma binding
of propranolol by equilibrium dialysis. The subjects
‘were allowed to eat after the 4 hour sample had been
taken. Blood presSure and heart rate were measured at

hourly intervals during the study.
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5.5.6 Side effects

All subjects were questioned at the end of each phase
as to any side effect they had noticed which may have
been attributed to the study drug. An haematology
screen, consisting of full blood count and differential
white cell count, and a biochemical screen, consisting
of urea, electrolytes and liver function tests. (SMAC
18), were taken before starting and at the end of each

phase.

5.5.7 Summary

Day 1 - 6 Phase 1 - ICG study on day 5,
propranolol study on day 6

Day 7 - 14 Washout period

Day 15 - 20 Phase 2 - ICG study on day 19,
propranolol study on day 20

Day 21 - 28 Washout period

Day 29 - 34 Phase 3 - ICG study on day 33,
propranolol study on day 34
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5.6 Drug Analysis

5.6.1 Propranolol Assay

Propranolol concentrations were measured in plasma by
a high pressure 1liquid chromatography (HPLC) method.
Each plasma sample was prepared and analysed in
duplicate. A mean value of the two samples was used for
all calculations. The mobile phase for the HPLC was
prepared daily and consisted of : 450ml acetonitrile,
600ml distilled wéter, 10ml glacial acetic  acid and
0.15ml1 -triethylamine. The mikture was de-aerated for
40min wusing a sonicator. These reagents and all others
used in this method were purchased from Burdick and
Jackson Inc and had been prepared by distillation in
glass. The intern&l standard was N-ethyl-propranolol. A
standard propranolol solution containing 4ng/ml
propranolol hydrochloride was prepared for calibration

of the system.

A standard calibration curve was run at the start and
finish of each batch of samples. This was prepared as

follows ;
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Propranolol conc. 0 25 50 100 200
(ng/ml)

plasma 1 1 1 1 1
(ml)

standard propranolol O 6.25 12.5 25 50
(nl)

Internal standard 0 100 100 100 100
(nl)

Distilled water 500 175 150 100 0]
(nl)

The samples for analysis were initially defrosted to
room temperature. 1ml of the plasma was transfered to a
17ml culture tube and 100ul of internal standard and 1ml
k“iﬁ. sodium hydroxide added and the tube vortexed. 8ml of
1.5% isoamyl alcohol in heptane was then added and the
mixture shaken for 5min then ceﬁtrifuged at 1400rpm for
l0min. 7ml of the organic layer was then transfered to
another tube and blown down with nitrogen to dryness in
a 50°C water bath. The solute was then reconstituted by
addition of 200ul methanol for injection into the HPLC
system (313). A volume of 50ul was injected onto the
HPLC for analysis.

This method showed excellent reproducability with a
1-3% within day variability and serial analysis over the
duration of all the analysis for the studies using the
same plasma produced a varaibility of 3-7%. The pooled
calibration samples for the human study demonstrated
reproducability and linearity with a correlation

coefficient of 0.999, slope of 0.352 and intercept of
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-0.022.

5.6.2 HPLC systenm

The HPLC system was based on a Waters WISP 710A
programmable autoinjector and pump which was linked to a
Waters Data Module cosisting of an analyser and printer.
The column was a Waters Bondapak Cl8 (250 x 4.6mm, 10p).
The fluorometric detection used a Schoeffel FS970
Fluoromonitor set at 228nm with a 295nm interference
filter. The flow rate through the system was 2ml/min.
The retention time for propranolol was around 6émin and
8min for the internal standard. The output of the
detector was recorded on a dual channel recorder (Linear
Instruments Corp.). The propranoiol concentration was
calculated, by the analyser, from the peak height ratio
of the propranolol and internal standard. A 1linear
regression was calculated between the height of the
propranolol peak for the Xknown concentrations in the
calibration curves and the corresponding internal
standard peaks. The unknown concentrations of
propranolol were calculated by dividing the peak height
of the propranolol trace by the slope of the linear

regression.
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5.6.3 Scintillation counting

The 3H-propranolol ’concentrations were calculated by
collecting the effluent of the HPLC throughout the
period of each individual sample fun during which the
propranolol would appear in it. The retention time of
the tritiated propranolol was similar to that of
unlabelled propranolol. The collection of the effluent
was done manually from the 5th to 7th minute of each
sample run, as the retention time of propranolol was 6
minutes. The 4ml of effluent was then made up to 10ml
with Unogel liquid scintillation counting fluid (Schwarz
Chemicals). The radioactivity in each sample was then
counted for ~10min in an Isocap 300 scintillation
spectrometer. This pro&uced a measure of the
3H-propranolol concentration in dpm/ml (dpm =

disintegrations per minute) (292).

5.6.4 Measurement of drug binding

- The unbound fraction of propranolol in plasma was
measured by equilibrium dialysis. This technique
utilises. the equilibration across a semi-permeable
membrane of a protein-free phosphate buffer and a plasma
-sample which has a known amount of radio-labelled drug

added to it. The free fraction is equal to the
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concentration in the buffer divided by the concentration
in the plasma.

The buffer was prepared by adding 197ml 0.066M KH2PO4
and 803ml 0.066M Na2HPO4.7H20. The pH of the solution
was adjusted to 7.4. The equilibration cells were
prepared by placing the moistened semi-permeable
membrane between the two ports. 1ml of buffer was placed
in one port and 1ml of plasma which had been mixed with
100ul of 3H-propranolol was placed on the other. The
sealed cells were allowed to equilibrate for 4hours in a
water bath at 379C. After equilibration 100ul of each
solution was added to separate scintillation vials with
10ml of Unogel scintillation fluid (Schwarz). Each vial
was scintillation counted for. 10min and the dpm
calculated (314,315).

% free propranolol = dpm of buffer
dpm of plasma
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5.7 Calculations

5.7.1 Dose of drug injected

The dose of propranolol administered was calculated
by weighing the syringe before and after injection. The
propranolol was supplied at a concentration of 1mg per
Iml. The dose given (mg) was therefore equal to volume
(ml) which in turn was equal to the difference in weight
between the full and empty syringe.

The dose of H3-propranolol was calculated from the
concentration of and volume of drug injected. The
concentration was calculated by storing a small aliquot
of the fluid injected until the propranolol
concentrations for that specific study were being run on
the HPLC. A known quantity of this fluid (50ul) was then
added to each of the calibration samples for that run.
This involves eight samples, four at the start of the
run and four at the end. The eluent from these samples
was collected and scintillation counted as described
above. iThe mean count (dpm) of ﬁhe eight'samples of
known volume was used to calculate the total amount of
drug administered by measuring the volume injected as
described above. This method of calculation accounts for

any decay that may occur while stored between injection
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and measurement and, as the aliquot is put through the
same extraction procedure as the samples, any

contaminants, such as tritiated water, will be removed.

5.7.2 Area under the time-concentration curve

The area under the time concentration curve (AUC) was
calculated for the propranolol and H3- propranolol for
each subject on each day. This was calculated using the

log-trapezoidal method on the Clinfo data handling

package. This programme required an elimination constant

to extrapolate the curve to infinity and therefore give
an AUC to infinity. This was done with a curve fitting
ﬁrogramme on the University DEC-10 mainframe computer.
Each time-concentration curve was drawn out by hand on
log graph paper. This allowed exclusion of any obvious
outlying data points from the curve fit. The programme
derived the elimination constant by linear regression

analysis.

The calculation of these four basic values ; the
iﬁtravenous doseu of propranolol, the portal dose of
propranolol and the areas under the time- concentration
curves for the two routes of administration, allowed
calculation of all the pharmacokinetic parameters. This

included the systemic and portal clearance, the hepatic
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extraction ratio, biocavailability, the elimination

half-life, the volume of distribution and the hepatic

plasma flow.
5.7.3 Clearance

Propranolol clearance following intravenous or

systemic administration (Cls) was calculated as :

AUCiv (1)

where Xdiv is the dose of labelled propranolol
administered intravenously and AUCiv is the area under
the time concentration curve calculated by the
trapezoidal rule for the intravenous labelled
propranolol.

The clearance of the unlabelled propranolol
administered into the portal vein (Clp) was calculated
as :

Clp = Xdp
AUCp (2)

where Xdp 1is the dose of unlabelled drug administered
into the portal vein and AUCp is the area under the time
concentration curve for the unlabelled drug.

As propranolol is only metabolised in the liver and
was injected into the portal vein, which is equivalent

to 100% absorption following oral administration, the
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apparent clearance of the portally administered
propranolol (Clp) 1is numerically equal to the total

intrinsic clearance (Clint).

Thus Intrinsic clearance (Clint) = Clp = _Xdp
AUCp

5.7.4 Hepatic extraction ratio

The hepatic extraction ratio (E) and biocavailability (F)

were calculated from the formulae ;

F = Cliv
CIp
and
F = (1-E)
5.7.5 Elimination constant and half life

The elimination rate constant (k ) was calculated by

linear . regression analysis as described above and

.
T1/2iv as
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5.7.6 Volume of distribution

The apparent volume of distribution (Vb) was

calculated as :

Vb = Cls
k
5.6.7 Hepatic plasma flow

The hepatic plasma flow (Q) was calculated as follows
By definition, following intraportal administration of a
of dose (Xdp), the amount of the drug entering the

drug
‘equal to XdpF where F is the

systemic circulation is

fractional systemic availability.

Thus :

Cls = XdpF
AUCp (3)

But as Xdp/AUCp = Clp (equation 2) , and by definition

F=1-E where E is the hepatic extraction ratio :

Cls = (1-E)Clp (4)

QE , where Q =

Also by Fick’s principle : Cls

apparent hepatic plasma flow.
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Thus substituting for E in equation 4 :

Q = Cls.ClE
Clp - Cls

Therefore by
1 and 2):

substituting for Clp and Cls (Equations

Hepatic plasma flow = Xdiv.Xd
AUCivXdp - AUCpXdiv
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5.8 Statistical analysis

All data were stored on file on the Clinfo computer
and in hard copy. The Clinfo system is an IBM based data
handling system designed for medical and biological
sciences. The package allows the construction of large
spreadsheets for data storage and handling. It also
provided basic mathematic functions and descriptive
statistics as well as a wide range of parametric and
non-parametric statistics. ‘ )

In all the dog studies, for each group statistical
comparisons between the 3 study days were performed
using analysis of variance. Where this was significantly
different (p<0.05) Student’s t-test for paired data was
carried out.

In all tests the level of significance was taken as
pP<0.05.

Comparison between the Groups was also by ANOVA and
any significant differences were then subjected to a
Mann-Whitney Test.

The demographic values for each study are presented
as means and standard deviations. The calculated results
for each study are presented in full, and as mean values
with standard error of the mean.

In the human study comparison of the three drugs was
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by ANOVA. Where differences were found Student’s t-test

for pair data was used to compare the groups.

5.9 Ethical considerations

All the dog studies had received the approval of the
Vanderbilt University Medical School Research Ethical
Committee. The care and kenneling of the dogs was
supervised by the Vanderbilt Animal Care Center, which
“complies with national animal care standards and is
inspected annually for compliance with regulations.

The enprostil study had been approved by the Research
Ethical Committee and was run, in conjuncfion with
Syntex Research, in accordance with the regulations of
the United States Food and Drug Administration for new
drugs. All the participants in the study had received a
full verbal and written explanation of the study and had

given written consent (Appendix).
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Chapter 6

Thesis Results

Control

Halothane

Isoflurane

Enflurane

Fentanyl

Comparison of anaesthesia groups

Enprostil and cimetidine study
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6.1 Control group

Three male mongrel dogs, of mean weight 22.3 +/-
3.6kg, were studied on three consecutive days without
anaesthesia. The mean plasma concentrations for the
portally administered propranolol are shown against time
in Figure 3 and thét for the intravenous 1labelled
propranolol in Figure 4.

There were no significant differences in systemic
clearancé, hepatic plasma flow or plasma halflife on the
three days. The intrinsic c¢learance, however, fell on
Day 3 for two of the dogs. The individual values for the
drug doses and derived data ére shown for each day in

Tables I-III , and the mean values (+/-SD) in Table IV.
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Figure 3

Time — concentration curves for
control study
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Figure 4

Time — Concentration curves for

~ control study
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Symbols used in Tables

Dosep Dose of unlabelled propranolol given into
portal vein

AUCp Area under time-concentration curve to
infinity for portally administered drug

Dosej, Dose of 3H-labelled propranoclol given
intravenously ‘

AUC,, Area under time concentration curve to
infinity for intravenously administered drug

Clin¢ Intrinsic clearance of propranolol

Clg Systemic clearance of propranolol

H.P.F. Hepatic plasma flow calculated by
dual-route method

Ti\2; Half life of intravenously administered
propranolol

Vb Apparent volume of distribution .

ER Hepatic extraction ratio

% free Percentage of unbound propranolol



Table I

Control sStudy Day 1

DOG NO. 1 2 3
Dosep. 3.93 3.95 3.94
(ng 107)

AUCp 1.93 1.55 1.82

(ng.min.103)

Doseiv 1.89 2.04 2.00
(dpm.10%)
AUC, 3.16 3.11 3.49

(dpm.min.los)

Cli,¢ 2040 2550 2150
(ml.min'l)

c1g 600 660 570
(ml.min—l)

H.P.F. 850 880 780
(ml.min"1)

T1/2;, 54 38 .119
(min)

Vp 47 36 98
(litre)

E.R. 0.70 0.74 0.73

% free 6.8 4.8 10.6



Table II

Control Study Day 2

DOG NO. 1 2 3
Ddsep 3.92 3.93 3.94
(ng 107)

avc, 2.62 1.86 1.69

(ng.min.103)

Dose; ., 1.86 2f20 2.05
(dpm.10%)

AUC; 3.04 2.60 3.70
(dpm.min.los)

Clint 1490 2110 2320
(ml.min"1)

cig 610 850 550
(ml.min'l)

H.P.F. 1030 1410 730
(ml.min_l)

T1/2;, 58 42 72
(min)

p 51 53 57
(litre)

E.R. 0.60 0.64 0.74

% free 7.8 5.0 7.2



Table III

Control Study Day 3

DOG NO. 1 2 3

DoseP 3.94 3.91 3.96

(ng 107)

AUCP 2.86 2.42 2.91

(ng.min.103)

Dose; 2.07 2.07 2.07
~ (dpm.108)

AUC; 3.15 3.78 3.05

(dpm.min.10°)

C1int 1380 1610 1360
(ml.min'l)

Cls 650 550 580
(ml.min"1)

H.P.F. 1250 830 1340
(ml.min"1) |

T1/25 55 47 94
(min)

Vg 52 38 92
(litre)

E.R. 0.53 0.66 0.58

% free 7.6 5.2 5.5



Table IV

Control study
Mean values (SD)

DAY 1 2 3

Cl;nt 2250 1980 1450
(270) (420) (140)

(ml.min"1)

clg 610 670 590
(40) (150) (55)

(ml.min'l)

H.P.F. 840 1060 1140
(50) (340) (270)

(ml.min'l)

T1/2;, 70 57 65
(24) (18) (13)

(min)

vy 60 54 61

. (30) (3) (25)

(litre)

E.R. 0.73 0.65 0.60
(.02) (.08) (.07)

% free @ 7.4 6.7 6.1

(2.9) (1.4) (1.3)



6.2 Halothane Anaesthesia

Six male mongrel dogs of mean weight 22.9 +/- 4.5 kg
were studied.

The mean plasma concentrations of the portally
administered propranolol at each time point on the three
study days are shown in Figure 5. This shows an increase
in the propranolol concentration and a slowing of the
rate of elimination during anaesthesia when compared to
the pre-anaesthetic values. These changes are still
evident at 24 hours after anaesthesia.

The mean plasma éoncentrations of the H3- labelled
propranolol on the three study days are plotted against
time in Figure 6. This also demonstrates an increase in
plasma propranolol concentration and decreased
elimination rate during halothane anaesthesia which has
not returned to pre-anaesthesia values 24 hours later.

The individual values for each study day are shown in
Tables ‘V-VII and the mean yalues for each day in Table
:VIII. ‘'The changes in the mean values for intrinsic
cleérance, systemic clearance and hepatic plasma flow
are shown in Figure 7.

The intrinsic clearance of propranolol, that is the

clearance of the portally administered drug, had a mean
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value of 2110 +/- 298 ml.min on Day 1. This decreased
by 62% to 799 +/- 233 ml.min  during halothane
anaesthesia and was still decreased by almost 50% to
1095 +/- 331 ml.min' on Day 3.

The systemic clearance of propranolol, the clearance of
the 1labelled intravenous drug, had a mean value of 470
+/=- 33 ml.min  on Day 1. This decreased by 40% to 280
+/- 38 ml.minﬂ during anaesthesia and had recovered to
333 +/- 57 ml.min' on Day 3.

The mean elimination half-life of the intravenously
administered propranolol was  increased from 87 +/- 12
min on Day 1 to 155 +/- 23 min during anaesthesia and
- returned to 94 +/- 12 min on Day 3.

The hepatic extraction (E) of propranolol was
decreased from a mean value of 0.75 +/- 0.04 on day 1 to

0.59 +/- 0.05 on Day 2 and 0.60 +/- 0.07 on Day 3. This

resulted in an increased bioavailability (1 - E) of
propranolol.
The volume of distribution did not change

significantly throughout the study period.

The plasma binding of propranolol was reduced
significantly during anaesthesia resulting in an
increase in the free fraction from a mean of 7.1 +/-
1.0%5 on Day 1 to 9.6 +/- 1.4% on Day 2 and returning to
8.1 +/- 0.9% on Day 3.

The calculated ’hepatic plasma flow demonstrated a

non-significant decrease from a mean value of 642 +/~ 80
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-} ]
ml.min on Day 1 to 473 +/- 47 ml.min on Day 2 and
-1
returning to 583 +/- 83 ml.min on Day 3.
The mean duration of halothane anaesthesia was 11.7
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Figure

propranolol concentration (ng/ml)
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Figure 6 HALOTHANE

Time — Concentration curves for
IV propranolol
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TABLE V

Halothane Study day 1

DOG NO. 1 2 3 4 5 6
DOSGP 3.80 4.06 - 4.03 3.97 4.00 3.98
(ng 107)

AUCP 1.78 2.23 2.75 2.61 1.75 1.16

(ng.min.104)

Dose; 1.28 1.28 1.67 1.73 1.42 1.77
(dpm.108)
AuCy 2.40 3.59 3.52 2.88 3.13 4.09

(dpm.min.lOS)

Clint 2130 1820 1460 1520 2290 3440
(ml.min"1)

Cls 510 360 470 600 450 430
(ml.min"1)

H.P.F. 660 440 690 990 570 490
(ml.min'l)

T1/2;, 58 128 70 61 97 110
(min)

Vb 44 66 47 53 63 68
(1itre)

E.R. 0.76 '0.80 0.68 0.61 0.80 0.87

% free 5.9 7.1 5.1 4.5 9.4 10.8



TABLE VI

Halothane sStudy Day 2

DOG NO. 1 2 3 4 5 6

ADOSEP 4.05 3.98 . 3.99 4.08 3.97 3.96
(ng 107)
AUCP 2.09 7.83 1.37 4.73 5.92 7.41

(ng.min.104)

Dosej,, 1.10 1.36 1.52 1.72 1.71 1.67
(dpm.108)
AUC; 2.21 4.87 1.02 5.72 5.74 7.54

(dpm.min.los)

Clint 1900 510 290 860 700 530
(ml.min'l)
Cls 430 280 150 300 300 226
(ml.min'l)
H.P.F. 560 620 310 460 580 380
(ml.min~1)

' Tl/2iv 73 209 182 83 135 218
(min)
Vb 73 84 39 36 58 70
(litre)
E.R. 0.77 0.45 0.49 0.65 0.58 0.59

% free 8.8 7.8 6.3 7.9 11.7 15.7



TABLE VII

Halothane Study Day 3

DOG NO. 1 2 3 4 5 6
Dosep 4.19 4.02 3.87 3.97 3.91 3.99
(ng 107)

: AUCP 1.76 6.60 5.54 7.38 2.06 8.27
(ng.min.104)
Dosej ., 1.33 1.43 1.81 1.42 1.03 2.05
(dpm.los)
AUCiv 2.19 5.55 5.36 4.90 4.61 7.12
(dpm.min.10°)
C1int 2340 610 700 540 1900 480
(ml.min"1)
Cls 610 260 340 290 220 290
(ml.min'l)
H.P.F. 820 440 650 610 250 720
(ml.min~1)
Tl/Ziv 73 146 70 77 91 107
(min)
Vb . 64 54 33 32 - 29 44
(litre) |
E.R. 0.74 0.58 0.52 0.47 0.88 0.40
% free 8.0 7.9 6.0 5.6 10.8 10.6



Table VIII

Halothane study
Mean wvalues (SEM)

DAY 1 2 3

Cl.: 2110 800F 1100

int
(300) (230) (330)
(ml.min"1)
clg 470 280 330
(30)  (40) (60)
(ml.min'l)
H.P.F. 640 470 580
(80) (50) (80)
(ml.min~1)
T1/2;, 87 155% 94
(12) (23) (12)
(min)
vy, 57 60 43
- (4)  (8) ()
(litre)
E.R. 0.75 0.59% o0.60%
(.04) (.05) (.07)
% free 7.1 9.6 8.1

(1) (1.4) (.9)

* p<0.05 compared with Day 1
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6.3 Isoflurane anaesthesia

Six male mongrel dogs of mean weight 19.2 +/- 3.7 kg

were studied. The duration of isoflurane anaesthesia was
11.2 +/-0.8 MAC hours.
The mean plasma concentrations of the intraportally
administered propranolol are shown plotted against time
in Figure 8. This demonstrates an increase in plasma
concentration of propranolol during anaesthesia which
has returned to the pre-anaesthesia 1level 24 hours
later.

The mean plasma concentrations of the intravenously
administered H3- 1labelled propranoclol are shown in
Figure 9. This shows a similar pattern of change to that
of the intraportal route.

The individual values for each study day are shown in
Tables IX-XI , and the mean values for each day in Table
XII. The changes in the mean values for intrinsic
clearance, systemic clearance and hepatic plasma flow
"are shown in Figure 10.

The intrinsic clearance of propranolol fell by over
50% during anaesthesia from a mean pre-anaesthetic value
of 1552 +/- 210 ml.miﬂq to 723 +/- 50 ml.miﬂ‘ (p<0.05).
On Day 3, this had returned to 1853 +/- 556 ml.miﬁ'
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(NS) .

The systemic clearance of propranolol decreased
significantly from a mean value on Day 1 of 479 +/- 56
ml.min'  to 286 +/- 41 ml.min . during anaesthesia
(p<0.05). This fall of 40% during anaesthesia was not
eVident 24 hours later when the mean value was 454 +/-

-1
51 ml.min.

The mean elimination half-life of the intravenously
administered propranolol was significantly increased
from the Day 1 value of 68.5 +/- 6.7 min to 171.6 +/-
42.5 min during anaesthesia (p<0.05). This had fallen to
84.6 +/- 8.9 min on Day 3. S

The hepatic extraction of propranolol fell from 0.66
on Day 1 to 0.61 on Day 2. These changes are reflected
in the biocavailability.

There was no significant change in the volume of
distribution throughout the study. There was no
significant change in the free fraction of propranolol
during the study.

There was a non-significant decrease in the
calculated hepatic plasma flow from a mean value on day
1 of 884 +/- 304 ml.min to 506 +/- 96 ml.min during

. : _ : : -
anaesthesia and a return to 721 +/- 79 ml.min on Day 3.
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Figure 9 ISOFLURANE

Time — Concentration curves for

propranolol concentration (dpm/ml)
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Table IX

Isoflurane Study Day 1

DOG NO. 1 2 3 4 5 6
Dosep 4.02 3.94 3.92 4.04  3.88 4.00
(ng 107)

AUCp 1.86 3.70 3.28 1.87 2.38 3.66

(ng.min.104)

Dose;y 1.94 1.86 1.48 1.40 1.67 1.32
(dpm.108)
AUC;,, 3.84 2.50 4.21 3.06 3.42 4.43

(dpm.min.los)

Cl;,.¢ 2160 1060 1200 2160 1630 1090
(ml.min"1)

clg 500 740 350 460 490 330
(ml.min"1)

H.P.F. 660 2500 500 580 700 470
(ml.min"1)

T1/24 90 80 53 47 72 70
(min)

Vp 66 85 27 31 51 33
(litre)

E.R. 0.77 0.69 0.70 0.79 0.70 0.70

)

% free  13.0 13.2 8.5 5.7 9.3 11.0



Table X

Isoflurane Study Day 2

DOG NO. 1 2 3 4 5 6
Dosep 4.00 3.93 4.00 4.03 4.21 3,97
(ng 107)

AUCP : 7.33 4.99 6.68 5.21 4.88 5.17

(ng.min.104)

Doseiv_ 1.36 1.87 1.93 1.54 1.40 1.48
(dpm.10%8) o

AUCiv 10.9 4.97 7.07 4.04 6.31 4.17
(dpm.min.los)

Clint 550 790 600 770 860 770
(ml.min"1)

Cls 130 380 270 380 220 330
(ml.min"1)

H.P.F. 160 720 500 750 300 5390
" (ml.min"1)

Tl/Ziv 370 163 111 80 - 170 132
(min).

Vp 67 89 44 44 55 64
(litre)

E.R. 0.77 0.52 0.54 0.50 0.74 0.56

% free 13.9 11.8 9.5 9.0 14.1 12.7



Table XTI

Isoflurane Study Day 3

DOG NO. 1 2 3 4 5
Dosep 3.92 3.91 3;99 4.21 4.26
(ng 107)

AUCp 8.62 2.05 3.15 1.10 2.35

(ng.min.104)

1.77 1.94 1.90 1.72 1.58

Dose;

(dpm. 108)

AUCiv 5.99 3.23 3.82 3.60 3.99
(dpm.min.los)

Cli ¢ 450 1910 1270 3820 1810
(ml.min"1)

Cls 290 600 500 480 400
(ml.min"1)

H.P.F. 850 880 820 540 520
(ml.min~1) |

T1/2;, 100 97 57 70 100
(min)

Yy 43 84 41 49 57
(litre)

E.R. 0.65 0.68 0.60 0.87 0.78

% free 13.1 13.6 8.0 7.9 11.6



Table XII

Isoflurane study
Mean values (SEM)

*
Clint 1550 720" 1850
(210) (50) (550)
(ml.min™1)
Clg 480 290 450
(50) (40) (50)
(ml.min~1) ST
H.P.F. 880 510 720
(300) (100) (80)
(ml.min~1)
T1/2;y 69 172% 85
. (7) (43)  (9)
(min)
Vb 49 60 55
. (10) (7) (8)
(litre)
E.R. 0.66 0.61 0.66

(.07) (.05) (.09)

% free 11.1 11.9 12.1
(.7) (.8) (1.5)

*  p<0.05 compared with Day 1
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6.4 Enflurane anaesthesia

After initial studies with three dogs, which are not
included in the results, it was found to be unsuitable
to administer 2MAC of enflurane as this produced
profound cardiac depression in the dogs. This was of a
much greater magnitude than was found with the other
agents. It was therefore decided to used 1.5 MAC in the
enflurane study as this gave a comparable change in the'
cardiovascular parameters. The dose of propranolol was
also reduced to 20mg given intraportally. This was still
cardiodepreséant and it was felt appropriate to continue
the study for a third day in only two of the dogs.

Five male mongrel dogs of mean weight 20.8 +/-3.0 kg
were studied.

The mean ’plasma concentration of the portally
administered propranolol on the two study days is shown
against time in Figure 11. This demonstrates an increase
in plasma concentration and slowing of elimination of
propranolol during enflurane anaesthesia. The individual
concentration - time curves for the two dogs studied for
a third day are not shown.

The mean plasma concentrations of the H3- labelled

propranolol are shown against time in Figure 12. There
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is again a slowing of elimination and increased
concentration of propranolol.

The individual values for the five dogs studied for 2
days are shown in Tables XIII and XIV, and the values
for the two dogs studied for a third day are in Table
XV. The mean values for days 1 and 2 are shown in Table
XVI. The changes in the mean values for intrinsic
clearance, systemic clearance and hepatic plasma flow
are shown in Figure 13.

The intrinsic clearance of the intraportally
administered propranolol fell significantly from 3749
+/- 880 ml.miﬁq on Day 1-to 1197 +/- 206 ml.miﬁ‘ during
anaesthesia (p<0.05).

The systemic clearance of the intravenously
administered propranolol also fell significantly from
672 +/- 85 ml.min' on Day 1 to 314 +/- 40 ml.min' on Day
2 (p<0.05).

The intravenous elimination half-life was
significantly increased from 59 +/- 6 min on Day 1 to
167 +/- 28 min during anaesthesia (p<0.05).

There was no change in the apparent volume of
distribution but the hepatic extraction fell from 0.80
+/— 0.02 to 0.72.+/4 0.02 during anaesthesia (p<0.05).

The calculated hepatic plasma flow fell significantly
by approximately 50%
from 835 +/- 97 ml.minﬂ on Day 1 to 436 +/- 62 ml.migf

on Day 2 (p<0.05).
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A mean dose of 9.25 +/- 0.58 MAC hours of enflurane was

administered during anaesthesia.
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Figure 11  ENFLURANE

Time — concentration curves for
portal propranolol

~ 1000 - 5 1
A A Gy
£ ‘ — Day 2
> .
CEE
c [ 'ﬁé
2 =7 T
o / T,
— 10047 %
% . \rofl{ T
O ~o T 1
- l§2"'\1-\1
S l e, N LI
™~ NLT
[ N
c NN
S 104 Iy
Q. ] IN
8 ] A
o 54 , . [ l
0 60 120 180 240

Time (min)



Figure 12  ENFLURANE

Time — Concenftration curves for
IV propranolol
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Table XIII

Enflurane Study Day 1

DOG NO. 1 2 3 4 5
Dosep 3.97 1.92 2.05 1.94 2.05
(ng 107)

AUCp 1.63 2.84 1.02 4.07 7.31
(ng.min.103)

Doseiv 1.43 1.86 1.98 1.74 2.10
'~ (dpm.108)

AUC; 2.63 2.22 4.77 2.04 2.95
(dpm.min.los)

Clint 2440 6720 2010 4750 2800
(ml.min"1)

Cls 540 840 420 850 710
(ml.min~1)

H.P.F. 700 260 520 1040 950
(ml.min"1)

Tl/ZiV A53 49 83 61 49
(min)

Vb 41 59 50 76 50
(litre)

E.R. 0.77 0.87 0.79 0.82 0.74
% free 8.2 5.7 6.1 7.6 6.0



Table XIV

Enflurane Study Day 2

DOG NO. 1 2 3 4 5
Dosep 3.98 1.98 1.94 1.94 1.91
(ng 107) .

AUCp 3.50 1.27 3.35 1.12 1.95
(ng.min.104)

Dose; 2.83 2.11 1.82 2.18 2.14
(dpm.108)

AUC, 6.94 5.59 9.95 6.54 7.97
(dpm.min.los)

Clint 1140 1560 580 1730 980
(ml.min"l)

ClS 410 380 180 330 270
(ml.min~1)

H.P.F. 630 500 270 410 370
(ml.min~1)

Tl/2; 141 101 270 159 162
(min)

Vb 83 55 71 76 63
(litre)

E.R. 0.64 0.75 0.68 0.80 0.72
% free 10.8 11.0 10.0 10.5 8.2



Table XV

Enflurane Study Day3

DOG NO. 1 2 3 5

Dosep 2.02 1.93

(ng 107)

AUCP 1.53 5.21

(ng.min.104)

Dose; 2.17 2.07

(dpm.10% o

AUCy 3.20 9.20

(dpm.min.los)

Cl; ¢ 1320 370

(ml.min'l)

Cls 680 220

(ml.min~1)

H.P.F. 1400 570

(ml.min"1)

T1/25, 63 90

(min)

Vo 61 29

(litre)

E.R. 0.48 0.39
7.3 5.8

% free



Table XVI Enflurane study

Mean values (SEM)

DAY 1 2 3
*
Clint 3750 1200
(880) (200)
(ml.min'l)
clg 670  310%
(90) (40)
'(ml.min—l)
H.P.F. 840 4407
(100) (60)
(ml.min'l)
T1/2;, 59 167*
, (6)  (28)
(min)
vy 55 70
, (6) (5
(litre)
E.R. 0.80 0.72%
(.02) (.02)
% free 6.7 10.1*

(.5) (.5)

*  p<0.05 compared with Day 1
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6.5 Fentanyl - Atracurium - Nitrous Oxide

Anaesthesia

Six male mongrel dogs of mean weight 21.3 +/-7.1 kg
were studied.

The mean .plasma concentration of the portally
administered propranolol for each of the three study
days 1is shown against time in Figure 14. This shows an
increase in plasma concentration and slowing of
- propranolol elimination during anaesthesia which is
almost fully reversed 24 hours later.

The mean plasma concentrations of the intravenously
administered H-3 1labelled propranolol are shown against
time in Figure 15. This again shows an increase in
concentration during anaesthesia which has returned to
the pre-anaesthetic level by 24 hours.

The individual values for each study day are shown in
Tables XVII-XIX , and the mean values for each day in
Table XX. The changes in the mean values for intrinsic
clearance, systemic clearance and hepatic plasma flow
are shown in Figure 16. ‘

The intrinsic clearance of the propranolol fell from
a mean value of 1775 +/- 385 ml.min on Day 1 to 664 +/-
95 ml.miﬁd during anaesthesia, a fall of 63% (p<0.05).

-
On Day 3 the mean value of 1649 +/- 445 ml.min was not
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significantly different from that on Day 1.

The systemic clearance of propranolol fell by 35%
from a mean value of 536 +/- 29 ml.miﬁq on Day 1 to 347
+/=- 41 ml.miﬂq during anaesthesia (p<0.05). There was no
significant difference between the Day 3 value of 615
+/- 84 ml.miﬁq and that of Day 1.

The mean elimination half-life of the intravenously
administered propranolol increased from 65 +/- 6 min on
Day 1 to 98 +/- 9 min on Day 2 (p<0.05). On day 3 the
value was 65 +/- 4 min (NS).

The hepatic extraction of propranolol fell from 0.61
+/-0.04 on Day 1 to 0.46 +/-0.03 during anaesthesia and
returning to 0.53 +/-0.08 on Day 3.

The volume of distribution did not change
significantly throughout the study. ‘

The free fraction of propranolol increased from a
mean of 7.0' +/- 0.8% on Day 1 to 8.4 +/- 0.6% on Day 2
(p<0.05) and was 7.8 +/- 0.7% on Day 3 (NS).

The calculated hepatic plasma flow showed a
non-significant decrease of 27% from 1044 +/- 233 ml.miﬁ'
on Day 1 to 762 +/- 99 ml.miﬁ‘ during anaesthesia. The
value for Day 3 was 1253 +/- 194 ml.miﬁ' (NS) .

The mean dose of fentanyl administered was 1.565
+/-0.15 mg and of atracurium 73.0 +/-6.5 mg. The mean

duration of anaesthesia was 5.38 +/-0.08 hours.
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Figure 14
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Figure 15 FENTANYL

Time — Concentration curves for
IV propranolol
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Table XVII

Fentanyl Study Day 1

DOG NO. 1 2 3 4 5 6
Dose, 2.06 3.89 4.01  3.96 3.51 4.01
(ng 107)

AuC, 1.41 1.94 6.49 3.15 3.63 1.42

(ng.min.104)

Dose; 2.42 1.12 1.89 1.67 1.67 1.66

(dpm.108)

AUC; .,

(dpm.min.10°)

3.74 2.04 3.93 2.84 3.55 3.47

Clint 2870 2010 620 1260 1080 2820
(ml.min"1)

Cls 650 550 480 580 480 480
(ml.min"1)

H.P.F. 840 760 2160 1100 840 580
(ml.min™1)

T1/25, 81 66 79 40 68 52
(min)

Vb 76 53 55 34 46 36
(litre)

E.R. 0.78 0.73 0.30 0.54 0.56 0.83

% free 10.3 7.6 5.8 5.1 5.4 5.4



Table XVIII

Fentanyl sStudy Day 2

DOG NO. 1 2 3 4 5 6
Dosep 3.98 3.93 3.90 3.92 3.97 3.92
(ng 107)

AUCP 5.36 6.49 6.35 9.15 7.86 3.62
(ng.min.104)

Doseiv 1.56 1.56 2.54 1.67 1.72 1.51
(dpm.log) .....

AUCiv 4.64 3.99 8.91 6.60 5.94 2.86
(dpm.min.los)

Cline 740 610 610 430 510 1080
(ml.min"1)

Cls 340 390 280 250 290 530
(ml.min'l)

H.P.F. 610 1110 530 620 680 1020
(ml.min"1)

T1/25, 122 85 96 80 129 75 -
(min)

Yy 59 48 39 29 54 57
(litre)

E.R. 0.55 0.35 0.53 0.41 0.43 0.51
% free 8.6 9.8 7.9 7.5- 7.2



Table XIX

Fentanyl Study bay 3

DOG NO. 1 2 3 4 5 6
Dosep 3.92 3.89 3.93 3.94 4.01 3.93
(ng 107)
AUCP 4.62 6.48 1.43 3.21 3.33 1.21
(ng.min.104)
Doseiv 2.06 1.81 2.06 1.68 1.66 1.95
(dpm.108) o
AUCiv 4;08 3.90 3.08 3.09 3.32 1.93
(dpm.min.los)
Clint 850 600 2760 1230 1200 3260
(ml.min"1)
Cls 510 470 670 540 500 1010
(ml.min"1)
H.P.F. 1250 2090 880 980 850 1460
(ml.min'l)
T1/24 71 75 69 50 68 55
(min) |
Vb 51 51 66 39 49 80
(litre)
E.R. 0.40 0.22 0.75 0.55 0.58 0.69
% free 6.0 7.7 7.5 7.2 8.4 6.3



Table XX Fentanyl study

Mean values (SEM)

DAY 1 2 3
*

Cli ¢ 1780 660 1650
(380) (100) (440)

(ml.min’l)

clg 540 350 620
(30) (40) (80)

(ml.min“l)

H.P.F. 1040 760 1250
(230) 100)  190)

(ml.min“l)

T1/25, 65 98* 65
(12) (23) (12)

(min)

vy 50 48 56

, (6)  (5) (6

(litre)

E.R. 0.61 0.46" 0.53
(.04) (.03) (:08)

% free 7.0 g.4* 7.8

(-8) (.6) (-7)

* p<0.05 compared with Day 1
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6.6 Comparison between the groups

The broad effect of all four anaesthetic regimens was
similar. The effect of anaesthesia in the four groups on
the disposition of propranolol as measured by the
intrinsic clearance, systemic clearance, hepatic blood
flow and elimination half-life, is shdwn in Table XI,
where the results are expressed as percentages of thé
control value, ie. the Day 1 value in each group.

The values obtained for intrinsic clearance in all
five studies are compared in Figure 17 and the change in
intrinsic clearance from Day 1 to Days 2 and 3 in Figure
18. The values for systemic clearance are compared in
Figure 19 and tHe change from Day 1 in Figure 20. The
hepatic blood flow is shown in Figure 21 and the change
from Day 1 in Figure 22. The calculated elimination
half-life is shown in Figure 23 for all five groups.

Statistical comparison of the initial values (Day 1)
for all five groups demonstrated no significant
difference between the groups for systemic clearance,
hepatic blood flow and intravenous half-life. ANOVA
demonstrated a difference in intrinsic clearance between
the groups. Subsequent inter-group analysis showed a
significant difference for the values for intrinsic
clearance between the enflurane and isoflurane groups

(p<0.05).

163



The values for intrinsic and systemic clearance and
intravenous half-life on Day 2 were not significantly
different for all four anaesthetic agents, but all were
significantly different from the control group. Hepatic
blood flow in the fentanyl group was significantly
different from the others (p<0.05). The extent of change
from control to during anaesthesia ie Day 1 - Day 2
value, was not significantly different for all four
anaesthetic regimens with respect to intrinsic and
systemic clearance, intravenous half-life and hepatic
blood flow.

A comparison of the values obtained in the halothane,
isoflurane and fentanyl groups on Day 3 demonstrated no
significant difference between the groups for intrinsic
or sysﬁemic clearance. However the hepatic blood flow in

the fentanyl group was significantly greater (p<0.05).
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TABLE XX1

Comparison of effect of anaesthesia

Expressed as percentage of mean Day 1 value

Clint ‘Cls HPF Tl/ziv

DAY 2

Halothane 38 60 73 178
Isoflurane 47 60 58 249
Enflurane 32 47 52 283
Fentanyl 37 65 73 150
Control 88 1098 126 81
DAY 3

Halothane 52 70 90 107
Isoflurane 118 94 82 123
Enflurane

Fentanyl 92 113 . 120 100

Control 66 97 135 91



Figure 17
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Figure 18

Change in Intrinsic Clearance
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Figure 19
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Figure 20

Change in Systemic Clearance
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Figure 21

HEPATIC PLASMA FLOW
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Figure 22

Change in Hepatic Plasma Flow
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Figure 23

~ Intravenous propranolol half—life
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6.7 Enprostil and Cimetidine Study

All nine subjects completed the three phases of the
study.

The mean time concentration curve for the orally
administered propranolol during the three phases,
placebo, cimetidine and enprostil, is shown in Figure
24, The plasma concentration of propranolol was
increased during the <cimetidine phase. The oral
clearance of propranolol was significantly decreased -
during the cimetidine phase to 2072 +/- 261 ml.min  when
compared to the placebo phase value of 4152 +/- 871
m]‘..min‘-l (p<0.05). The value during the enprostil phase,
4272 +/- 652 ml.miﬁq was not significantly different
from the placebo value.

The  time-concentration curve for the intravenous
propranolol on the three study days is shown in Figure
25. The clearance of the intravenously administered H3-
labelled propranolol was also significantly reduced

-1

duing the cimetidine phase to 727 +/- 64 ml.min from

the placebo value of 897 +/- 83 ml.mig' (p<0.05) . The
enprostil value of 917 +/- 58 ml.miﬂq was not
significantly different from the placebo value. The
intravenous half-life of the labelled propranolol was

225 +/- 11 min during the placebo phase. This was
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Figure 24

Time—concentration curve for
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Figure 25

Time—concentration curve for
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significantly increased during the cimetidine phase to
270 +/- 12 min but not significantly different during
the enprostil phase at 213 +/- 10 min.

The individual values for the three study phases are
shown in Tables XXII-XXIV. The mean values for the three
study phases are given in Table XXV. The mean values for
intrinsic clearance, systemic clearance and hepatic
plasma flow are shown in Figure 26.

The decrease 1in oral clearance during the cimetidine
- phase 1is reflected in the increase in biocavailability
which increased from 26 +/- 3 % with placebo to 37 +/-3
% during the cimetidine phase (p<0.05). The enprostil
treatment did not alter the bioavailability
significantly (25 +/- 3%).

The plasma protein binding of propranolol was not
significantly altered by any of the phases. The free
fraction was 13.0 +/- 1.1% during placebo, 13.3 +/- 0.8%
during cimetidine and 12.7 +/- 0.9% during enprostil
phase. |
The calculated hepatic plasma flow using the propranolol
method was not significantly different during the three
phases being 1211 +/- 98, 1167 +/- 93 and 1247 +/- 88
ml,minﬂ ‘during the placebo, cimetidine and enprostil
phasés respectively. The hepatic plasma flow calculated
from the indocyanine green clearance produced lower
values but these were not significantly different

between the three phases (Table XXVI). The values were
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Table XXIIa

Placebo Study Day

Subject 1 2 3 4 5
Doseo 8.0 8.0 8.0 8.0 8.0
(ng 107)

AUCo 2.35 4.78 1.04 1.68 0.90
(ng.min.104)

Dose;,  1.86 1.64 2.00 1.67 1.83
(dpm.108)

AUC; 1.70 2.82 1.54 1.80 1.72
(dpm.min.10°)

Clint 3410 1680 7720 4760 8850
(ml.min'l)

Cls 1100 580 1290 930 1070
(ml.min"1)

H.P.F. 1620 900 1550 1150 1210
(ml.min'l)

T1/2iv 279 273 212 197 184
(min)

E.R. 0.68 0.65 0.83 0.81 0.88
% free 17.6 8.6 16.7 11.0 16.8



Table XXIIb

Placebo Study Day

Subject 6 7 8 9
Doseo 8.0 8.0 8.0 8.0
(ng 107)

AUC, 4.08 4.16 3.22 1.74
(ng.min.104)

Dose; 1.51 1.33 1.78 1.80
(dpm.10%)

auCy, 2.58 2.11 1.90 1.90
(dpm.min.los)

Clint 1960 1930 2480 4600
(ml.min'l)

Cls 5390 630 940 950
(ml.min"l)

H.P.F. 830 930 1510 1190
(ml.min"1)

'I'l/2iv 226 232 213 209
(min)

E.R. 0.70 0.67 0.62 0.79
% free 9.1 12.1 13.2 12.4



Table XXIIIa Cimetidine Study Day

Subject 1 2 3 4 5
Dose, 8.0 8.0 8.0 8.0 8.0
(ng 107)
auc, 2.35 6.72 2.87 2.91 3.97
(ng.min.104)
Dose; 1.88  1.52 1.85 1.93  1.41
(dpm.10%8)

- AuUCy, 1.70 3.29 1.95 2.41 2.37

(dpm.min.los)

Cl;n¢ 3000 1190 2790 2750 2020
(ml.min"1)

Cls 1040 460 950 800 600
(ml.min'l)

H.P.F. 1600 760 1440 1130 850
(ml.min'l)

T1/25, 275 314 248 308 211
(min)

E.R. 0.65 0.61 0.70 0.71 . 0.70

% free 15.6 9.7 l6.6 14.9 11.7



Table XXIIIb Cimetidine Study Day

Subject 6 7 8 9
Dose° 8.0 8.0 8.0 8.0
(ng 107)

AUCO 6.08 6.99 5.06 2.79
(ng.min.104)

Doseiv 1.51 1.62 1.21 1.39
(dpm.108)

AUCiv 2.70 2.56 1.80 1.69

(dpm.min.lOS)

Clint 1320 1150 1580 2870
(ml.min"l)

Cls 570 630 670 820
(ml.min“l)

H.P.F. 990 1410 1170 1160
(ml.min1) |

Tl/Ziv 291 275 291 217
(min)

E.R. 0.57 0.45 0.58 0.71

% free 10.5 12.4 13.4 15.3



Table yy1va Enprostil Study Day

Subject 1 2 3 4 5
Dose, 8.0 8.0 8.0 8.0 8.0
(ng 107)

AUC, 1.08 4.29 1.04 1.48 2.34

(ng.min.10%)

Dose;., 1.81 1.65 2.00 1.56 1.64
(dpm.los)

AUC; _ l.52v 2.82 'l.54 '2.60f 2,13
(dpm.mih.ios)

Cliﬁt 7390 1870 - 5310 5390 3420
(ml.min"1)

Cls . 1190 750 1210 780 820

(ml.min"l)

H.P.F. 1420 1250 1570 910 1070
(ml.min'l)

T1/25, 179 206 195 184 248

(min)

E.R. 0.84 0.60 0.77 0.86 0.76

% free 14.5 13.5 17.1 11.0 8.3



Enprostil Study Day

Subject 6 7 8 9
Dose, 8.0 8.0 8.0 8.0
(ng 107)
AUC, 2.99 3.56 2.19 1.23
(ng.min.104)
Dosej ., 1.81 1.93 1.82 1.42
(dpm.108)
AUC 2.25 2.03 1.94 1.76
(dpm.min.los)
Clint 2670 2250 3650 6500
(ml.min~1)
Cls 810 950 940 810
(ml.min~1)
H.P.F. 1160 1650 1270 920
(ml.min'l)
T1/25, 267 228 210 196
(min)
E.R. 0.70 0.58 0.74 0.88
% free 12.9 10.3 12.6 14.2



Table XXV
Enprostil study
Mean values (SD)

Drug Pla Cim Enp
Clint 4150  2070% 4270
(870) (260) (650)
(ml.min"1)
clg 900 730 920
" (80)  (60)  (60)
(ml.min_l)
H.P.F. 1210 1170 1250
© prop (90)  (°0)  (90)

(ml.min™ )

H.P.F. 620 610 560
icg (40) (50) (30)
(ml.min—l)

*
T1/25 225 270 213
(11) (12) (10)
(min)
E.R. 0.74 0.63* 0.75
(.03) (.03) (.04)
% free 13.0 13.3 12.7

(1.1) (0.8)  (0.9)

*  p<0.05 compared with placebo

Pla Placebo phase
Cim Cimetidine phase
Enp Enprostil phase

H.P.F.prop Hepatic plasma flow propranolol method
H.P.F.icg Hepatic plams flow ICG method



Figure 26
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Table XXVI

Propranclol and ICG

Hepatic plasma flow

Placebo

PROP
1 1620
2 900
3 1550
4 1150
5 1210
6 830
7 930
8 1510
9 1190

mean 1210

sem 90

ICG

720 -

690

490

690

440

490

730

600

740

620

40

Prop - Propranoclol method
ICG - Indocyanine green method

Cimetidine
PROP ICG
- 1600 800
760 760
1440 640
1130 610
850 410
990 410
1410 610
1170 450
1160 760
1170 610
90 50

Enprostil

PROP ICG
1420 730
1250 590
1570 620
910 600
1070 440
1160 590
1650 580
1270 440
920 430
1250 560
90 30



620 +/- 40, 606 +/- 50 and 557 +/- 34 ml.min for
placebo, cimetidine and enprostil phases respectively.

A comparison between the hepatic plasma flow values
calculated by the two techniques was made using the
method of Bland and Altman (316) (Figure 27). This
method is applied to comparison of two ways of measuring
the same variable. In order to avoid‘the possible false
positive correlation inherent in measuring the same
variable, the mean value for each pair of measurements
is plotted against the difference between the same pair.
Applied to this study it demonstrates that the
difference between the value calculated by the ICG and
the propranolol method increases as hepatic plasma flow

increases.
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Figure 27
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7.1 Dog studies

The disposition of propranolol was altered markedly
during anaesthesia. The degree of change was similar
during all four anaesthetic regimens. The changes were
still present 24 hours after halothane anaesthesia but
had returned to control values in the other study
groups.

The principal finding of these studies was the marked
inhibition of intrinsic clearance that occurred during
anaesthesia. The fall was of similar magnitude (35-50%'
of control) with all four anaesthetic regimens. As
propranolol undergoes only oxidative metabolism in the
liver, this represents an inhibition of the activity of
'the hepatic cytochrome P450 enzymes by the anaesthetic
agents. The mechanism of this inhibitory action is not
immediately apparent. To explain this action several
potential mechanisms must be considered including a
direct effect of the anaesthetic agents on the hepatic
enzynes, the effect of the anaesthetic state on the
local environment of the hepatocytes and cellular

hypoxia. These possibilities will be addressed.
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7.1.1 Action on enzymes

The inhibition of the metabolic breakdown of a drug
by the hepatic oxidative enzymes due to the action of
another drug was described first nearly 30 years ago
(317,318). Since these first studies many inhibitory
interactions have been described. For example, a large
study by Kato and colleagues (319), using five test
substrates including pentobarbitone, hexobarbitone and
meprobamate, demonstrated the inhibitory action of some
20 compounds and drugs on oxidative drug metabolism.
More recently, the H2- receptor antagonist cimetidine
has been shown to have an inhibitory action on the
oxidative metabolism of many drugs. In anaesthesia an
early study in this area of research demonstrated
inhibition of pentobarbitone metabolism in rats both in
vitro and in_vivo by anaesthetic concentrations of
diethyl ether (320). This inhibitory effect on oxidative
reactions has been demonstrated using the halogenated
agents both 1in vitro with a rat hepatocyte preparation
exposed to halothane (10) and in vivo in rats during -
eXPOsuré to halothane and iSoflurane using the
aminopyrine breath test (20).

At a cellular level, the mechanism of this action has
not been established. The potential modes of action for

an inhibitor of microsomal enzyme function have been
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outlined by Netter (321). These can be divided broadly
into binding and chemical actions.

The possible actions due to binding include ;

a) binding of the inhibitor to the haem molecule and,
therefore decreasing the oxygen binding capability. This
effect is found with the inhibitor metyrapone (322).

b) competition between a substrate and the agent for the
substrate binding site. This has been demonstrated for
many inhibitors.

c) the reaction produces a metabolite which exhibits
prolonged binding to the active site. This has been
demonstrated with piperonyl butoxide (323).

The chemical actions on the microsomal enzyme system
may include ;

a) 1inactivation of cytochrome P450 by transformation to
cytochrome P420.

b) interference at a molecular 1level with the normal
reactions involved in drug oxidation by inhibition of
P-450 reduction

c) diversion of electrons from NADPH.

Competition for the substrate binding site is the
‘most commonly described mechanism of drug interaction
'resulting in inhibitioh of metabolism and must be
considered, therefore, as a possible explanation. It is
interesting to note that, despite a very similar effect
on propranolol metabolisn, there is considerable

difference in structure between the volatile anaesthetic
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agents and fentanyl. However, the dfugs and compounds
known to cause inhibition of the hepatic oxidative
enzymes show an even more diverse range of chemical
structure (324). The halogenated ether anaesthetic
agents enflurane and methoxyflurane have been shown to
bind to cytochrome P450 (325). A property which is
common to all four agents used in these studies is lipid
solubility. This will allow these compounds to pass
easily across the cell membrane into the cell and hence
to the enzyme sites in the microsomes. It is possible
that all of the agents may exert a similar effect on the
microsomes which either inhibits the wuptake of the
substrate into the microsome or denies the substrate
access to the enzyme site. This would be supported by
the studies of Mather and colleagues (326) using a sheép
model. They have noted that halothane anaesthesia causes
a decrease in pethidine clearance Dbut that
bromsulphthalein clearance measured at the same time was
unchanged despite a fall in hepatic blood flow. This may
be explained by the different mechanisms involved in the
elimination of pethidine and bromsulphthalein by the
liver. Small basic drugs 1like pethidine enter the
hepatocyte in their unbound form by diffusion down a
concentration gradient and undergo oxidative metabolism.
Large anions such as bromsulphthalein are transported
into the cell while still bound to plasma proteins and

usually undergo conjugative reactions. It would appear
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that the affinity of the conjugating enzymes for
bromsulphthalein 1is not altered by anaesthesia but that
of the oxidative enzymes for pethidine is. As a side
note this would suggest also that estimation of hepatic
blood flow using indicator clearance methods must be
interpreted with caution.

As conjugation takes place mainly in the rough
endoplasmic reticulum and oxidation in the smooth
endoplasmic reticulum the notion of a specific site of
action would be supported. In his in vitro studies

using rat hepatocytes, Brown described a much smaller

“degree of depression of conjugative metabolism than of

oxidative metabolism (11). However, Brown rejected lipid
solubility as the sole mechénism of action on the
grounds that halothane produced the same magnitude of
depression of metabolism on three barbiturates which had
lipid solubility coefficients ranging from 39 - 250.
Brown also noted the non-competitive nature of the
inhibition, an all or nothing action (10). The same
effect 1s found in these studies where the scale of
depression of metabolism is similar for all four agents.
This arguement would appear to be against competition
for enzyme sites being the basis for the inhibitory
action, as a graded response might be expected.

At a molecular 1level it has been shown that the
fluoridated  hydrocarbons interfere with the normal

microsomal reactions. These compounds act as

173



pseudosubstrates which resist the action of the
activated oxygen-cytochrome P450 complex but continue to
stimulate NADPH oxidation (327-329). This uncoupling of
the electron flow pattern may result in inhibition of
the metabolism of other drugs.

It is interesting to note that, of the three
inhalational agents, halothane produces a much longer
acting effect on enzyme function. Halothane undergoes a
much greater degree of metabolism in the body than the
other volatile agents. Therefore, halothane and its
metabolites will be present in the body for a longer
time than the other drugs. The transient depression of
metabolism by isoflurane has been described in other
studies both in vitro (42,43) and in vivo (20). This
supports the theory of a direct actidh,of the agent or a
metabolite on enzyme function, rather than an effect of

anaesthesia per se.
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7.1.2 - Action of anaesthesia

The alterations in drug disposition may have resulted
from changes produced by the state of anaesthesia,
independent of the agent used. That is, the haemodynamic
and metabolic changes which are a result of induction
and maintenance of anaesthesia. This approach is
supported by the finding that the change in the
intrinsic clearance ' of propranolol produced during
anaesthesia with fentanyi;atracurium—nitrous oxide was
of the same magnitude as that produced with each of the
inhalational anaesthetic. agents. The haemodynamic and
metabolic  factors which may have influenced the
disposition of propranolol wiii be considered.

The haemodynamic changes which may have occurred
during the anaesthesia phase of these studies would
result from the effect of controlled ventilation and
from the effects of the individual agents on regional
blood flow (330). During normal (spontaneous)
‘respiration in the dog hepatic venous blood flow is the
principal contribution to venous return during
- expiration (331). However, the pattern'of venous return
is altered by controlled (positive pressure) ventilation
(332-334). This produces an increase in hepatic venous
pressure and splanchnic vascular resistance which

results in a decrease in hepatic blood flow
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(52,53,67,334,335). This effect 1is increased in the
presence of hypocarbia (140,336). The effects of the
various agents were summarised in Chapter 1. At an
inspired concentration of 2MAC, halothane and enflurane,
in the absence of surgery, appear to depress total
hepatic blood flow to a similar degree, some 20-50%
(55,140). Isoflurane at an inspired concentration of
2MAC appears to have a smaller effect on total hepatic
blood flow (59). The changes in total hepatic blood flow
are due mainly to the decrease in portal flow which
results from the decrease in cardiac output found during
anaesthesia with these agents. The measured change in
hepatic blood flow of 25-45% found in these studies was
consistant with that described in other studies
(52,53,55,140,334-338). This change was insufficient to
account entirely for the change demonstrated in the
clearance of propranoclol. However, the decreased hepatic
blood flow did contribute to the overall decrease in the
measured systemic (intravenous) clearance. In addition,
in the halothane study a similar degree of change to
that found during anaesthesia was still present 24 hours
after anaesthesia, at which time the dogs were awake and
breathing nbrmally. Further evidence that blood flow
changes are only a minor mechanism for the change in
disposition comes from studies using isolated perfused
bovine 1liver (339). A fall in clearance occurred in the

presence of anaesthesia despite the perfusing flow being
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held constant.

177



7.1.3 "Hypoxia

- An alteration in the normal hepatic metabolism
resulting from anaesthesia or anaesthetic agents is a
further possible mechanism. This could be ~due to an
hypoxia at cellular 1level. In an isolated perfused rat
liver preparation, the metabolic clearance of antipyrine
has been shown to be related linearly to oxygen delivery
and consumption (340). Systemic hypoxia was not present
in any of the study animals as arterial blood gases were
measured at regular intervals during each study. The -
inhalational agents were administered in oxygen alone,
and 33% oxygen was used in the
fentanyl—atracurium—nitrous oxide study. Hyperoxia has
been shown to have no effect on hepatic enzyme function
(140).

However, it is possible that anaesthesia results in a
relative intra-hepatic hypoxia and subsequent reduction
in enzyme activity (341). Inhibition of propranolol and
antipyrine elimination consistent with reduced hepatic
enzyme function has been demonstrated during hypoxia in
‘isolated perfused rat liver énd hepétocyte preparations
(340-344). This may be due to a redistribution of the
intrahepatic blood flow or due to interference in the
utilisation of oxygen by the hepatocytes. The effect of

anaesthesia on the hepatic microcirculation is difficult
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to determine. It has been suggested that halothane can
cause a selective hepatic arterial constriction
(337,338). In contrast, isoflurane appears to preserve
hepatic arterial flow but a similar effect on metabolism
is found (59). As the effect of hypoxia on drug
metabolism can be detected in isolated, therefore
denervated, perfused 1liver, it would appear more likely
that the defect 1is in the utilisation of the oxygen by
the hepatocyte.

Studies which have measured the hepatic oxygen
supply, uptake and consumption during anaesthesia may
support this theory. A fall in the oxygen supply to the
liver, due to decreased hepatic ‘blood flow, which is
compensated for by an increase in the hepatic extraction
of oxygen (an increased arterio-venous difference)
resulting in no significant change in hepatic oxygen
consumption has been demonstrated during anaesthesia
with  halothane (57,345,346), enflurane (57,62) and
isoflurane (60). This would support the site of the
defect being at the level of oxygen utilisation within
the hepatocyte. This could be produced by the mechanisms
suggested above such as binding to receptors or
alteration of the cell membrane. Hepatic oxygen
consumption and wutilisation measurements were not made
during this series of studies. However, a similar
anaesthetic technique and dose of anaesthetic agent to

that used in the studies described above was used in
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this series.
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7.1.4 Critique of methods

The mean hepatic plasma flow was calculated in these
studies from plasma propranolol concentrations. In the
dog the blood:plasma ratio for propranolol is 0.9 ;
plasma concentrations are thus slightly greater than
blood concentrations. Hence, the mean hepatic plasma
flow measurements in these studies may be regarded as
approximating to mean hepatic blood flow. The measured
values are consistent with those previously described
.for the dog (57,59). The changes demonstrated during
 anaesthesia are- similar to those described in humans
durinQ anaesthesia and in the absence of surgery
(52,53,55). Beta-adrenoceptor blockade has been shown to
produce a fall in hepatic blood flow of up to 20%
(348,349). In these studies the plasma propranolol
concentrations were sufficient on all three study days
to cause near maximal beta-adrenoceptor blockade. It is
unlikely that the increase in propranolol concentration
during anaesthesia would produce the measured decrease
in hepatic plasma flow. Some previous studies in humans
have described larger falls in hepatic blood flow during
anaesthesia. These studies may have overestimated the
change in hepatic blood flow if flow was calculated from
the systemic clearance of an intravenouly administered

indicator substance. This would occur if the hepatic
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extraction of the indicator also was decreased during
anaesthesia. The hepatic extraction ratio at a fixed
intrinsic clearance will increase as hepatic blood flow
decreases (176). A similar series of lines describing
the resultant curvilinear relationship between systemic
clearance and hepatic blood flow demonstrates a shift to
~ the right as extraction ratio decreases. If, in the
presence of a decrease in extraction, hepatic blood flow _
was calculated using the new systemic clearance value
and the original extraction ratio a falsely low value
for hepatic blood flow would be obtained.

The change in - the systemic cleérance during
anaesthesia therefore reflects the changes in both
hepatic blood flow and intrinsic clearance. For drugs of
very high hepatic extraction, systemic clearance and
hepatic blood flow have a near linear relationship (Cls
= QE) and intrinsic clearance is independent of hepatic
blood flow. However, as extraction ratio decreases, the
influence of hepatic enzyme function in determining
systemic clearance gradually increases. As Cls =
(1-E)Clint, it can be seen that if E is very small Cls =
Clint. This 1is shown in the results of these studies
where the change 1in systemic clearance is too large to
be explained by change in hepatic blood flow alone. The
inter-relationship of these three variables can be
illustrated using the results of the halothane study.

The change from Day 1 to Day 2 in the values for
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systemic clearance and hepatic blood flow are influenced
by the change in hepatic extraction and provide a unique
solution for the relationship on each Day (Figure 28).
From the calculated systenmic clearance on Day 2 (Point
a), hepatic blood flow calculated assuming the
extraction ratio had not changed would derive a much
lower value (Point B) than that which takes account of
the decrease in hepatic extraction (Point C).

Anaesthesia with halothane, enflurane and fentanyl-
atracurium- nitrous oxide caused an increase in the free
fraction of propranolol of 2-4%. This had returned
towards the pre-anaesthetic wvalue within 24 hours. The
effect was -not seen during isoflurane anaesthesia. The
change demonstrated represents an increase of 20-30% iﬁ_
the unbound propranolol. A change of this magnitude has
important implications regarding the potential for
toxicity of drugs present during anaesthesia. The free
fraction of propranolol during the study period is lower
than has been described previously where 1levels of
15-25% have been found. The lower values found in these
studies are consistent with the increase in acute phase
Feactant proteins, such as alpha l-acid glycoprotein,
which would be expectéd folloWing the surgery to place
‘the cannulae five days earlier (110,350,351). This is
supported by the finding that samples taken from some
dogs before the surgery demonstrated a free fraction of

propranolol of around 15%. Any variability in the
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Systemic Clearance (ml/min)

Figure 28

Systemic clearance, Hepatic blood
flow and extraction ratio
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The lines describe the relationship between
systemic clearance and hepatic blood flow with a
fixed extraction ratio (Day 1 0.75, Day 2 0.60).
Using the calculated Cls for Day 2 (Point A) the
~derived hepatic blood flow would be falsely low

" (Point B) if it was assumed E.R. had not changed.

Point C takes account of the change in E.R.



response to surgery was minimised by starting the study

"with all dogs on the fifth day after surgery. Plasma
concentrations of alpha 1l-acid glycoprotein were not
measured in these studies.

The change in clearance of propranolol, as there is
no change in volume of distribution, is reflected in a
prolongation of the elimination half-life of
propranolol.

The methods used in these studies were designed to
allow comparison within each study group and between
groups. The design was successful in the control,

--halothane, isoflurane. and fentanyl groups but problems
were encountered with the enflurane study. The dogs were
unable to tolerate enflurane at 2 MAC in the presence of
beta-adrenergic blockade. Even when thé dose of
propranolol was reduced and the enflurane reduced to 1.5
MAC, three of the five dogs were not fit enough for a
third study day. The cardiac depressive effects of
higher doses of enflurane in dogs has been noted by
other workers (57). These changes in protocol make it
difficult to compare difectly the results of the
enflurane study with the others. However, the scale of
change in the pharmacokinetic variables is similar to
that in the other studies in this series.

The time between surgery for cannulation of the
vessels and the pharmacokinetic study was five days in

all animals. The post-surgical changes, discussed in the
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introduction, of increased protein binding and a small
increase in clearance which has been ascribed to enzyme
induction by some workers (7-9), would be present at
this time. However, these changes would be fairly stable
throughout the study period (110) and are relatively
small in comparison to the changes produced in the
pharmacokinetic variables by anaesthesia. For example,
the free fraction of propranolol which decreased between
surgery and the study days demonstrated an increase
during anaesthesia in all the studies with a return to
control value 24 hours later.

The metabo}ié state at the time of study has been
shown to influence the pharmacokinetic of some drugs
(289,290). All the dogs were fed with the same brand of
dog food and biscuits at set times in'relation to the

study to minimise any influence of this variable.
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7.1.5 Recent studies

Several other studies of the effect of anaesthesia on
drug disposition have appeared since this project was
started. Runcieman and Mather have developed a
looked at hepatic drug clearance of chlormethiazole,
pethidine and mepivacaine (28,352-356). With this model
they have evaluated the changes produced by anaesthesia
using volatile agents and intravenous agents such as
propofol. A similar pattern of altered disposition has
been found with all these techniques and the extent of
change 1is comparable to that found in this series of
studies. Usingl halothane anaeéthesia at 1.5 MAC in the
sheep, the mean hepatic clearance of pethidine fell to
60% of control value. A decrease of similar magnitude
was described for enflurane and isoflurane anaesthesia.
Both propofol and thiopentone, by infusion, produced a
reduction in the hepatic clearance of pethidine of
around 20% (37). These workers also described changes in
renal and pulmonafy drug ciearance during anaesthesia
which was ascribed to altered excretion and blood flow.

Merin and co-workers have shown that the disposition
of verapamil in the dog is altered during anaesthesia to
an extent similar to that described here for propranolol

(25,358). In the presence of halothane,isoflurane or
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enflurane anaesthesia, the clearance of verapamil is
reduced by about 40% and the appérent volume of
distribution decreased by 35%. Hepatic blood flow was
| not measured in these studies, but the cardiovascular
effects of verapamil were potentiated by higher
concentrations - of halothane anaesthesia (358).
Intravenous lignocaine produced "an increase in the
apparent volume of distribution and in the clearance of
verapamil (359). In a separate study this group
demonstrated no change in hepatic arterial blood flow
and a 35% fall in portal blood flow during enflurane
.anaesthesia in dogs (360). Isoflurane anaesthesia has
been shown to produce a significant decrease in total
hepatic blood flow with no change in oxygen consumption
resulting in 1lower hepatic venous and hepatic surface
oxygen tensions (361).

Further studies have been undertaken in Vanderbilt
University using the same canine model. It has been
shown that anaesthesia using a continuous infusion of
propofol produces an effect on the disposition of
propranolol (362). A 40% reduction in the intrinsic
,ciearance of propranolol was produced but there was no
chahge in hépatic blood flow;‘There was a significant
increase from 8.5 to 14.0% of the free fraction of
propranolol during propofol anaesthesia. In addition,
the study with halothane anaesthesia has been repeated

with a refinment of the HPLC analysis which allows
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detection of both isomers of propranolol (363). The
overall effect was the same as in the original study but
it was found that the metabolism of the
pharmacologically active l-isomer was much more markedly
inhibited (75%) than that of the d-isomer (63%). In
contrast, spinal anaesthesia with tetracaine produced no
significant effect on propranolol disposition in the dog
(364). The acute effect of halothane anesthesia on the
disposition of morphine has been studied with a similar
canine model (365,366). Halothane anaesthesia produced a
decreased  hepatic clearance of morphine which was
ascribed to the decrease in hepatic blood flow and not
to a decrease in metabolic clearance as the hepatic
extraction of morphine increased during anaesthesia. The
authors concluded that halothane has 1less effect on
conjugative than on oxidative metabolism. |

A series of studies in the rat has shown a compardble
effect on lignocaine and propranolol metabolism (367).
Halothane, enflurane and isoflurane all produced a
similar degree of depression of propranolol clearance.
However, isoflurane had a smaller effect on lignocaine
clearance than halothane or, enflurane.

The effect of infusion of intravenous anaesthetic
agents on canine hepatic blood flow has been studied by
Thomson and colleagues (368). A dose related decrease in
hepatic blood flow was found with infusion of

thiopentone, althesin or etomidate. With Althesin and
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etomidate infusions at 1low rates hepatic arterial flow
appearéd to decrease before systemic effects were found.
Etomidate has been shown to have a reversible inhibitory
effect on in vitro rabbit hepatocyte cytochrome P450
activity resulting from binding of etomidate to the
cytochromes (369).

These studies suggest that anaesthesia produced by
either the inhalational or by the intravenous agents
appears to produce a reduction in hepatic drug
metabolising enzyme activity. The effect is dose related
but appears to be of a consistent magnitude across a
number of study groups and species. The effect |is
greater than can be explained by changes in hepatic
blood flow. An increased pharmacological effect has been

demonstrated with some test drugs.
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7.1.6 Summary

The studies described here have demonstrated that
general anaesthesia using a volatile agent or a balanced
anaesthesia technique, alters significantly the
disposition of propranolol. This effect would appear to
be of a similar magnitude for all the agents but is
present for a -longer period post-operatively following
halothane anaesthesia. Propranolol is a drug of high
hepatic extraction which undergoes oxidative metabolism
in the liver, which, when given simultaneously
intravenously and intraportally, can be used to define
the metabolic and flow dependent elements of hepatic
drug clearance. The principal effect of anaesthesia was
a marked inhibition of the rate of metabolism of
propranolol. The action of the anaesthetic agents
appears to be an inhibition of the cytochrome P450
systemn, which is responsible for oxidative drug
metabolism. At a cellular level, the mechanism of this
change 1is not fully understood but appears to involve
impairment of the utilisation of oxygen by' the
microsomes. The ciinical significance of this effect is
an increase in the bioavailability of, a rise in the
plasma concentrations and a prolongation of the
elimination of propranolol. It has become more common to

continue concurrent drug therapy throughout the period
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of .operation. If, as 1is 1likely, anaesthesia has a
similar effect on other drugs which undergo hepatic
oxidative metabolism.care must be exercised to alter the
dosage schedule of drugs which are continued through the

peri-operative period.
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7.2 . Human study

This study demonstrated a reduction in the clearance
of propranolol administered orally which was consistent
with a reduction in hepatic drug metabolising
capability. No effect on hepatic blood flow was found.
The prostaglandin analogue, enprostil appeared to have
no effect on enzyme activity or hepatic blood flow.

Cimetidine has been shown to impair the elimination
of a 1large number of drugs (221) including propranolol
(275,276) . This study  ...confirms that the
co-administration of cimetidine reduces the oral
clearance of propranolol due to inhibition of hepatic
oxidative enzyme activity. This results in increased
bioavailability and elevation of plasma concehtrations_
of propranolol.

Previous studies have demonstrated conflicting
conclusions on the effect of cimetidine on hepatic blood
flow. Some studies have suggested that éimetidine causes
a decrease in hepatic blood flow (275,296) and some have
found a similar effect with ranitidine (370,371). Other
investigators have, however, failed to demonstrate ahy
consistent effect of the H2 antagonists on hepatic blood
flow (301,303). The results of these previous studies
are difficult to interpret as many used small ﬁumbers of

patients, did not include a placebo control, were not
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double-blind and did not randomise the order of drug
administration. Considerable interindividual wvariation
in the baseline hepatic blood flow was found. This study
involved nine subjectswho received the drugs and placebo
in a double-blind, randomised fashion with a balanced
order of drug administration. Using this design we
demonstrated no effect of cimetidine on hepatic blood
flow.

The role of prostaglandins in the control of drug
metabolising activity is poorly defined. In vitro
studies have suggested that prostaglandins can alter
the hepatic metabolism--0of a number of drugs including
_ benzpyrine, aminopyrine and hexobarbitone (309,310). The
haemodynamic effects of prostaglandins are defined more
clearly. Gastric blood flow appears to be partially
under the control of prostaglandins as it is altered by
the administration of the cyclo-oxygenase inhibitors
aspirin and indomethacin (306,307). A reduction in the
clearance of indocyanine green, which was attributed to
a redﬁction in hepatic blood flow has been demonstrated
in man following aspirin or indomethacin administration
(372). The prostaglandin analogue, enprostil, may have
been expected to cause a decrease in either hepatic
enzyme activity or in hepatic blood flow. However, no
effect was demonstrated on either wvariable.

Two different methods of estimation of hepatic blood

flow were used in this study. The value for hepatic
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blood flow measured by dual-route propranolocl was
¢onsistently higher than that measured using indocyanine
green clearance. This haé not been remarked oh before
but review of other published data appears to confirm
this finding(275,296,373). The explanation of this
diffgrence is not:immediatg;YFclearf It must be noted
that the two methods measure hepatic blood flow over
quite different time periods. The indocyanine clearance
was measured over a 20 minute period after the subjects
had been resting for 1 hour following an overnight fast.
The propranolol method measures the hepatic blood flow
~over a prolonged period with sampling continued for 8
hours and the time-concentration curve extrapolated from
the 1last data point. It is 1likely that there was an
increase in blood flow after the subjects were fed at
4-5 hours into the study period. The estimation of
hepatic blood flow using indocyanine clearance assumes a
hepatic extraction of 100%. Considerable interindividual
variation has been shown in the hepatic extraction of
ICG with many subjects having extraction ratios of less
than 100% (168,169). The ICG method will therefore tend
to underestimate hepatic blood flow. The difference in
estimated blood flow between the two methods appears to
increase as hepatic blood flow increases.

This study is included to demonstrate the feasability
of using the dual-route administration method for

studies in man in the peri-operative period. A known
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enzyme inhibitor was administered to the subjects to
test the ability of the method to detect the resultant
change in oral clearance. Hepatic blood flow was
unchanged by the drugs used but consistent values were
found for the subjects and these appear to be more
reproducable than those estimated from indocyananine
green clearance. It is clear that propranolol is not an
appropriate drug for administration to patients
undergoing surgery and anaesthesia but other drugs of
similarly high hepatic extraction but with much less
systemic effect would be suitable model drugs with which
to apply "this methodology to stﬁdies in man during the

peri-operative period.
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APPENDICES

196



Pharmacological Abbreviations

Xdiv - Dose of drug given intravenously

‘AUCiv - Area under the time-concentration curve for
intravenous drug to infinity

Xdp - Dose of drug given portally

AUCp - Area under time-concentration curve for
portal drug to infinity

Xdo - Dose of drug given orally

AUCo - Area under-time concentration curve for

oral drug to infinity

Cls - Systemic or intravenous clearance

Clp - Apparent portal clearance

Clint - Intrinsic clearance

Cliv - Intravenous clearance

E - Hepatic extraction ratio

F - Bioavailability

Tl/2iv - Elimination half-life

k - Elimination rate constant

Vb - Apparent volume of distribution after
equilibrium is achieved

HPF - Hepatic plasma flow

fb - Fraction of bound drug
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Syntex Research - , ICM 1054
Institute of Clinical Medicine '

3401 Hillview Avenue

Palo Alto, California

CONSENT

ENPROSTIL (RS-84135-00-00-3) AND CIMETIDINE:
A COMPARISON OF EFFECTS ON HEPATIC BLOQOD FLOW

Explanation of Study

I understand that I have been asked to participate in a five week research study that will
involve a maximum of nine healthy male volunteers. The purpose of this study is to
evaluate and compare the effects of a marketed drug (cimetidine) and an investigational
drug (enprostil) on the rate at which blood flows through my liver. These drugs will be

compared to a placebo, which is inactive.

I understand that no other drugs, alcohol, aspirin products, coffee or caffeine products
should be consumed 72 hours before admission to the study or during the study.

Procedures

[ understand that this study is divided into three (3) six day phases. I will receive each one
of the study medications once. Prior to phase one 1 will have complete physical and
laboratory examinations. The physical exam will be repeated at the end of the study
while the laboratory exam will be repeated at the conclusion of each phase.

I understand that in order to measure.my liver blood. flow I will be injected with an
indicator dye called ICG on day 5 and a cardiovascular drug called propranoclol on day 6.
ICG is commonly used to study liver function. Propranolol is widely prescribed for high
blood pressure and is removed from the blood primarily by the liver. I understand that
blood samples will be drawn at the following intervals: Day 5 at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, ~
12, 15 and 20 minutes; Day 6 at 0, 5, 15, 20 minutes and 1, 2, 3, 4, 5, 6, 7 and 8 hours.

Risks and Precautions

I understand that enprostil should not be handled by asthmatics or pregnant women. It
should. be kept out of reach of children. I understand that side effects that might occur
during this study could include wheezing, nausea, vomiting, diarrhea, headache, warm
feeling in-the stomach, stomach cramps and slightly increased risk of blood clotting.
Other, previously unreported or unknown, side effects, including drug allergy, may also

occur.

During the collection of blood samples, I may experience pain and/or bruising at the site
on my arm where blood is drawn. Local infections may rarely occur.

Benefits
[ cannot expect any benefits from my participation in this study.

Withdrawal from Study

[ acknowledge that my participation in this research project is voluntary and that I have
the right to withdraw at any time. It has been explained to me that if the study physician
feels that it is in my best interest to be withdrawn from the study, he will do so
immediately. I further understand that my participation in the study may be ended at any
time with or without my consent. S
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Page 2 ' ICM 1054

Medical Care/Problems Related to this Study

I understand that in the event I suffer any medical problem which, in the opinion of the
investigator, is related to this clinical study or to the preliminary physical examination or
laboratory work, emergency medical care will be provided at no charge to me. However,
no other compensation is available. I may obtain medical treatment from the study
physician or he will assist me in obtaining treatment. [ have been assured that every
e;fort will be made to prevent any injury that could result from this study by the study
physician.

I understand that if any questions arise related to this study or to research subjects’ rights
I am to contact the study physician (Dr. ) at the following phone
numbers .

Release of Medical Records

I understand that it may be necessary for the United States Food and Drug Administration
to inspect my medical records as they relate to this study. I therefore consent to the
release of my medical records to Syntex or other regulatory agencies with the
understanding that these records will be used only in connection with carrying out
obligations relating to this clinicdl study and that they shall not be used for any other
purpose.

Confidentiality ' o

Syntex will not disclose the contents of my medical records to any other party other than
the Food and Drug Administration. I understand that a report of the results of this study
will be made to the United States Food and Drug Administration and possibly to other
regulatory agencies with confidentiality of subject identification preserved. The results
of these studies miay also be used for medical and scientific publication but my identity
will not be disclosed.

Consent

Before ngmg my consent by sxgmng this form, I have read it and I have been sufficiently
informed of the drugs used, the inconveniences, the hazards, dangers and adverse effects
that might occur from the use of the drugs described in the consent form. I have spoken
directly to the study physician who has answered to my satisfaction all of my questions
concerning this study. Based on this information I voluntarily agree to participate in this
study. I have received a signed copy of the consent form.

Patient's Signature v Date
Study Physician's Signature Date
Witness Signature Date

ICM/3568u



SCHEDULE OF EVENTS

Phase
72 Hours 1 II III

Prior and
During Study Baseline Day 1 Day 6 Day 15 Day 20 Day 29 Day 34 Follow-Up**

s/Alcohol ) X

Laboratory Tests* ) X . X - X X
1 Examinationm** X ’ X
on X
d Consent X
x Week X X X
>hase XV X X

ine laboratory tests: RBC, Hgb, Hct, WBC, differential, platelet estimation, serum creatinine, uric
, BUN, alkaline phosphatase, calcium, phosphorus, cholesterol, total bilirubin, total protein,
min, globulin, serum testosterone, SGOT, SGPT, LDH, serum electrolytes and urinalysis.

based on symptoms or laboratory abnormalities throughout the study

8u

206



REFERENCES

Wagner JG. History of pharmacokinetics. In :
Pharmacokinetics: theory and methodology Eds
Rowland M and Tucker G.International encyclopedia
of pharmacology and therapeutics, Pergamon Press,
Oxford 1986, pl-26.

Haggard HW. The absorption, distribution and
elimination of ethyl ether I - V. Journal
of Biological Chemistry 1924; 59: 737-802.

Buchanan A. Physiological efects of inhalation
of ether. London Medical Gazette 1847; 39: 715-
717.

Duncan WAM, Raventos J. The pharmacokinetics
of halothane anaesthesia. British Journal
of Anaesthesia 1959; 31: 302-315.

Butler RA. Pharmacokinetics of halothane and
ether. British Journal of Anaesthesia. 1964;
36:193-199.

Bischoff KB, Dedrick RL. Thiopental
pharmacokinetics. Journal of Pharmacological
Science. 1968; 57: 1347-1357.

Pessayre D, Allemand H, Benoist C, Afifi F,
Francois M, Benhamou JP. Effect of surgery under
general anaesthesia on antipyrine clearance.

- British Journal of Clinical Pharmacology 1978; 6:
. 505-513.

Nimmo WS, Thompson PG, Prescott LF. Microsomal

enzyme induction after halothane anaesthesia.
British Journal of Clinical Pharmacology 1981;
12: 433-434.

201



10.

11.

12.

13.

14.

15.

16.

17.

Duvaldstein P, Mazze RI, Nivoche Y, Desmonts JM.
Enzyme induction following surgery with halothane
and neurolept anesthesia. Anesthesia and
Analgesia 1981; 60: 319-323.

Brown BR. The diphasic action of halothane on
the oxidative metabolism of drugs by the liver:
An in vitro study in the rat. Anesthesiology
1971; 35: 241-246.

Brown BR. Effects of inhalational anesthetics

on hepatic glucuronide conjugation: a study of

the rat in vitro. Anesthesiology 1972; 37: 483-
488.

Denson DD, Myers JA, Watters C, Raj PP.
Selective inhibition of the aromatic
hydroxylation of bupivacaine by halothane.
Anesthesiology 1982; 57: A242.

Aune H, Bessesen A, Olsen H, Morland J. Acute
effects of halothane and enflurane on drug
metabolism and protein synthesis in isolated rat
hepatocytes. Acta Pharmacologica et
Toxicologica 1983; 53: 363-368.

Krieter PA, Dyke van A. Cytochrome P-450 and
halothane metabolism. Decrease in rat liver
microsomal P-450 in vitro. Chemico-Biological
Interactions 1983; 44: 219-235.

Dale O, Nielsen K, Westgaard G, Nilsen OG. Drug
metabolizing enzymes in the rat after inhalation
of halothane and enflurane. British Journal of

Anaesthesia 1983; 55: 1217-1223.

Fish KJ, Rice SA. Halothane inhibits metabolism
of enflurane in Fisher 344 rats. Anesthesiology
1983; 59:417-420.

Bell LE, Slattery JT, Calkins DF. Effect of
halothane-oxygen anesthesia on the
pharmacokinetics of diazepam and its metabolites
in rats. Journal of Pharmacology and
Experimental Therapeutics 1985; 233: 94-99.

202



18.

19.

20.

21.

22.

23.

24.

25.

26.

Berger JM, Stirt SA, Sullivan SF. Enflurane,
halothane and aminophylline: uptake and
pharmacokinetics. Anesthesia and Analgesia
1983; 62: 733-737.

Nakutsu K. Anesthetics and theophylline
metabolism. Anesthesia and Analgesia 1985; 64:
461-462. ’

Wood M, Wood AJJ. Contrasting effects of
halothane, isoflurane and enflurane on in vivo
drug metabolism in the rat. Anesthesia and
Analgesia 1984; 63: 709-714.

Baden M, Kundomal R, Luttropp E, Maze M, Kosek
C. Effects of volatile anesthetics or fentanyl
on hepatic function in cirrhotic rats.
Anesthesia and Analgesia. 1985; 64: 1183-1188.

Steffey EP, Howland R, Asling JH, Eisele JH,
Hirsch C. Meperidine-halothane interaction in
dogs. Canadian Anaesthetists’ Society Journal
1977; 24: 459-467.

Boyce JR, Cervenko FW, Wright FJ. Effects of
halothane on the pharmacokinetics of lidocaine
in digitalis toxic dogs. Canadian
Anaesthetists’ Society Journal 1978; 25: 323-
328. ’

Burney RG, Difazio CA. Hepatic clearance of
lidocaine during N,0 anesthesia in dogs.
Anesthesia and Anaigesia 1976; 55: 322-325.

Merin R, Chelly J, Abernethy D, Hysing ES,
Jacobson L. Inhalational anesthetics alter the
pharmacokinetics of verapamil. Anesthesiology
1985; 63: A205.

Gelman S, Fowler KC, Smith LR. Liver
circulation and function during isoflurane and
halothane anesthesia. Anesthesiology 1984; 61:
726-730.

203



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Selby DG, Ilsley AH, Runciman WB and Mather LE.
Magnitude and duration of depression of drug
clearance from halothane anaesthesia in the
sheep. Canadian Anaesthetists’ Society Journal
1985; 32: S98.

Runciman WB, Selby DG, Mather LE, Ilsley AH,
Carapetis RJ, McLean CF. Duration of depression
of cefoxitin elimination after general
anaesthesia in the sheep. Clinical and
Experimental Pharmacology and Physiology 1986;

Cascorbi HF, Blake DA, Helrich M. Differences
in the biotransformation of halothane in man.
Anesthesiology 1970; 32: 119-123.

Atallah MM, Geddes IC. Metabolism of halothane
during and after anaesthesia in man. British
Journal of -Anaesthesia 1973; 45: 464-470.

Lehmann A, Weski C, Hunger L, Heinrich C, Daub
D. Akute arzneimittelinteraktionen -
Untersuchungen bei Ratte und Mensch.
Anaesthetist 1982; 31: 221-227.

Borel JD, Bentley JB, Nenade RE Jr, Gillespie
TJ. The influence of halothane on fentanyl
pharmacokinetics. Anaesthesiology 1982; 57:
A239.

Fish KJ, Rice SA, Weissman DB. Halothane
inhibits metabolism of enflurane in surgical
patients. Anesthesiology 1984; 61: A268.

Bentley JB, Glass S, Gandolfi AJ: The influence
of halothane on lidocaine pharmacokinetics in
man. Anesthesiology 1983; 59: A236.

Rahn E, Dayton PG, Frederickson EL. Lack of
effect of halothane on the metabolism of
thiopentone in man. British Journal of
Anaesthesia 1969; 41: 503-505.

Da Rocha-Reis MGF, Hipolito-Reis C. Effects of
the inhalation of enflurane on hepatic
microsomal enzymatic activities in the rat.
British Journal of Anaesthesia 1982; 54: 97-101.

204



37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Berman ML, Green DC, Calverley RK, Smith NT,
Eger EI II. Enzyme induction by enflurane in
man. Anesthesiology 1983; 44: 496-500.

Ghoneim MM, Hamme van MJ. Pharmacokinetics of
thiopentone: Effects of enflurane and nitrous
oxide anaesthesia and surgery. British Journal
of Anaesthesia 1978; 50: 1237-1241.

Schuttler Z., Wilms M, Stoeckel H, Schwilden H,
Lauven P. Pharmacokinetic interaction of
etomidate and fentanyl. Anesthesiology 1983;
59: A247.

Oikkonen M, Rosenberg PH, Neuvonen PJ. Hepatic
metabolic ability during anaesthesia.
Anaesthesia 1984; 39: 660-666.

Duvaldstein P, Mauge F, Desmonts JM. Enflurane
anesthesia and antipyrine metabolism. Clinical
Pharmacology and Therapeutics 1981; 29: 61-64.

Fiserova-Bergerova V. Inhibitory effect of
isoflurane upon oxidative metabolism of
halothane. Anesthesia and Analgesia 1984; 63:
399-404.

Fiserova-Bergerova V, Dolan DF. Transient
inhibitory effect of isoflurane upon oxidative
halothane metabolism. Anesthesia and Analgesia
1985; 64: 1171-1177.

Brown BR, Sagalyn AM. Hepatic microsomal enzyme
induction by inhalational anesthetics: mechanism
in the rat. Anesthesiology 1974; 40: 152-160.

Ross WT, Cardell RR. Proliferation of smooth
endoplasmic reticulum and induction of
microsomal drug-metabolizing enzymes after ether
or halothane. Anesthesiology 1978; 48: 325-331.

Wood M, O’Malley K, Stevenson IH. Drug
metabolizing ability in operating theatre
personnel. British Journal of Anaesthesia 1974;
46: 726-728.

205



47. B

48.

49.

50.

51.

52.

53.

54.

55.

Harman AW, Russell WJ, Frewin DB, Priestley BG.
Altered drug metabolism in anaesthetists exposed
to volatile anaesthetic agents. Anaesthesia and
Intensive Care 1978; 6: 210-214.

Duvaldestin P, Mazze RI, Nivoche Y, Desmonts JM.
Occupational exposure to halothane results in
enzyme induction in anesthetists. Anesthesiology
1982; 57: S237.

Duvaldestin P, Mazze RI, Hazebrouck J, Nivoche
Y, Cohen SE, Desmonts JM. Halothane
biotransformation in anaesthetists.
Anesthesiology 1979; 51: 41-46.

Park BK, Breckenridge AM. Clinical implications
of enzyme induction and enzyme inhibition. In:
Handbook of Clinical Pharmacokinetics. Eds.
Gibaldi M, Prescott LF. ADIS Press, Sydney,

--1983, p243-266.

Henthorn TK, Spina E, Birgersson C, Ericsson O,
Bahr von C. In vitro competitive inhibition of
desipramine hydroxylation by alfentanil and
fentanyl in human liver microsomes.
Anesthesiology 1985; 63: A305.

Epstein RM, Deutsch S, Cooperman LH, Clement AJ,
Price HL. Splanchnic circulation during
halothane anesthesia and hypercapnia in normal
man. Anesthesiology:; 1966: 27; 654-661.

Price HL, Deutsch S, Davidson IA, Clement AJ,
Behar MG, Epstein RM. Can general anesthetics
produce splanchnic visceral hypoxia by reducing
regional blood flow? Anesthesiology 1966; 27:
24-33.

Ahlgren I, Aronsen K-F, Ericsson B, Fajgelj A.
Hepatic blood flow during different depths of
halothane anaesthesia in the dog. Acta
Anaesthesiologica Scandinavica. 1967; 11: 91-96.

Gelman SI. Disturbances in hepatic blood flow

during anesthesia and surgery. Archives of
Surgery 1976; III, 881-883.

206



56.

57.

58.

59 ..

60.

61.

62.

63.

64.

Thulin L, Andreen M, Irestedt L. Effect of

‘controlled halothane anaesthesia on splanchnic

blood flow and cardiac output in the dog. Acta
Anaesthesiologica Scandinavica. 1975; 19: 146-
153.

Hughes RL, Campbell D, Fitch W. Effects of
enflurane and halothane on liver blood flow and
oxygen consumption in the greyhound. British
Journal of Anaesthesia 1980; 52: 1079-1086.

Tranquilli WJ, Manohar M, Parks CM, Thurmon JC,
Theodorakis MC, Benson GJ. Systemic and
regional blood flow distribution in
unanesthetized swine and swine anesthetized with
halothane and nitrous oxide, halothane, or
enflurane. Anesthesiology 1982; 56: 369-379.

Gelman S, Fowler KC, Smith LR. Regional blood
flow during isoflurane and halothane anesthesia.
Anesthesia and Analgesia 1984; 63: 557-565.

Gelman S, Dillard E. Hepatic oxygen supply-
demand relationship during anesthesia in the
dog. Anesthesiology 1985; 63: A540.

Seyde WC, Longnecker DE. Anesthetic influences
on regional hemodynamics in normal and
hemorrhaged rats. Anesthesiology 1984; 61: 686-
698.

Irestedt L, Andreen M. Effects of enflurane on
haemodynamics and oxygen consumption in the dog
with special reference to the liver and
preportal tissues. Acta Anesthesiologica
Scandinavica. 1979; 23: 13-26.

Lundeen G, Manohar M, Parks C. Systemic
distribution of blood flow in swine while awake
and during 1.0 and 1.5 MAC isoflurane

anaesthesia with or without 50% nitrous oxide.

Anesthesia and Analgesia 1983; 62: 499-512.

Lam AM, Herd SF, Mustard RF, Manninen PH, Gelb
AW. Hepatic blood flow during isoflurane
induced hypotension in man. Anesthesiology
1985; 63: A404.

207



65.

66.

67.

68.

69.

70.

71.

72.

Thomson IA, Hughes RL, Fitch W, Campbell D.
Effects of nitrous oxide on liver haemodynanmics
and oxygen consumption in the greyhound.
Anaesthesia 1982; 37: 548-553.

Levy ML, Palazzi HM, Nardi GL, Bunker JP.
Hepatic blood flow variations during surgical
anesthesia in man measured by radioactive
colloid. Surgery, Gynaecology and Obstetrics
1961; 112: 289-294.

Epstein RM, Wheeler HO, Frumin MJ, Habif DV,
Papper EM, Bradley SE. The effect of
hypercapnia on estimated hepatic blood flow,
circulating splanchnic blood volume, and hepatic
sulfobromophthalein clearance during general
anaesthesia in man. Journal of Clinical
Investigation 1961; 40: 592-598.

Irestedt L, Andreen M. Effects of neurolept

- anaesthesia (NLA) on haemodynamics and oxygen

consumption in the dog with special reference to
the liver and preportal tissues. Acta
Anaesthesiologica Scandinavica 1979; 23: 1-12.

Mueller RP, Lynn RB, Sancetta SM, Heckman G,
Janouskovec H. Studies of hemodynamic changes
in humans following induction of low and high
spinal anaesthesia. Circulation 1952; 6: 894-
901.

Kennedy WF, Everett GB, Cobb LA, Allen GD.
Simultaneous systemic and hepatic hemodynamic
measurements during high spinal anesthesia in
normal man. Anesthesia and Analgesia. 1970; 49:
1016-1023.

Prescott LF, Adjepon-Yamoah KK, Talbot RG.
Impaired lignocaine metabolism in patients with
myocardial infarction and cardiac failure.
British Medical Journal 1976; 1: 939-941.

Sheiner LB, Stanski DR, Vozeh S, Miller RD, Ham
J. Simultaneous modeling of pharmacokinetics
and pharmacodynamics: Application to d-
tubocurarine. Clinical Pharmacology and
Therapeutics. 1979; 25: 358-371.

208



73.

74.

75.

76.

77.

78.

79.

80.

81.

Somogyi AA, Shanks CA, Triggs EJ. The effect of
renal failure on the disposition and
neuronmuscular blocking action of pancuronium
bromide. European Journal of Clinical
Pharmacology 1977; 12: 23-29.

McLeod K, Watson MJ, Rawlins MD.
Pharmacokinetics of pancuronium in patients with
normal and impaired renal function. British
Journal of Anaesthesia 1976; 48: 341-345.

Ward S, Neill EAM. Pharmacokinetics of
atracurium in acute hepatic failure (with acute
renal failure). British Journal of Anaesthesia
1983; 55: 1169-1172.

Fahey MR, Rupp SM, Fisher DM, Miller RD, Sharma
M, Confell C, Castagnoli K, Hennis PJ. The
pharmacokinetics and pharmacodynamics of
atracurium in patients with and without renal
failure. Anesthesiology 1984; 61: 699-702.

Fahey MR, Morris RB, Miller RD, Nguyen T-L,
Upton RA. Pharmacokinetics of ORG NC 45
(Norcuron) in patients with and without renal
failure. British Journal of Anaesthesia 1981;
53: 1049-1053.

Ramazan MI, Shanks CA, Triggs EJ. Gallamine
disposition in surgical patients with chronic
renal failure. British Journal of Clinical
Pharmacology 1981; 12: 141-147.

Duvaldestin P, Agoston S, Henzel D, Kerston UW,
Desmonts JM. Pancuronium pharmacokinetics in
patients with liver cirrhosis. British Journal
of Anaesthesia 1978; 50: 1131-1136.

Westra P, Vermeer GA, de Lange AR, Scaf AH,
Meijer DK, Wesseling H. Hepatic and renal
disposition of pancuronium and gallamine in
patients with extrahepatic cholestasis. British
Journal of Anaesthesia 1981; 53: 331-338.

Somogyi AA, Shanks CA, Triggs EJ. Disposition
kinetics of pancuronium bromide in patients with
total bilary obstruction. British Journal of
Anaesthesia 1977; 49: 1103-1108.

209



82.

83.

84.

85.

86.

87.

88.

89.

Ramazan IM, Shanks CA, Triggs EJ.
Pharmacokinetics and pharmacodynamics of
gallamine triethiodide in patients with total
biliary obstructions. Anesthesia and Analgesia
1981; 60: 289-296.

Duvaldestin P, Berger JL, Videcoq M, Desmonts
JM. Pharmacokinetics and pharmacodynamics of
ORG NC 45 in patients with cirrhosis.
Anesthesiology 1982; 57; A238.

Lebrault C, Berger JL, D’Hollander AA, Gomeni R,
Henzel D. Pharmacokinetics and pharmacodynamics
of vecuronium (ORG NC45) in patients with
cirrhosis. Anesthesiology 1985; 62: 601-605.

Sear JW. Toxicity of I.V. Anaesthetics. British
Journal of Anaesthesia 1987; 59: 24-45.

Elfstrom J. Drug pharmacokinetics in the
postoperative period. Clinical Pharmacokinetics
1979; 4: 16-22.

Elfstrom J, Johansson H, Lindgren S.
Postoperative disappearance of phenazone from
plasma in man. European Journal of Clinical
Pharmacology 1976; 10: 63-68.

Koch-Weser J, Seller EM. Binding of drugs to
serum albumin Part 2. New England Journal of
Medicine 1976; 294: 526-531.

Kober AM, Olsson Y, Sjoholm I. The binding of
drugs to human serum albumin XIV; the
theoretical basis for the interaction between
phenytoin and valproate. Molecular Pharmacology
1980; 18: 237-242.

210



90.

91.

92.

93.

94.

95.

96.

97.

98.

Sjoholm I, Ekman B, Kober A, Ljungstedt-Pahlman
I. Seiving B, Sjodin T. Binding of drug to
human serum albumin. XI. Molecular Pharmacology.
1979; 16: 767-777.

Balasabramanina D, Wetlaufer DB. Reversible
alteration of the structure of globular proteins
by anesthetic agents. Proceedings of the
National Academy of Science of the USA 1966;
55:762-765. . :

Dale O, Nilsen OG. Displacement of some basic
drugs from human serum proteins by enflurane,

halothane and their major metabolites. An in

vitro study. British Journal of Anaesthesia.

1984; 56: 535-541.

Csogor SI, Kerek SF, Enhancement of thiopental
anaesthesia by sulphafurazole. British Journal
of Anaesthesia 1970; 42: 988-990.

Ghoneim MM, Pandya H. Plasma protein binding of
bupivacaine and its interactions with other
drugs in man. British Journal of Anaesthesia
1974; 46: 435-438.

Mather LE, Long GJ, Thomas J. The intravenous
toxicity and clearance of bupivacaine in man.
Clinical Pharmaological and Therapeutics 1971;
12: 935-943.

Hartrick CT, Dirkes WE, Coyle DE, Prithviaraj P,
Denson DD. Influence of bupivacaine on
mepivacaine protein binding. Clinical
Pharmacology and Therapeutics 1984; 36: 546-550.

Cummings GC, Dixon J, Windsor JPW, Major E,
Morgan M, Sear JW, Spence AA, Stephenson DK.
Dose requirements of ICI 35868 (propofol) in a
new formulation for induction of anaesthesia.
Anaesthesia 1984; 39: 1168-1171.

Burch PG, Stanski DR. Decreased protein binding

and thiopental kinetics. Clinical Pharmacology
and Therapeutics 1982; 32: 212-217.

211



99.

100.

101.

102.

103.

104.

105.

106.

107.

Carlos R, Calvo R, Erill S. Plasma protein
binding of etomidate in patients with renal
failure or hepatic cirrhosis. Clinical
Pharmacokinetics 1979; 4: 144-148.

Ochs HR, Greenblatt DJ, Kaschel HJ, Klehr U,
Divoll M, Abernethy DR. Diazepam kinetics in
patients with renal insufficiency or
hyperthyroidism. British Journal of Clinical
Pharmacology 1981; 12: 829-832.

Vinik HR, Reves JG, Greenblatt DJ, Abernethy DR, .
Smith LR. The pharmacokinetics of midazolam in
chronic renal failure patients. Anesthesiology
1983; 59: 390-394.

Sear JR, Bower S, Potter D. Disposition of
alfentanil in patients with chronic renal
failure. British Journal of Anaesthesia 1986;
58: 812P. Commow

Ghoneim MM. Pandya H. Plasma binding of
thiopental in patients with impaired renal or
hepatic function. Anesthesiology 1975; 42: 545-
549. ’

Pandele G, Chaux F, Salvadori C, Farinotti M,
Duvaldestin P. Thiopental pharmacokinetics in
patients with cirrhosis. Anesthesiology 1983;
59: 123-126.

Klotz U, Avant GR, Hoyumpa A, Schenker S,
Wilkinson GR. The effect of age and liver
disease on the disposition and elimination of
diazepam in adult man. Journal of Clinical
Investigation 1975; 55: 347-359.

Leibel WS, Martyn JAJ, Szyfelbein SK, Miller KW.
Elevated plasma binding cannot account for the
burn-related d-tubocurarine hypersensitivity.
Anesthesiology 1981; 54: 378-382.

Fremstad D, Bergerud K, Haffner JFW, Lunde PKM.
Increased plasma binding of quinidine after
surgery: A preliminary report. European Journal
of Clinical Pharmacology. 1976; 10: 441-444.

212



108.

109.

110.

111.

112.

113.

114.

115.

Feely J, Forrest A, Gunn A, Hamilton W,
Stevenson I, Crooks J. Influence of surgery on
plasma propranoclol levels and protein binding.
Clinical Pharmacology and Therapeutics 1980; 28:
759-763.

Terao N, Shen DD. Alterations in serum protein
binding and pharmacokinetics of l-propranolol in
the rat elicited by the presence of an
indwelling venous catheter. Journal of
Pharmacology and Experimental Therapeutics.
1983; 227: 369-375.

Piafsky KM, Borgd. Plasma Protein Binding of
Basic Drugs. II. Importance of alpha,, acid
glycoprotein for interindividual variation.
Clinical Pharmacology and Therapeutics 1977; 22:
545-549,

Piafsky KM, Borga O Odar-Cederldf I, Johansson
C, Sjogvist F. Increased plasma protein binding
of propranolol and chlorpromazine mediated by
disease-induced elevations of plasma, alpha,
acid glycoprotein. New England Journal of
Medicine 1978; 299: 1435-1438.

Wood M, Shand DG, Wood AJJ. Altered drug
binding due to the use of indwelling heparinized
cannulas (heparin lock) for sampling. Clinical
Pharmacology and Therapeutics 1979; 23: 165-
174.

Desmond PV, Roberts RK, Wood AJJ Dunn GD,
Wilkinson GR, Schenker S. Effect of heparin
administration on plasma binding of
benzodiazepines. British Journal of Clinical
Pharmacology 1980; 9: 171-175.

Kates RA, Bai SA, Reves JG, Davis DP.
Anesthetic and operative effect on plasma
protein binding of propranolol and verapamil
during cardiac surgery. Anesthesiology 1985;
63: AZ21.

Torrance HB. The control of the hepatic

arterial circulation. Journal of Physiology
(Lond) 1961; 158: 39-49.

213



11ls.

117.

118.

119.

120.

121.

122.

123.

124.

125.

- Hanson KM, Discussion-experiments on

autoregulation of hepatic blood flow in the dog.
Circulation Research 1964; Suppl 1 1-224.

Hanson KM, Johnson PC. Local control of hepatic
arterial and portal venous flow in the dog.
American Journal of Physiology 1966; 211: 712-
720.

Condon RE, Chapman ND, Nyhus L, Harkins HN.
Hepatic arterial and portal venous pressure -
flow relationships in isolated, perfused liver.
American Journal of Physiology 1962; 202: 1090-
1094.

Condon RE, Nyhus IM, Chapman ND, Harkins HN.
Portal vein and hepatic artery interactions:
studies in the isolated, perfused liver.
Gastroenterology 1962; 43: 547-556.

Hanson KM. Dilator responses of the canine
hepatic vasculature. Angiologia 1973; 10: 15-
23.

Norris CP, Barnes GE, Smith EE, Granger HJ.
Autoregulation of superior mesenteric blood flow
in fasted and fed dogs. American Journal of
Physiology. 1978; 237: H174-177.

Granger HJ, Norris CP. Intrinsic regulation of

intestinal oxygenation in the anesthetized dog.

American Journal of Physiology. 1980; 238: 836-
843.

Richardson PDI, Withrington PG. Pressure-flow
relationships and effects of noradrenaline and
isoprenaline on the hepatic arterial and porta
venous vascular beds of the dog. Journal of
Physiology (Lond) 1978; 282: 451-470.

Bauereisen E, Lutz J, Ohnhaus EE Druck-
Stromstarke-Beziehungen der Porta-Lebervenen-
Strombahn bei Hundedn und Katzen. Pfliugers
Archiv 1966; 289:246-254.

Price JB, McFate PA, Shaw RF. Dynamics of blood

flow through the normal canine liver. Surgery
1964: 56: 1109-1120.

214



126.

127.

128.

129.

130.

131.

132.

133.

134.

Brauer RW, Leong GF, McElroy RF, Holloway RJ.
Hemodynamics of the vascular tree of the
isolated rat liver preparation. American
Journal of Physiology 1956; 186: 537-542.

Brauer RW, Leong GF, Pessotti RL. Vasomotor -
activity in the isolated perfused rat liver.
American Journal of Physiology. 1953; 174: 304-
312.

Drapnas T. Zemel R, Vang JO. Hemodynamics of
the isolated perfused pig liver. Annals of
Surgery 1966; 164: 522-537.

Cohn R, Kountz S. Factors influencing control
of arterial circulation in the liver of the dog.
American Journal of Physiology 1963: 205: 1260-
1264. ,

Gelman S, Ernst EA. Role of pH, PC02 and O,
content of portal blood in hepatic circulatory
autoregulation. American Journal of Physiology
1977: 233: E255-262.

Bauer W, Dale, HH, Poulsson LR, Richards DW.
The control of circulation through the liver.
Journal of Physiology (Lond) 1932; 74: 343-375.

Burton-Opitz R. The vascularity of the liver.
II. The influence of the portal blood flow upon
the flow in the hepatic artery. Quarterly
Journal of Experimental Physiology. 1911; 4:
93-102.

Hirsch LJ, Ayabe T. Glick G. Direct effects of
various catecholamines on liver circulation in
dogs. American Journal of Physiology. 1976;
230: 1394-1399.

Katz ML, Bergman EN. Simultaneous measurements
of hepatic and portal venous blood flow in the
sheep and dog. American Journal of Physiology
1969; 216: 946-952.

215



135.

136.

137.

138.

139.

140.

141.

142.

Hopkinson BR, Schenk WG. The electromagnetic
measurement of liver blood flow and cardiac
output in conscious dogs during feeding and
exercise. Surgery. 1968; 63: 970-975.

Bond JH, Prentiss RA, Levitt MD. The effects of
feeding on blood flow to the stomach, small
bowel and colon of the conscious dog. Journal
of Laboratory and Clinical Medicine 1979; 93:
594-599.

Ohnhaus EE, Locher J. Liver blood flow and
blood volume following chronic phenobarbitone
administration. European Journal of
Pharmacology 1975; 31: 161-165.

Ohnhaus EE, Thorgeirsson SS, Davies DS,
Breckenridge A. Changes in liver blood flow
during enzyme induction. Biochemical
Pharmacology 1971; 20: 2561-2570.

Scholtholt J, Shiraishi T. The reaction of

. liver and intestinal blood flow to a general

hypoxia, hypercapnia and hypercapnia in the
anaesthetized dog. Pfligers Archiv 1970; 318:
185-201.

Hughes RL, Mathie RT, Campbell D, Fitch W.
Systemic hypoxia and hyperoxia, and liver blood
flow and oxygen consumption in the greyhound.
1979; Pfligers Archiv 381: 151-157.

Koo A, Liang IYS. Stimulation and blockade of
cholinergic receptors in terminal liver
microcirculation in rats. American Journal of
Physiology. 1979; 236: E278-232.

Greenway CV, Lawson AE, Mellander S. The
effects of stimulation of the hepatic nerves,
infusion of noradrenaline and occlusion of the
carotid arteries on liver blood flow in the
anaesthetized cat. Journal Physiology (Lond)
1967; 192: 21-41.

216



143.

144.

145.

146.

147.

148.

149.

150.

Richardson PDI, Withrington PG. Glucagon
inhibition of hepatic arterial responses to
hepatic nerve stimulation. American Journal of
Physiology 1977; 233: H647-654.

Greenway CV, Oshiro G. Comparison of the
effects of hepatic nerve stimulation on arterial
flow, distribution of arterial and portal flows
and the blood content in the livers of
anaesthetized cats and dogs. Journal Physiology
(Lond) 1972; 227: 487-501.

Richardson PDI, Withrington PG. The effects of
intraportal infusions of glucagon on the
responses of the simultaneously perfused hepatic
arterial and portal venous vascular beds of the
dog to periarterial nerve stimulation. Journal
of Physiology (Lond) 1978; 284: 102-103.

Greenway CV, Stark RD, Lautt WW. Capacitance
responses and fluid exchange in the cat liver
during stimulation of the hepatic nerves.
Circulation Research. 1969; 25: 277-284.

Carneiro JJ, Donald DE. Change in liver blood
flow and blood content in dogs during direct and
reflex alteration of hepatic sympathetic nerve
activity. Circulation Research. 1977; 40: 150-
158.

Dedichen H, Schenk WG. Hemodynamic effects of
isoproterenol and norepinephrine. Journal of
Cardiovascular Surgery 1970; 11: 209-218.

Inmink WGFA, Beijer HJM, Charbon GA.
Hemodynamic effects of norepinephrine and
isoprenaline in various regions of the canine

"splanchnic area. Pfligers Archiv 1976; 365:

107-118.
Turk LN, Shoemaker WC. Hepatic vascular

response to norepinephrine. American Journal
of Physiology 1962; 202: 1175-1178.

217



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Richardson PDI, Withrington PG. The role of 8-
adrenoreceptors in the responses of the hepatic
arterial vascular bed of the dog to
phenylephrine, isoprenaline, noradrenaline and
adrenaline. British Journal of Pharmacology
1977; 60: 239-249.

Richardson PDI, Withrington PG. Alpha and beta
adrenoreceptors in the hepatic portal venous
vascular bed of the dog. British Journal of
Pharmacology 1977; 60: 283-284P.

Green HD, Hall LS, Sexton J, Deal CP. Autonomic
vasomotor responses in the canine hepatic
arterial and venous beds. American Journal of
Physiology 1959; 196: 196-202.

Granger DN, Richardson PDI, Kvietys PR,
Mortillaro NA. Intestinal blood flow.
Gastroenterology 1980; 78: 837-863.

Shoemaker WC, Turk LN, Moore FD. Hepatic
vascular response to epinephrine. American
Journal of Physiology 1961; 201: 58-62.

Ross G, Kurrasch M. Adrenergic responses of the
hepatic circulation. American Journal of
Physiology 1969; 216: 1380-1385.

Richardson PDI, Withrington PG. Effects of
intraportal infusion of hypertonic solutions on
hepatic haemodynamics in the dog. Journal of
Physiology (London) 1980; 301: 82-83P.

Grodins FS, Osborne SL, Ivy AC, Goldman L. The
effect of bile acids on hepatic blood flow.
American Journal of Physiology 1941; 132: 375-
389.

Richardson DI, Withrington G. Liver Blood Flow.
II. Effects of Drugs and Hormones on Liver Blood
Flow. Gastroenterology 1981; 81l: 356-375.

Richardson DI, Withrington G. Liver Blood Flow.

I. Intrinsic and nervous Control of Liver Blood
Flow. Gastroenterology 1981; 81: 159-173.

218



l61.

l62.

163.

164.

165.

166.

167.

168.

169.

Karup N, Larsen JA. The effect of glucagon on
hepatosplanchnic hemodynamics, functional
capacity and metabolism of the liver in cats.
Acta Physiologie Scandinavica 1974; 91: 42-52.

Kock NG, Roding B, Hahnloser P, Tibblin S,
Schenk WG. The effect of glucagon on hepatic
blood flow. Archives of Surgery 1970; 100:
147-149.

Tibblin S, Kock NG, Schenk WG. Splanchnic
hemodynamic responses to glucagon. Archives of
Surgery. 1970; 100: 84-89. '

Traynor C, Hall GM. Endocrine and Metabolic
Changes During Surgery: Anaesthetic
Implications. British Journal of Anaesthesia
1981; 53: 153-159.

Bradley SE, Ingelfinger FJ, Bradley GP, Curry
JJ. The estimation of hepatic blood flow in

man. Journal of Clinical Investlgatlon 1945;
24: 890-897.

Lorber SH, Oppenheimer MJ, Shay H, Lynch P,
Siplet H. Enterophepatic circulation of
bromsulphthalein: intraduodenal, intraportal and
intravenous dye administration in dogs. American
Journal of Physiology 1953: 173: 259-264.

Bradley SE, Ingelfinger FJ, Bradley GP. Hepatic
circulation in cirrhosis of the liver.
Circulation 1952; 5: 419-429.

Paumgartner G. The handling of indocyanine
green by the liver. Schweizerische Medizinische
Wochenschrift. 1975; Supplement 1-30.

Grainger SL, Keeling PWN, Brown IMH, Marigold
JH, Thompson RPH. Clearance and non-invasive
determination of the hepatic extraction of
indocyanine green in baboons and man. Clinical
Science 1983; 64: 207-212.

219



170.

171.

172.

173.

174.

175.

176.

177.

178.

Caesar J, Shaldon S, Chiandussi L, Guevara L,
Sherlock S. The use of indocyanine green in the
measurement of hepatic blood flow and as a test
of hepatic function. Clinical Science. 1961:
21; 43-57. :

Dobson EL, Jones HB. The behaviour of
intravenously injected particulate material: Its
rate of disappearance from the blood stream as a
measure of liver blood flow. Acta Medica
Scandinavica 1952: 144: suppl. 273 1-71.

Dobson EL, Warner GF, Finney CR, Johnstone ME.
The measurement of liver circulation by means of
the colloid disappearance rate: I Liver blood
flow in normal young men. Circulation 1953: 7:
690-695.

Vetter H, Falkner R, Neumayr A. The
disappearance rate of colloidal radiogold from
the circulation and its application to the
estimation of liver blood  flow in normal and
cirrhotic subjects, Journal of Clinical
Investigation. 1954; 33: 1594-1602.

Ohnhaus EE. Methods of the assessment of the
effect of drugs on liver blood flow in man.
British Journal of Clinical Pharmacology 1979;
7: 223-229.

Torrance HB, Gowenlock AH. Radioactive colloid
clearance techniques to measure liver blood flow .
in man. Clinical Sciences. 1962; 32: 413-423.

Wilkinson GR, Shand DG. A physiological
approach to hepatic drug clearance. Clinical
Pharmacology and Therapeutics 1975; 18: 377-390.

Gram LF, Christiansen J. First pass metabolism
of imipramine in man. Clinical Pharmacology and
Therapeutics. 1975: 17; 555-563.

Gram LF, Overo KF. First pass metabolism of

nortriptyline in man. Clinical Pharmacology and
Therapeutics. 1975: 18: 305-314.

220



179.

180.

181.

182.

183.

184.

185.

186.

187.

Nies AS, Shand DG, Wilkinson GR. Altered
hepatic blood flow and drug disposition.
Clinical Pharmacokinetics 1976; 1: 135-155.

Tobias CA, Jones HB, Lawrence JH, Hamilton JG
The uptake and elimination of krypton and other
inert gases by the human body. Journal of
Clinical Investigation 1949; 28: 1375-1385.

Conn HL. Measurment of organ flow without blood
sampling. Journal of Clinical Investigation

- 1955: 34; 916-917.

Darle N. Xenonl33 clearance and liver blood
flow. An experimental study in the cat. Acta
Chirurgica Scandinavica 1970: 407; 1-64.

Schmitz-Feuerhake I, Huckzermeyer H, Reblin T.
Determination of the specific blood flow of the
liver by inhalation of radioactive rare gases.
Acta Hepato-Gastroenterologica 1975; 52: 375-

379. .

Dietze G. Wicklmayr M, Czempiel H, Henftling HG,
Hepp KD, Menhefg H. Zur Analyse der
lebervenodssen 3Xenon-Clearance nach Zufuhr des
Gases durch Inhalation. Klinische
Wochenschrift. 1975: 53: 639-640.

Sapirstein LA. Regional blood flow by
fractional distribution of indicators. American
Journal of Physiology 1958; 193: 161-168.

Wagner HN, Rhodes BA, Sasaki ¥, Ryan JP.

Studies of the circulation with radioactive
microspheres. Investigative Radiology. 1969; 4:
1594-1602.

Kolin A. An electromagnetic flowmeter.
Principle of the method and its application to
blood flow measurements. Proceedings of the
Society for Experimental Biology and Medicine.
1936: 35: 43-56.

221



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Schenk WG, McDonald JC, McDonald K, Drapanas T.
Direct measurement of hepatic blood flow in
surgical patients: With related observations on
hepatic blood flow dynamics in experimental
animals. Annals of Surgery 1962; 156: 463-471.

Wyatt DG. Baseline errors in cuff
electromagnetic flowmeters. Medical and
Biological Engineering 1966; 4: 17-45.

Sellers AF, Dobson A. Some applications and
limitations of electromagnetic blood flow
measurements in chronic animal preparations.
Gastroeneterology 1968; 52: 375-379.

Gibbs FA. Thermoelectric blood flow recorder in
form of a needle. Proceedings of the Society for
Experimental Biology and Medicine. 1933: 31:
141-146.

Demling L, Gromotka R. The influence of
physiologic irritations on enteroportal blood
flow in man. Experimental investigations with a
bloodless calorimetric method. In Proceedings
World Congress in Gastroenterology 1959; pp 539-
541 Baltimore: The Williams & Wilkins Co.

Grayson J. Internal calorimetry in the
determination of thermal conductivity and blood
flow. Journal of Physiology 1952: 118: 54-72.

Ohnhaus EE, Emons E, Breckenridge A. Long term
liver blood flow measurements in rats under
physiological conditions. Pflugers Archiv 1970;
323: 182-186.

Tucker GT. Drug Metabolism. British Journal of
Anaesthesia 1979; 51: 603-618.

Klingenberg M. Pigments of rat liver
microsomes. Archives of Biochemistry and
Biophysics 1958; 75: 376-386.

Omura T, Sato R. The carbon monoxide binding
pigment of liver microsomes: I Evidence for its
hemoprotein nature. Journal of Biological
Chemistry 1964; 239: 2370-2378.

222



198.

199.

200.

201.

202.

203.

204.

205.

206.

Coon MJ. Drug metabolism by cytochrome P450:
Progress and perspectives. Drug Metabolism and
Disposition 1981; 9: 1-3.

Gillette JR. Biochemistry of drug oxidation
and reduction by enzymes in hepatic endoplasmic
reticulum. Advances in Pharmacology 1966; 4:
219-223.

Gillette JR. Effects of various inducers on
electron transport system associated with drug
metabolism by liver microsomes. Metabolism;
1971: 215-219.

Enzymology and molecular mechanisms of drug
metabolism reactions. In: Introduction to drug
metabolism, Eds. Gibson GG, Skett P. Chapman and
Hall, London, 1986, p39-79.

Rowland M, Benet LZ, Graham GG. Clearance
concepts in pharmacokinetics. Journal of
Pharmacokinetics and Biopharmaceutics 1973; 1:
123-136.

Winkler K, Keiding S, Tygstrup N. Clearance as
a quantitative measure of liver function. 1In P.
Paumgartner and R. Presig (eds). The Liver:
Quantitative Aspects of Structure and Functions,
Karger, Basel 1973; 144-155.

Greenaway CV, Stark RD. Hepatic vascular beds.
Physiological Reviews 1971; 51: 23-65.

Pang KS, Rowland M. Hepatic clearance of drugs.
I. Theoretical considerations of a "well-
stirred" model and a "parallel tube" model.
Influence of hepatic blood flow, plasma and
blood cell binding, and the hepatocellular

‘enzymatic activity on hepatic drug clearance.

Journal of Pharmacokinetics and Biopharmaceutics

.1977; 5: 625-653.

Bass L, Keiding S, Winkler K, Tygstrup N.
Enzymatic elimination of substrates flowing
through the intact liver. Journal of Theoretlcal
Biology. 1976; 61: 393-409.

223



207.

208.

209.

210.

211.

212.

213.

Brauer RW, Leong GF, McElroy RF Jr, Holloway RJ.
Circulatory pg%hways in the rat liver as
revealed by P chromic phosphate colloid
uptake in the isolated perfused liver
preparation. American Journal of Physiology
1956; 184: 593-598.

Pang KS, Rowland M. Hepatic clearance of drugs.
II. Experimental evidence for acceptance of the
"well-stirred" model over the ’‘parallel tube’
model using lidocaine in the perfused rat liver
in situ preparation. Journal of
Pharmacokinetics and Biopharmaceutics 1977; 5:
655-680.

Pang KS, Rowland M. Hepatic clearance of drugs.
III. Additional experimental evidence
supporting the "well-stirred" model, using
metabolite (MEGX) generated from lidocaine under
varying hepatic blood flow rates and linear
conditions in the perfused rat liver in situ
preparation. Journal of Pharmacokinetics and
Biopharmaceutics 1977; 5: 681-699.

Branch RA, Nies AS, Shand DG. The disposition
of Propranolol. General implications of the
effects of liver blood flow on elimination from
the perfused rat liver. Drug Metabolism and
Disposition. 1973; 1: 687-690.

Evans GH, Nies AS, Shand DG. The disposition of
propranolol. III. Decreased half-life and
volume of distribution as a result of plasma
binding in man, monkey, dog and rat. Journal of
Pharmacology and Experimental Therapeutics 1973;
186: 114-122.

Gillette JR. Factors affecting drug metabolism.
Annals of the New York Academy of Sciences.

~1971; 179' 43-66. -

Yacobi A, Udall JA, Levy G. Serum protein
binding as a determinant of warfarin body
clearance and anticoagulant effect. Clinical
Pharmacology and Therapeutics 1976; 19: 552-558.

224



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Segre G. Kinetics of drugs in the hepatobiliary
system. In: Liver and drugs. Eds. Orlandi F,
Jezequel AM. Academic Press, London, 1972, p85-
105. ,

Aszalos AA. Enzyme kinetics. In: Enzymes in
anesthesiology, Ed. Foldes FF. Springer-Verlag,
New York 1978 p 31-40.

Breckenridge AM, Orme MLE, Davies L,
Thorgeirsson SS, Davies DS. Dose-dependent
enzyme induction. Clinical Pharmacology and
Therapeutics 1973; 14: 514-520.

Dollery CT. Enzyme induction. British Journal
of Anaesthesia 1972; 44: 961-966.

Videla L, Bernstein J, Isreal Y. Metabolic
alterations produced in the liver by chronic
ethanol administration. Biochemical Journal

" 1973; 134: 507-514.

Sellers EM, Holloway MR. Drug kinetics and
alcohol ingestion. Clinical Pharmacokinetics
1978; 3: 440-448.

Jusko WJ. Role of tobacco smoking in
pharmacokinetics. Journal of Pharmacokinetics &
Biopharmaceutics. 1978; 6: 7-39.

Somogyi A, Gugler R. Drug interactions with
cimetidine. Clinical Pharmacokinetics 1982; 7:
23-41.

Hansen JM, Christensen LK. Drug interactions
with oral sulpharylurea hypoglycaemic drugs.
Drugs 1977; 13: 24-34.

Rundles RW, Wyngaarden JB, Hitchings GH, Ellon
GB. Drugs and uric acid. Annual Review of
Pharmacology 1969; 9: 345-362.

Klassen CD. Comparison of the effect of two-
thirds hepatectomy and bile duct ligation on
hepatic excretory function. Journal of"
Pharmacology and Experimental Therapeutics 1974;
191: 25-31.

225



225.

226.

227.

228.

229.

230.

231.

232.

Yam J, Roberts RJ. Hepatic uptake of foreign
compounds: influence of acute extrahepatic
biliary obstruction. Journal of Pharmacology and
Experimental Therapeutics 1977; 200: 425-433.

Park BK. Assessment of the drug metabolism
capacity of the liver. British Journal of
Clinical Pharmacology 1982; 14: 631-651.

Boobis AR, Brodie MJ, Kahn GC, Toverud EL, Blair
IA, Murray S, Davies DS. Comparison of the in
vivo rates of formation of the three main
oxidative metabolites of antipyrine in man.
British Journal of Clinical Pharmacology 1981;
12: 771-777.

Vessell ES. The antipyrine test in clinical
pharmacology: Conceptions and misconceptions.
Clinical Pharmacology and Therapeutics. 1979;
26: 275-286.

Branch RA, Shand DG, Wilkinson GR, Nies AS.
Increased clearance of antipyrine and d-
propanolol after phenobarbitone treatment in the
monkey. Journal of Clinical Investigation 1974;
53: 1101-1107.

Branch RA, James JA, Read AE. The clearance of
antipyrine and indocyanine green in normal
subjects and in patients with chronic liver
disease. Clinical Pharmacology and Therapeutics
1976; 20: 81-89.

Stevenson IH. Factors influencing antipyrine
elimination. British Journal Clinical
Pharmacology. 1977; 4: 261-265.

Miguet JP, Mavier P, Soussy CJ, Dhumeaux D.
Induction of hepatic microsomal enzymes after
brief administration of rifampicin in man.
Gastroenterology 1977; 72: 924-926.

226



- 233.

234.

235.

236.

237.

238.

239.

240.

Bax NDS, Lennard MS, Tucker GT. Inhibition of
antipyrine metabolism by B-adrenoceptor
antagonists. British Journal of Clinical
Pharmacology 1981; 12: 779-784.

Serlin MJ, Sibeon RG, Mossman S, Breckenridge
AM, Williams JBB, Atwood JL, Willoughby JMT.
Cimetidine interaction with oral anticoagulants.
Lancet 179; ii: 317-319.

Hart P, Farrel GC, Cooksley WGE, Powell LW.
Enhanced drug metabolism in cigarette smokers.
British Medical Journal 1976; 2: 147-149.

Pantuck EJ, Pantuck CB, Garland WA, Mins BH,
Wattenberg LW, Anderson EK, Kappas A, Conney AH.
Stimulatory effect of brussel sprouts and
cabbage on human drug metabolism. Clinical
Pharmacology and Therapeutics. 1979; 25: 88-95.

Branch RA, Herbert CM Read AE. Determinants of
serum antipyrine half-lives in patients with
liver disease. Gut 1973; 14: 569-573.

Vessell ES, Shapiro JR, Passananti GT, Jorgensen
H, Shively CA. Altered plasma half-lives of
antipyrine propylthiouracil and methimazole in
thyroid dysfunction. Clinical Pharmacology and
Therapeutics. 1975; 17: 48-56.

Vestal RE, Norris AH, Tobin JD, Cohen BH, Shock
NW, Andres R. Antipyrine metabolism in man:
Influence of age, alcohol, caffeine and smoking.
Clinical Pharmacology and Therapeutics. 1975;
18: 425-432.

Ohnhaus EE, Park BK. Measurement of urinary 68-
hydroxycortisol excretion as an in vivo
parameter in the clinical assessment of the
microsomal enzyme-inducing capacity of
antipyrine, phenobarbitone and rifampicin.
European Journal of Clinical Pharmacology 1979;
15: 139-145.

227



241.

242.

243.

244.

245.

246.

247.

248.

Lauterburg B, Bircher J. Hepatic microsomal
drug metabolizing capacity measured in vivo by
breath analysis. Gastroenterology. 1973; 65:
556.

Hepner GW, Vessell ES. Assessment of v
aminopyrine metabolism in man Ey breath analysis
after oral administration of 1 C-aminopyrine.
New England Journal of Medicine. 1974; 291:
1384-1388. ,

Hepner GW, Vessell ES, Lipton A, Harvey HA,
Wilkinson GR, Schenker S. Disposition of
aminopyrine, antipyrine, diazepam, and
indocyanine green in patients with liver disease
or on anticonvulsant drug therapy: diazepam
breath test and correlations in drug
eliminatiom. Journal of Laboratory and Clinical
Medicine. 1977; 90: 440-456. o

Shreeve WN, Shoop JD, Ott DG, McInteer_  Test for
aigoholic cirrhosis by conversion of (~*C) or
(*°C) galactose to expired CO,.

Gastroenterology 1976; 71: 98-101.

Kupfer A, Bircher J. Stereoselectivity of
differential routes of gzug metabolism: the fate
of the enantiomers of (~*C) mephenytoin in the
dog. Journal of Pharmacology and Experimental
Therapeutics 1979; 209: 190-195.

Wietholtz H, Voegelin M, Arnaud, MJ, Bircher J,
Preisig R. Assessment of the cytochrome P-448
dependent liver enzyme system by a caffeine
breath test. European Journal of Clinical
Pharmacology 1981; 21: 53-59.

Jenne J, Nagasawa H, McHugh R, MacDonald F, Wyse
E. Decreased theophylline half-life in
cigarette smokers. Life Science. 1975; 17: 195-
198.

Zilly W, Breimer DD, Ritcher E. 1Induction of
drug metabolism in man after rifampicin
treatment measured by increased hexobarbital and
tolbutamide clearance. European Journal of
Clinical Pharmacology 1978; 9: 219-227.

228



249.

250.

251.

252.

253.

254.

255,

256.

257.

258.

Inaba T, Tang BK, Kalow W. Amobarbital: probe
of hepatic drug oxidation in man. Clinical
Pharmacology and Therapeutics 1976; 20: 439-444.

Hunter J, Maxwell JD, Carella M, Stewart DA
Williams R Urinary d-glucaric acid excretion as
a test for hepatic enzyme induction in man.
Lancet 1971; i: 572-575.

Latham AN, Turner P, Franklin C, Maclay W.
Phenobarbitone-induced urinary excretion of d-
glucaric acid and 6B8-hydroxycortisol in man.
Canadian Journal of Physiology and Pharmacology.
1975; 54: 778-782.

Conney AH. Pharmacological implications of
microsomal enzyme induction. Pharmacological
Reviews. 1967; 19: 317-365.

Park BK. Assessment of urinary 68-

.hydroxycortisol as an in vivo index of mixed-
- function oxygenase activity. British Journal of

Clinical Pharmacology. 1981; 12: 97-102.

O’Malley K, Crooks J, Duke E, Stevenson IH.
Effect of age and sex on human drug metabolism.
British Medical Journal. 1971; 3: 607-609.

Giudicelli JF, Tillement JP. Influence of sex
on drug kinetics in man. Clinical
Pharmacokinetics 1977; 2: 157-166.

Thomas J, Meffin PJ. Aromatic hydroxylation of
lidocaine and mepivacaine in rats and humans.
Journal of Medicinal Chemistry 1972; 15: 1046-
1049.

Dedrick RL. Animal scale-up. Journal of
Pharmacokinetics and Biopharmacuetics 1973; 1:
435-421.

Walker CH. Species differences in microsomal
mono-oxygenase activity and their relationship
to biological half-lives. Drug Metabolism
Reviews 1978; 7: 295-323.

229



259.

260.

261.

262.

263.

264.

265.

266.

267.

Evans DAP, Manley KA, McKusick VA. Genetic
control of isioniazid metabolism in man.
British Medical Journal 1960; 2: 485-491.

Evans DAP, Mahgoub A, Sloan TP, Idle JR, Smith
RL. A family and population study of the
genetic polymorphism of debrisoquine oxidation
in a white Britain population. Journal of
Medical Genetics 1980; 17: 102-105.

Mahgoub A, Idle JR, Dring LG, Lancaster R, Smith
RL. Polymorphic hydroxylation of debrisoquine
in man. Lancet 1977; ii: 584-586.

Eichelbaum M, Spannbrucker N, Steincke B,
Dengler HJ. Defective n-oxidation of sparteine
in man: A new pharmacogenetic defect. European
Journal of Clinical Pharmacology 1979; 16: 183-
187.

Danhof M, Idle JR, Teunissen MWE, Sloan TP,
Breimer DD, Smith RL. Influence of the
genetically controlled deficiency in
debrisoquine hydroxylation on antipyrine
metabolite formation. Pharmacology 1981; 22:
349-358.

Eichelbaum M. Defective oxidation of drugs:
pharmacokinetic and therapeutics implications.
Clinical Pharmacokinetics. 1982; 7: 1-22.

Alvan G, Von Bahr C, Seideman P, Sjogqvist F.
High plasma concentrations of B-receptor
blocking drugs and deficient debrisoquine
hydroxylation. Lancet 1982; i: 333.

Shah RR, Oates NS, Idle JR, Smith RL, Lockhart
JDF. Impaired oxidation of debrisoquine in
patients with perhexiline neuropathy. British
Medical Journal 1982; 284: 295-304.

Wilkinson GR, Schenker S. Drug disposition and

liver disease. Drug Metabolism Reviews 1975; 4:
139-175. »

230



268.

269.

270.

271.

272.

273.

274.

275.

Breimer DD, Zilly W, Richter E.

Pharmacokinetics of hexobarbital in acute
hepatitis and after apparent recovery. Clinical
Pharmacology and Therapeutics 1975; 18: 433-440.

Klotz U, McHorse TS, Wilkinson GR, Schenker S.
The effect of cirrhosis on the disposition and
elimination of meperidine in man. Clinical
Pharmacology and Therapeutics 1974; 16: 667-675.

Branch RA, James JA, Read AE. A study of
factors influencing drug disposition in chronic
liver disease, using the model drug (+)
propranolol. British Journal of Clinical
Pharmacology. 1976; 3: 243-249.

Pirttiaho HI, Sontaniemi EA, Ahokas JT, Pitkanen
U. Liver size and indices of drug metabolism in
epileptics. British Journal of Clinical
Pharmacology 1978; 6: 273-278.

Lewis RJ, Trager WF, Chan KK, Breckenridge A,
Orme MLE, Rowland M, Schary W. Warfarin.
Stereochemical aspects of its metabolism and the
interaction withphenylbutazone. Journal of
Clinical Investigation 1974; 53: 1607-1617.

Hansen JM, Sirsbaek-Nielsen K, Skovsted L.
Carbamazepine induced acceleration of
diphenylhydantoin and warfarin metabolism in
man. Clinical Pharmacology and Therapeutics
1971; 12: 15-19.

Bolt HM, Kappus H, Bolt U. Effect of rifampicin
treatment on the metabolism of oestrdiol and
l17a-ethinyl-oestradiol by human liver
microsomes. European Journal of Clinical
Pharmacology 1975; 8: 301-307.

Feely J, Wilkinson GR, Wood AJJ. Reduction of
liver blood flow and propanolol metabolism by
cimetidine. New England Journal of Medicine
1981; 304: 692-695.

231



276.

277.

278.

279.

- 280.

281.

282.

283.

284.

Heagerty AM, Donovan MA, Castleden CM, Pohl JF,
Patel L, Hedges A. Influence of cimetidine on
pharmacokinetics of propranolol. British
Medical Journal 1981; 282: 1917-1919.

Jackson JE, Powell JR, Wandell M, Bentley J,
Dorr R. Cimetidine decreases theophylline
clearance. American Journal of Respiratory
Disease 1980; 123:615-617.

Klotz U, Reimann I. Delayed clearance of
diazepam due to cimetidine. New England Journal
of Medicine 1980; 302: 1012-1014.

Bartle WR, Walker SE, Shapero T. Dose-dependent
effect of cimetidine on phenytoin kinetics.
Clinical Pharmacology and Therapeutics 1983; 33:
649-655.

Christensen LK, Hansen JM, Kristensen M.
Sulphaphenazole induced hypoglycaemic attacks in
tolbutamide treated diabetics. Lancet 1963; 2:
1298-1301. '

Sjogvist F. Psychotropic drugs (2). Interaction
between momoamine oxidase inhibitors and other
substances. Proceedings of the Royal Society of
Medicine 1965; 58: 967-978.

Cusack B, Kelly JG, Lavan J. Theophylline
kinetics in relation to age: the importance of
smoking. British Journal of Clinical
Pharmacology 1980; 10: 109-112.

Greenblatt DJ, Allen MD, Harmatz JS. Diazepan
disposition determinants. Clinical Pharmacology
and Therapeutics 1980; 27: 301-310.

Mather LE, Tucker G, Pflug AE, Lindop MJ,
Wilkerson C. Meperidine kinetics in man:
Intravenous injection in surgical patients and
volunteers. Clinical Pharmacology and
Therapeutics. 1975; 17: 21-30.

232



- 285.

286.

287.

288.

289.

290.

291.

292.

293.

Rose JQ, Barron SA, Jusko WJ. Phenytoin
disposition in smokers and non-smokers.
International Journal of Clinical Pharmacology
1978; 16: 547-550.

Mitchell AA. Smoking and warfarin dosage. New
England Journal of Medicine 1972; 287: 1153-
1154.

Hart LG, Fouts JR. Effects of acute and chronic
DDT administration on hepatic microsomal drug
metabolism in the rat. Proceedings of the
Society of Experimental Biology and Medicine
1963; 114: 388-392,.

Alvares AP, Fischbein A, Anderson KE, Kappas A.
Alterations in drug metabolism in workers
exposed to polychlorinated biphenyls. Clinical
Pharmacology and Therapeutics 1977; 22: 140-146.

Conney AH, Pantuck EJ, Hsaio KC, Anderson AE,
Alvares AP, Kappas A. Enhanced phenacetin
metabolism in humans fed charcoal-broiled beef.
Clinical Pharmacology and Therapeutics 1976; 20:
633-642.

Kappas A, Anderson KE, Conney AH, Alvares AP.
Influence of dietary protein and carbohydrate on
antipyrine and theophylline metabolism in man.
Clinical Pharmacology and Therapeutics. 1976;
20: 643-653.

Wood AJJ, Carr K, Vestal RE, Belcher S,
Wilkinson GR, Shand DG. Direct measurement of
propranolol biocavailability during accumulation
to steady-state. British Journal of Clinical
Pharmacology 1978; 6: 356-350.

Kornhauser DM, Wood AJJ, Vestal RE, Wilkinson
GR, Branch RA Shand DG. Biological determinants
of propanolol disposition in man. Clinical
Pharmacology and Therapeutics 1978; 23: 165-174.

Routledge PA, Shand DG. Clinical

pharmacokinetics of propranolol. Clinical
Pharmacokinetics. 1979; 4: 73-90.

233



294.

295.

296.

297.

298.

299.

300.

301.

302.

Wood AJJ, Kornhauser DM, Wilkinson GR, Shand DG,
Branch- RA. The influence of cirrhosis on
steady-state blood concentrations of unbound
propranolol after oral administration. Clinical
Pharmacokinetics 1978; 3: 478-487.

Wood AJJ, Vestal RE, Spannuth CL, Stone WJ,
Wilkinson GR, Shand DG. Propranolol disposition
in renal failure. British Journal of Clinical
Pharmacology 1980; 10: 561-566.

Vestal RE, Wood AJJ, Branch RA, Shand DG,
Wilkinson GR. Effects of age and cigarette
smoking on propranolol disposition. Clinical
Pharmacology and Therapeutics 1979; 26: 8-165.

Reimann IW, Klotz U, Siems B, Frolich JC.
Cimetidine increases steady state plasma levels
of propranolol. British Journal of Clinical
Pharmacology 1981; 12: 785-790.

Daneshmend TK, Roberts CJC. Cimetidine and
biocavailability of labetolol. Lancet 1981; 1:
565-567.

Rendic V, Sunjic V, Toso R, Kajfez F, Ruf HH.
Interaction of cimetidine with liver microsomes.
Xenobiotica 1979; 9: 555-564.

Puurunen J, Pelkonen 0. Effect of cimetidine on
microsomal drug metabolism in man. European
Journal of Clinical Pharmacology 1979; 18: 335-
336.

Donn KH, Powell JR, Rogers JF, Plachetka JR.
Lack of Effect of histamine H,-receptor
antagonists on indocyanine green disposition
measured by two methods. Journal of Clinical

Pharmacology 1984; 24: 360-370.

Herz R, Rossle M, Bonzel T, Keller E, Gerok W.
Effect of cimetidine on the hepatic extraction
of indocyanine green, the portal pressure and
the systemic circulation in patients with
cirrhosis of the liver. Klinische Wochenschrift
1984; 62: 759-764.

234



303. Daneshmend TK, Ene MD, Parker G, Roberts CJC.
Effects of chronic oral cimetidine on apparent
liver blood flow and hepatic microsomal enzyme
activity in man. Gut 1984; 25: 125-128.

304. Archambault AP, Halvorsen L, Lee SP, McLaurin
BP, Navert H, Sevelius H. Sutherland LR, Thomson
RPH, Thomson ABR. Efficacy and safety of
enprostil, a synthetic prostaglandin, and
placebo in patients with duodenal. ulcer.
American Journal of Gastroenterology 1984; 79:
828.

305. Gerkens JF, Flexner C, Oates JA, Shand DG.
Prostaglandin and histamine involvement in the
gastric vasodilator action of pentagastrin.
Journal of Pharmacology and Experimental
Therapeutics 1977; 201: 421-426.

306. Gerkens JF, Shand DG, Flexner C, Nies AS, Oates
JA, Data JL. Effects of indomethacin and
aspirin on gastric blood flow and acid
secretion. Journal of Pharmacology and
Experimental Therapeutics 1977; 203: 646-652.

307. Feigen LP, King LW, Ray J, Beckett W, Kadowitz
PJ. Differential effects of ibuprofen and
indomethacin in the regional circulation of the
dog. Journal of Pharmacology and Experimental
Therapeutics 1981; 219: 679-684.

308. Wilson DE. Prostaglandins, Their Action on the
Gastrointestinal Tract. Archives of Internal
Medicine. 1974; 133: 112-118.

309. Weiner M. The kinetics of inhibition of hepatic
drug metabolism by prostaglandins in rabbits.
Research Communications in Chemical Pathology
and Pharmacology 1980; 29: 561-571.

310. Kupfer D. Endogenous substrates of
monooxygenases: fatty acids and prostaglandins.
Journal of Pharmacology and Therapeutics 1980;
11: 469-496.

235



311.

312.

-313.

314.

315.

316.
317.

318.

319.

320.

Quasha AL, Eger EI, Tinker JH. Determination
and applications of MAC. Anesthesiology 1980;
53: 315-334.

Murphy MR, Hug CC. The anesthetic potency of
fentanyl in terms of its reduction in enflurane
MAC. Anesthesiology 1982; 57: 485-492.

Koshakji RP, Wood AJJ. A modified sensitive
liquid chromatographic method for measurement of
propranolol with fluorescence detection.

Journal of Pharmaceutical Science 1986; 75: 87-
89.

Wood M, Shand DG, Wood AJJ. Propranolol binding
in plasma during cardiopulmonary bypass.
Anesthesiology 1979; 51: 512-516.

Wood M, Shand DG, Wood AJJ. Altered drug
binding due to use of indwelling heparinised
cannulas (heparin lock) for sampling. Clinical
Pharmacology and Therapeutics 1979; 23: 165-174.

Bland JM, Altman DG. Statistical methods for
assessing agreement between two methods of
clinical measurement. Lancet 1986; 1: 307-310.

Klingenberg M. Pigments of rat liver
microsomes. Archives of Biochemistry and
Biophysiology 1958; 75: 376-386.

Estabrook RW, Cooper DY, Rosental O. The light
reversible carbon monoxide inhibition of the
steroid C21l-hydroxylase system of the adrenal
cortex. Biochemistry 1963; 338: 741-755.

Kato R, Chiesara E, Vassanelli P. Further

.studies on :the inhibition and stimulation of

microsomal drug metabolising enzymes of rat
liver by various compounds. Biochemical
Pharmacology 1964; 13: 69-83. :

Baekeland F, Greene NM. Effects of diethyl
ether on tissue distribution and metabolism of
pentobarbital in rats. Anesthesiology 1958; 19:
724-732.

236



321.

322.

323.

Netter KJ. Effects of inhibitors of drug
metabolism. Drug Metabolism and Disposition
1973; 1: 162-163.

Liebman KC. Effects of metyrapone on liver
microsomal drug oxidations. Molecular
Pharmacology 1969; 5: 1-9.

Franklin MR. Inhibition of hepatic oxidative
xenobiotic metabolism by piperonyl butoxide.

- Biochemical Pharmacology 1972; 21: 3287-3299.

324.

325.

326.

327.

328.

329.

330.

Netter KJ. Inhibition of oxidative drug
metabolism in microsomes. In: Hepatic cytochrome
P450 mono-oxygenase system. Eds: Schenkman JB,
Kupfer D. Pergamon Press, Oxford 1982.

Ivanetich KM, Lucas S, Marsh JA, Ziman MR, Katz
ID, Bradshaw JJ. Organic compounds: Their
interaction with and degradation of hepatic
microsomal drug-metabolising enzymes in vitro.
Drug Metabolism and Disposition 1978; 6: 218-
225. : '

Mather LE. Personal Communication

Staudt H, Lichtenberger F, Ullrich V. The role
of NADH in uncoupled microsomal monoxygenations.
European Journal of Biochemistry 1974; 46: 99-
106.

Kutham H, Ullrich V. Oxidase and oxygenase
function of the microsomal cytochrome P450
monooxygenase system. European Journal of
Biochemistry 1982; 126: 583-588.

Ivanetich KM, Manca V, Harrison GG, Berman M.
Enflurane and methoxyflurane: their interaction
with hepatic microsomal stearate desaturase.
Biochemical Pharmacology 1980; 29: 27-34.

Andreen M. Inhalation versus intravenous
anaesthesia. Effects on the hepatic and
splanchnic circulation. Acta Anaesthesiologica
Scandinavica 1982; Suppl. 75: 25-31.

237



331.

332.

333.

334.

335.

336.

337.

338.

339.

Moreno AH, Burchell AR, Van der Woude R, Burke
JH. Respiratory regqulation of splanchnic and
systemic venous return. American Journal of
Physiology 1976; 213: 455-458.

Bonnet F, Richard C, Glaser P, Lafay M, Guesde
R. Changes in hepatic flow induced by
continuous positivepressure ventilation in
critically ill patients. Cr1t1ca1 Care Medicine
1982; 10: 703-705.

Bredenbert CE, Paskanik A, Fromm D. Portal
hemodynamics in dogs during mechanical
ventilation with positive end-expiratory
pressure. Surgery 1981; 90: 817-822.

Cooperman LH. Effects of anaesthetics on the
splanchnic circulation. British Journal of
Anaesthesia 1972; 44: 967-970.

Theye RA, Kuster G, Dawson B. Effect of
halothane on splanchnic hemodynamics and oxygen
consumption. Anesthesia & Analgesia 1972; 51:
59-63.

Coopermen LH, Warden JC, Price HL. Splanchnic
circulation during nitrous oxide anesthesia and
hypocarbia in normal man. Anesthesiology 1968;
29: 254-258.

Benumof JL, Bookstein JJ, Saidman LJ.
Diminished hepatic arterial flow during
halothane administration. Anesthesiology 1976;
45: 545-551.

Berger PE, Culham JAG, Fitz CR, Harwood-Nash DC.
Slowing of hepatic blood flow by halothane.

‘Angiographic manifestations. Radlology 1976;

118: 303-306.

Bombeck CT, Aoki T, Smuckler EA, Nyhus LM.
Effects of halothane, ether, and chloroform on
the isolated, perfused, bovine liver. American
Journal of Surgery 1969; 117: 91-106.

238



340.

341.

342.

343.

344.

345.

346.

347.

Brouwer KLR, Vore M. Effect of hypoxia and
pregnancy on antipyrine metabolism in isolated
perfused rat livers. Journal of Pharmacology
and Experimental Therapeutics 1985; 234: 584-
589.

Jones DP. Hypoxia and drug metabolism.
Biochemical Pharmacology 1981; 30: 1019-1023.
Morgan DJ, Madsen NP. Differential effects of
hypoxia on the disposition of propranolol and
sodium taurocholate in the isolated perfused rat
liver. Hepatology 1984; 4: 461-466.

Jones DB, Mihaly GW, Smallwood RA, Webster IK,
Morgan DJ, Madsen NP. Differential effects of
hypoxia on the disposition of propranolol and
sodium taurocholate in the isolated perfused rat

liver. Hepatology 1984; 4: 461-466.

Zachariah PK, Juchau MR. Inhibition of human
placental mixed function oxidations with carbon
monoxide: reversal with monochromatic light.
Journal of Steroid Biochemistry 1977; 8: 221-
228.

Poulsen LL, Ziegler DM. The liver microsomal
FAD-containing monooxygenase. Spectral
characteristics and kinetic studies. Journal of
Biological Chemistry 1979; 254: 6449-.

Andreen M, Irestedt L, Zetterstrom B. The
different responses of the hepatic arterial bed
to hypovolaemia and to halothane anaesthesia.
Acta Anaesthesiologica Scandinavica 1977; 21:
457-469.

Andreen M, Irestedt L, Thulin L. The effect of
controlled halothane anaesthesia on splanchnic
oxygen consumption in the dog. Acta
Anaesthesiologica Scandinavica. 1975; 19: 238-
244.

Foéx P, Francis CM, Cutfield GR. The
interactions between B-Blockers and
anaesthetics. Experimental observations. Acta
Anaesthesiologica Scandinavica 1982; Suppl. 76:
38-46.

239



348.

349.

350.

351.

352.

353.

354.

Daneshmend TK, Jackson L, Roberts CJC.
Physiological and pharmacological variability in
estimated hepatic blood flow in man. British
Journal of Clinical Pharmacology 1981; 11: 491-
496.

Roberts JG. Beta-adrenergic blockade and
anaesthesia with reference to interactions with
anaesthetic drugs and techniques. Anaesthesia
and Intensive Care 1980; 8: 318-334.

Bai SA, Abramson FP. Interactions of
phenobarbital with propranolol in the dog. 1.
Plasma protein binding. Journal of Pharmacology
and Experimental Therapeutics 1982; 222: 589-
594.

Edwards DJ, Lalka D, Cerra F, Slaughter RL.
Alphal-acid glycoprotein concentration and
protein binding in trauma. Clinical
Pharmacology and Therapeutics 1982; 31: 62-67.

Runciman WB, Ilsley AH, Mather LE, Carapetis RJ, -
Rao MM. A sheep preparation for studying the
interaction between blood flow and drug
disposition. I: Physiological profile.
British Journal of Anaesthesia 1984; 56: 1015-
1028.

Runciman WB, Mather LE, Ilsley AH, Carapetis RJ,
McLean CF. A sheep preparation for studying the
interaction between blood flow and drug
disposition. II: Experimental applications.
British Journal of Anaesthesia 1984; 56: 1117-
1129.

Runciman WB, Mather LE, Ilsley AH, Carapetis RJ,
Upton RN. A sheep preparation for studying the
interaction between blood flow and drug
disposition. III: Effects of general and spinal
anaesthesia on regional blood flow and oxygen
tensions. British Journal of Anaesthesia 1984;
56: 1247-1258.

240



355.

356.

357.

358.

359.

360.

361.

Runciman WB, Mather LE, Ilsley AH, Carapetis RJ,
Upton RN. A sheep preparation for studying
interactions between blood flow and drug
disposition. 1IV: The effects of general and
spinal anaesthesia on blood flow and cefoxitin
disposition. British Journal of Anaesthesia
1986; 58: 888-896.

Runciman WB, Mather LE, Ilsley AH, Carapetis RJ,
Upton RN. A sheep preparation for studying
interactions between blood flow and drug
disposition. VI: The effects of general and
spinal anaesthesia on blood flow and
chlormethiazole disposition. British Journal of
Anaesthesia 1986; 58: 1308-1316.

Mather LE, Selby DG, Runciman WB. The effects
of propofol or thiopentone anaesthesia on
hepatic haemodynamics and the elimination of
pethidine and BSP in the sheep. British Journal
of Anaesthesia (In Press)

Chelly JE, Rogers K, Hysing ES, Taylor A,
Hartley C, Merin RG. "Cardiovascular effects of
and interactions between calcium blocking drugs
and anesthetics in chronically instrumented
dogs. I. verapamil and halothane.
Anesthesiology 1986; 64: 56-567.

Dlewati A, Hill DC, Chelly JE, Abernathy DR,
Merin RG. Effect of lidocaine on verapamil
pharmacokinetics in dogs. Anesthesiology 1986;
65: A227.

Wouters PF, Chelly JE, Doursout MF, Hartley CJ,
Merin RG. Effects of enflurane on hepatic blood
flow in chronically instrumented dogs.

_Anesthesia and Analgesia 1989; 68: S313.

Conzen PF, Hobbhahn J, Goetz AE, Habazetti H,
Granetzny T, Peter K, Brendel W. Splanchniic
oxygen consumption and hepatic surface oxygen
tensions during isoflurane anesthesia.
Anesthesiology 1988; 69: 643-651.

241



362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

Perry SM, Whelan E, Shay S, Wood AJJ, Wood M.
Effects of propofol on drug disposition: Marked
effects on drug disposition, less effect on drug
metabolism. Anesthesiology 1988; 69: A461.

Whelan E, Wood AJJ, Koshakji R, Blair I, Wood M.
Halothane inhibition of drug metabolism is
stereoselective. Anesthesiology 1988; 69: A455.

Whelan E, Shay S, Wood AJJ, Wood M. Spinal
anesthesia spares drug metabolism in the dog.
Anesthesia and Analgesia 1989; 68: S310.

Gordon L, Wood AJJ, Wood M. Acute effects of
halothane on drug distribution in the dog.
Anesthesia and Analgesia 1985; 64: 219.

Merrell WJ, Gordon L, Wood AJJ, Jackson EK,
Wood M. The effect of halothane anesthesia on
morphine disposition. Anesthesiology 1986; 65:

_A229.

Frink EJ, Brown BR. The effects of
halothane,enflurane and isoflurane on hepatic
intrinsic clearance of lidocaine and
propranolol. Anesthesiology 1988; 69: A454.

Thomson IA, Fitch W, Hughes RL, Campbell D,
Watson R. Effects of certain iv anaesthetics on
liver blood flow and hepatic oxygen consumption
in the greyhound. British Journal of Anaesthesia
1986; 58: 69-80.

Horai Y, White PF, Trevor AJ. The effect of
etomidate on rabbit liver microsomal drug
metabolism in vitro. Drug Metabolism and
Disposition 1985; 13: 364-367.

Garg DC, Weidler DJ, Jallad NS, Eshelman FN.
The effects of ranitidine and cimetidine on
hepatic blood flow. Clinical Pharmacology and
Therapeutics 1982; 31: 228-229.

Feely J, Guy E. Ranitidine also reduces liver
blood flow. Lancet 1982; I: 169.

242



372. Feely J, Wood AJJ. Effect of inhibitors of
prostaglandin synthesis on hepatic drug
clearance. British Journal of Clinical
Pharmacology 1983; 15: 109-111.

373. Wood AJJ, Vestal RE, Wilkinson GR, Branch RA,
Shand DG. Effect of ageing and cigarette
smoking and antipyrine and indocyanine green
elimination. Clinical Pharmacology and
Therapeutics 1979; 26: 16-20.

243



