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Abstract

We have used estimated hepatic blood flow (Qpep) as an aid to evaluate clearance (CL)
values in animals and to predict clearance in man of five anaesthetic agents: fentanyl,
alfentanil, methohexitone, thiopentone and ketamine.

The disposition of methohexitone was determined in rats and that of ketamine in rats,
rabbits and pigs. Further data were compiled from the literature and supplemented
experimentally as needed. Allometric interspecies scaling, according to three different
methods, was used to estimate blood clearance and unbound clearance (CL,) in man. The
results of scaling according to the three different methods were evaluated in relation to
estimated hepatic extraction ratio (CL/Qpp) of the drugs.

In most animals the clearance of the drugs were comparable with or lower than esti-
mated Qyep. However, ketamine showed extensive extrahepatic clearance in rabbits. Pre-
diction of clearance in man was successful by at least one method for all five drugs, while
prediction of CL, generally failed. Estimates of CL/Qye, gave no indication as to the
choice of the best method. Volume of distribution at steady state could be predicted for
alfentanil, thiopentone and ketamine.

Comparison of clearance with Q,, should be used to evaluate clearance data in animals,
however estimation of hepatic extraction ratios appears to be of little use for allometric
scaling. The use of ketamine as an anaesthetic agent in rabbits is questionable, while the
use of fentanyl in pigs, methohexitone in rats and ketamine in rats and pigs is well sup-

ported by the pharmacokinetic data.

Pharmacokinetic investigations in animals may
serve either of two purposes; to predict pharma-
cokinetic properties of the drug in man, or to sup-
port actual use of the drug in the animal. For most
drugs only the first objective may apply. However,
anaesthetic agents are used in animal experi-
mentation and so pharmacokinetic studies of these
drugs may serve both purposes. Studies in small
animals are hampered by the problem of how to
obtain enough blood samples to characterize the
whole area under the blood or plasma concentration
curve (AUC). Underestimation of AUC gives an
overestimation of clearance (CL). A theoretically
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obvious, but rarely used method to evaluate a cal-
culated value for metabolic clearance would be to
compare it with measured or estimated total hepatic
blood flow (Qpep) in the species. Interspecies scal-
ing can then be used to predict the pharmaco-
kinetics of a drug in man from data obtained
in animals (Weiss et al 1977; Boxenbaum 1982;
Boxenbaum & D’Souza 1990; Mahmood & Balian
1999). Theoretically, the clearance of a drug with a
high hepatic extraction ratio should change with
body weight (BW) according to the basic allo-
metric function:

CL = a x BW¥ (1)

where a and x are scaling parameters. The reason
for this is that total blood clearance of these drugs
is predominantly determined by Qyep, Which itself
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follows this allometric function (Boxenbaum &
D’Souza 1990). The clearance of drugs with low
hepatic extraction ratios is determined by other fac-
tors and should therefore not show this simple rela-
tionship with body weight. Several modified methods
for allometric scaling of clearance have consequently
been proposed. The most common modifications of
equation 1 are the use of the product of clearance and
maximum life-span potential (MLP) (Boxenbaum
1982) or of clearance and brain weight (BrW)
(Mahmood & Balian 19964, b) instead of just clear-
ance as the independent variable.

Mostly the scaling methods have been evaluated
retrospectively, with prior knowledge of clearance
in man. However, a more realistic scenario in drug
development is that the clearance in man is not
known, and the problem then becomes to determine
which (if any) of the different clearance values
predicted by the various methods comes close to
the true one. It has been suggested that the value of
the exponent of equation 1 should be used as a
guide in this choice (Mahmood & Balian 1996b).
Estimation of hepatic extraction ratio (CL/Qpep)
has not been used in practice for this purpose.

In many cases, volume of distribution at steady
state (Vd,) can be scaled to body weight by means
of a basic allometric function analogous to equation
1 (Boxenbaum 1982; Mahmood & Balian 1996a,
1999). However, dividing Vdy with the unbound
fraction of drug in plasma (f,) may improve pre-
dictions by compensating for differences in f,
between species.

The aim of this study was to use estimated Qpep as
an aid to evaluate clearance values in animals and to
predict the clearance in man of five anaesthetic
drugs, fentanyl, alfentanil, methohexitone, thio-
pentone and ketamine, which are or may also be used
in animal experiments. Fentanyl and alfentanil are
a pair of structural analogues (opioids) with very
different hepatic extraction ratios in man, while
methohexitone and thiopentone are another such
pair (barbiturates). All five drugs are cleared by
metabolism, with very little renal excretion. Two
assumptions were tested, firstly that drugs with
a high hepatic extraction ratio should be scalable by
equation 1, and secondly that the exponential term of
this equation could be used to indicate which alter-
native method should give the best prediction.

Materials and Methods

Animal pharmacokinetics

The Ethics Committee on Animal Studies at Lund
University approved the study protocols. Eleven
rats, 13 rabbits and 18 pigs were used.
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The pharmacokinetics of methohexitone and
ketamine were determined in male Sprague-
Dawley rats, using 2-h infusions. A central venous
catheter for drug infusion and an arterial catheter
for blood sampling were introduced under anaes-
thesia with chloral hydrate. The rats were allowed
to recover overnight. Methohexitone was infused
into five animals (270-360g) at a rate of 22—
30mgkg 'h™! and ketamine into another six ani-
mals (260—300g) at a rate of 37-57 mgkg 'h™!
by means of a syringe infusion pump. Arterial
blood samples were taken by a technique described
by Bjorkman et al (1990) at the following times:
blank (400 uL), at 5, 10, 30, 60, 90, 120 (100 uL),
125, 130, 150, 180 (200 uL), 240 (300 uL.) and 300
(400 L) min from the beginning of the infusion.
The total blood loss before termination of the
experiment at 300 min was thus 2-1 mL.

The pharmacokinetics of ketamine were deter-
mined in New Zealand White rabbits, using six
control animals (2-2-2-6kg) and seven animals
(2-1-3-1kg) pretreated with Escherichia coli
endotoxin, as previously described for metho-
hexitone (Redke & Bjorkman 1994) and alfentanil
(Bjorkman & Redke 1996). The rate of infusion
was 9-7-11-4mgkg~"h™! for 2h and blood sam-
pling was at 5, 10, 30, 60, 90, 120, 123, 128, 135,
145, 160, 180, 210, 240, 300 and 360 min after the
start of the infusion.

The clearance of ketamine was determined in 18
pigs (mixed Swedish domestic breed, 18-25kg)
during a pharmacological experiment, where a
bolus loading dose of 10mgkg ™" followed by a 7-h
infusion at a rate of 15mgkg 'h~' was used for
anaesthesia. Arterial blood was sampled every
30 min. Akeson et al (1993) described the animal
model.

Blood/plasma concentration ratios and unbound
fractions in plasma

The blood/plasma concentration ratios (1) of
fentanyl in pigs, methohexitone in rats and man,
ketamine and norketamine in rats, rabbits and man,
and of thiopentone in rabbits were determined in-
vitro by a procedure previously described by Redke
& Bjorkman (1994) and Bjorkman & Redke
(1996).

The f, of fentanyl in plasma from eight pigs was
determined by equilibrium dialysis against isotonic
phosphate buffer at 37°C (Meuldermans et al 1982)
at a total concentration of 15ngmL™'. The f,
of methohexitone in plasma from 11 rats and 18
rabbits at concentrations of 0-5 and 10 ugmL™"
was determined by ultracentrifugation (Redke et al
1991). The f, of ketamine was determined by



CLEARANCE OF ANAESTHETIC AGENTS

equilibrium dialysis (as for fentanyl) in plasma
from 10 rats and seven pigs at concentrations of
0-3 and 6 ugmL™". In all determinations, human
plasma from 2 to 3 volunteers was used as a
reference medium.

Analytical methods

Blood, plasma and plasma water concentrations of
the drugs were determined by gas-liquid chroma-
tography according to published methods: fentanyl,
Bjorkman & Stanski (1988); methohexitone, Redke
et al (1991); ketamine and norketamine, Bjorkman
et al (1992).

Pharmacokinetic calculations

The total blood clearance of methohexitone and
ketamine in rats and the plasma clearance of keta-
mine in rabbits were calculated as dose/AUC,
where AUC is the area under the blood con-
centration curve extrapolated to infinite time.
Terminal half-life was estimated by non-linear
regression of the post-infusion concentration data
using the RSTRIP software (MicroMath, Salt Lake
City, UT). MRT and Vdg were calculated by
standard model-independent procedures. The
steady-state clearance of fentanyl in pigs (data from
Akeson et al 1992) was calculated as rate of infu-
sion divided by the mean of the 4-, 4-5- and 5-h
plasma concentrations in each animal. Similarly for
ketamine, the steady-state clearance was calculated
using the 6-, 6-5- and 7-h blood concentrations.

Literature data
Further pharmacokinetic data were compiled from
the literature, based on several MEDLINE searches
(Table 1). Only data from studies in unanaesthe-
tized animals, or in a few cases where only
anaesthetic gases were administered concomitantly,
were used. In addition, literature data were inclu-
ded only if the blood sampling protocol appeared to
be adequate to reliably characterize either a term-
inal half-life and an AUC of the curve after a bolus
injection, or actual attainment of steady state during
an infusion. A number of published studies were
rejected for not fulfilling these criteria. For most
species CL and Vd, values based on plasma con-
centrations were converted to corresponding values
based on blood concentrations by division with 4.
In a few cases, data could not be obtained either
experimentally or from the literature.

The literature data for man are shown in Table 2.
In addition, literature values of A and f, in man
were: fentanyl 4 =0-97 and f,=16%, alfentanil
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A=0-63 and f,=7-9% (Meuldermans et al 1982),
methohexitone f,=21% (Redke et al 1991), thio-
pentone A=1-0, 0-88 or 0-95 (Morgan et al 1981;
Jung et al 1982; Wada et al 1997) and f,=20%
(Jung et al 1982). These data were used to calculate
total blood clearance or unbound clearance (CL,)
from literature data on plasma clearance.

Allometric scaling
Qhep (ML min~') was estimated by the allometric
equation (Boxenbaum & D’Souza 1990):

Qpep = 55 -4 x BWO# ()

where body weight is given in kg. In man, however,
a Qpep value of 1-6Lmin~' was assumed (Wada
et al 1997; Bjorkman et al 1998) because the
estimate given by the equation (2-5Lmin""' in a
70-kg person) was obviously too high.

Allometric scaling of clearance (total blood CL
or CL,) was performed by linear regression of
the non-human data according to three different
equations. The first was the logarithmic form of
equation 1:

log CL = x x log BW + log a 3)

The second equation included brain weight of the
animals (Mahmood & Balian 1996a,b):

log (CL x BrW) = x x log BW +1loga (4)

Brain weights of the various species, as percent of
body weight, were assumed to be: rats 0-75%,
rabbits 0-39%, dogs 0-53%, sheep 0-19% and man
2-2% (Boxenbaum 1982), and pigs 0-34% (Bjork-
man et al 1992).

The third equation included the MLP of the
various species according to Boxenbaum (1982):

log (CL x MLP) =x x logBW +1loga (5)

The MLP of the various species were assumed to
be: rats 4-7 years, rabbits 8-0 years, dogs 19-7 years,
pigs 11-4 years, sheep 18-3 years and man 93-4
years (Boxenbaum 1982).

Vd,s was scaled according to the simple allo-
metric equation:

log Vd,, = x x log BW + log a (6)

and Vd/f, was scaled analogously.

Parameter values in man predicted by the allo-
metric regression lines were compared with repor-
ted data from the literature. Percent error between
the predicted and the observed values was calcu-
lated as:

%Error = ((Predicted — Observed)/

(7)
Observed) x 100
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Table 1.
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Body weights and estimated hepatic blood flows (Qyp) of the animals and the primary pharmacokinetic parameters,

blood clearance (CL), volume of distribution at steady state (Vd,;), referenced to blood, blood:plasma partition coefficients, (1) and
unbound fraction (f,,) in plasma of the five anaesthetics.

Species

Body weight

Qhe ?

CL

f,

Sources of pharmacokinetic data

P Vdss u
kg)  @Lmin™) @Lmin™H (L) (%)
Fentanyl
Rat 0-40 0-024 0-027 nd. 089 17  Meuldermans et al 1982; Bjorkman et al 1990
Dog 15 0-62 0-53 158 1.00° 22 Meuldermans et al 1982; Murphy et al 1983
Pig 20 0-81 1.01 nd. 095 24  Akeson et al 1993; this study
Alfentanil
Rat 0-39 0-024 0-019 nd. 070 16 Meuldermans et al 1982 & Bjorkman et al 1990
Rat 0-4 0-024 0-028 0-39 070 16 Meuldermans et al 1982; Mandema & Wada 1995
Rabbit 2-6 0-13 0-12 2.5 077 32  Bjorkman & Redke 1996
Rabbit 3.4 0-17 0-086 40 077 32 Ilkiw & Benthuysen 1991; Bjérkman & Redke 1996
Dog 8:6 0-38 0-26 82 062 27  Meuldermans et al 1982; Ilkiw & Benthuysen 1991
Sheep 37 1-40 0-69 37 0-70° n.d. Tkiw & Benthuysen 1991
Methohexitone
Rat 0-31 0-019 0-025 1.2 097 25  This study
Rabbit 2:5 0-13 0-18 33 068 24  Redke & Bjorkman 1994; this study
Dog 27 1-06 1-16 49 0-70° n.d. Sams et al 1985
Thiopentone
Rat 0-35 0-022 0-00064 033 095 12  Sharmaetal 1970; Ebling et al 1994; Wada et al 1997
Rabbit 31 0-15 0-043 1.9 1.02 nd. Ilkiw et al 1991; this study
Dog 20 0-81 0-039 27 1-00° 26 Brandon & Baggot 1981; Baggot et al 1984
Dog 20 0-81 0-069 17 1.00° 26 Brandon & Baggot 1981; Ilkiw et al 1991
Dog 27 1-06 0-094 62 1.00° 26  Brandon & Baggot 1981; Sams et al 1985
Sheep 38 1.43 0-12 36 1.00° 33 Rae 1962; Ilkiw et al 1991
Sheep 43 1-60 0-16 43 1.00° 33 Rae 1962; Toutain et al 1983
Ketamine
Rat 0-28 0-018 0-031 1.1 1.08 62  This study
Rabbit 2:6 0-13 0-67 nd. 1-19 n.d. This study
Dog 19 0-77 0-76 86 0-82 46  Kaka & Hayton 1980
Pig 21 0-84 0-76 nd. 097 66 Bjorkman et al 1992; this study
Pig 26 1.02 0-29 59 097 66  Loscher et al 1990; this study

“Estimated according to equation 2. "Assumed. n.d., not determined.

Predictions were considered to be accurate (or
successful) if the error was less than 30% (Mah-
mood & Balian 1996¢, 1999).

Results

New pharmacokinetic data

The plasma clearance of fentanyl in 20-kg pigs was
0-994+020Lmin~"' (mean+s.d.), the / value was
0-95+0-06 and f, was 24+ 5-6%.

The pharmacokinetic parameters of methohex-
itone in rats (referenced to total blood concentra-
tions) were CL =25+ 5-5mLmin"', Vd,=12+
0-99L, MRT=44+25min, terminal half-life
734+24min, A=097+0-13 and f,=25+4-0%-
The f, of methohexitone in rabbits was 24+ 7-5%
and the A value in man was 0-74+ 0-12. The 4 value
of thiopentone in rabbits was 1024 0-055.

Figure 1 shows the blood concentration curves of
ketamine and norketamine in rats and rabbits.
There was no significant influence of endotoxin
pretreatment on the pharmacokinetics of ketamine,
and consequently data from all rabbits were

combined. The molar blood AUC ratio of
norketamine to ketamine was 0-52 4 0-10 in the rats
and 2-4+0-51 in the rabbits. The pharmaco-
kinetic parameters obtained for ketamine in rats
were CL=31+12mLmin"", Vd,=1-1£0-37L,
MRT =38+ 6-1 min, terminal half-life 44+ 14
min, A=1.08+0-07 and f,=62+6-9%. For
the rabbits CL=674+174mLmin"' and A=
1.194+0-06, no other parameters could be deter-
mined. The mean blood concentration of ketamine
in pigs after 6—7-h infusion was 7-34+ 1.9 ugmL ™",
as compared with 7-5+2-3 uygmL™" at 3-4.5-h
infusion. Steady state had consequently been
reached and the calculated blood clearance was
0-76+£0-19 L min~". The f, value was 66=+7-5%.
The molar concentration ratio of norketamine to
ketamine was 2:-1+0-40 at 6-7h. In man the A
value was 1-140-05 and f, was 72+ 11%.

Allometric scaling of clearance

Comparison of CL values with estimated Qpep
suggested that fentanyl was a high-extraction drug
in all species investigated except man. Predictions
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Table 2. Total blood clearance (CL), unbound clearance (CL,), volume of distribution at steady state (Vdss) and unbound Vdg
(Vdss/fy) in man of five anaesthetics, as observed and as predicted by allometric scaling, with % prediction errors within

parentheses.
CL (Lmin™") CL, (Lmin™")
Observed Predicted, by method Observed Predicted, by method

Body weight Brain weight MLP Body weight Brain weight MLP
Fentanyl
0-76 2-82 (272) 0-53 (—30) 0-70 (=7) 4.74 10-3 (117) 1-88 (—60) 260 (—45)
0-70 2-87 (309) 0-54 (—23) 072 (3) 4.38 10-5 (139) 1.95 (—56) 2-66 (—39)
Alfentanil
0-57 1-13 (100) 0-16 (=72) 0-32 (—43) 4.45 1-44 (—68) 0-24 (-95) 0-54 (—88)
0-44 1-13 (158) 0-16 (—63) 0-32 (=27) 3.45 1-44 (—58) 0-24 (-93) 0-54 (—84)
0-48 1-11 (132) 0-16 (—67) 0-31 (=35) 3.75 142 (—62) 0-23 (—94) 0-53 (—86)
Methohexitone
1-13 3.04 (168) 0-62 (—45) 0-85 (—25) 4-00 6-60 (65) 0-41 (—90) 1-35 (—66)
0-88 273 (209) 0-56 (—36) 073 (—17) 3-11 6-01 (94) 0-38 (—88) 120 (—62)
Thiopentone
0-15 0-21 (42) 0-04 (—76) 0-05 (—64) 075 0-61 (—19) 0-10 (—86) 0-16 (=79)
023 0-20 (—11) 0-03 (—85) 0-05 (—=78) 0-99 0-58 (—41) 0-10 (—90) 0-16 (—84)
0-25 024 (=2) 0-04 (—84) 0-06 (—74) 1-18 0-69 (—42) 0-12 (—90) 0-19 (—84)
Ketamine
1-14 1-18 (4) 0-17 (—85) 0-23 (—80) 1.70 1:79 (5) 0-25 (—85) 0-34 (—80)
1.20 1-11 (=7) 0-16 (—87) 021 (—82) 1-80 1.70 (—6) 0-24 (—87) 0-32 (—82)
Vdg (L) Vdg/f, (L) Data source
Observed Predicted Observed Predicted
Fentanyl
417 . 2600 . Hudson et al 1986
312 -2 1950 — Lemmens et al 1994
Alfentanil
59 71 (20) 463 95 (=79) Maitre et al 1987
63 71 (13) 494 95 (—81) Van Beem et al 1989
46 69 (50) 363 93 (—=74) Henthorn et al 1992
Methohexitone
230 94 (—59) 810 27 (=97) Hudson et al 1983
423 85 (—80) 1490 26 (—98) Le Normand et al 1988
Thiopentone
97 73 (=25) 488 223 (—54) Morgan et al 1981
91 69 (—24) 402 213 (—47) Jung et al 1982
181 85 (—53) 860 252 (—71) Hudson et al 1983
Ketamine
189 202 (7) 283 341 (20) Wieber et al 1975
258 186 (—28) 388 313 (—19) Domino et al 1982
120 210 (75) 181 355 (96) Domino et al 1984

“Insufficient animal data available.

of the CL of fentanyl in man are shown in Table 2.
Scaling according to body weight only gave an
allometric exponent of 0-89 and r*=0-982 for the
animal data but a 4-fold over-prediction of CL in
man. In contrast, prediction of total blood CL was
successful (within £30% of the true value) by the
brain weight and MLP (Figure 2) methods. Pre-
diction of CL, was not accurate by any of the
methods used.

Comparison of clearance values with estimated
Qnep suggested that alfentanil had a high hepatic

extraction ratio in rats and possibly in rabbits, while
it was a medium- to low-extraction drug in larger
animals and man. Allometric scaling of the animal
data according to body weight gave an exponent of
0-76 and r* = 0-971. Prediction of total blood CL of
alfentanil in man was, however, marginally suc-
cessful by the MLP method only (Table 2 and
Figure 2). CL, could not be predicted by any of the
methods used.

Methohexitone appeared to be a high-extraction
drug in all species investigated except man. As in
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Figure 1. Comparison of the disposition of ketamine in rats

and rabbits. Heavy curves are blood concentrations of keta-
mine and dashed curves are blood concentrations of nor-
ketamine. The curves are normalized to infusion rates of
45mgkg™"h™" in rats and 10mgkg™"h™" in rabbits.

the case of fentanyl and alfentanil, the total blood
CL of methohexitone in man could be predicted by
the MLP method (Figure 3) but not by simple
allometric scaling according to body weight (Table
2). Thelatter procedure applied to animal data gave an
exponent of 0-86 and r* = 0-997. Predictions of CL,,
were very inaccurate.

Thiopentone differed from the other drugs in
having a low hepatic extraction in all species. The
clearance in rabbits was unexpectedly high. Pre-
diction of total blood CL in man was accurate by
simple allometric scaling according to body weight,
the animal data giving an exponent of 1-002 and
1> =0-848 (Figure 4), but not by the brain weight
and MLP methods. Prediction of CL, was almost
successful by the body weight method (Table 2).

Comparison of measured blood clearance values
of ketamine with estimated Q. suggested high
hepatic extraction ratios and/or extrahepatic
clearance in all species except man, with reserva-
tion for the discordant data from pigs. Prediction of
total blood clearance (Figure 5), as well as of CL,,
in man was accurate by simple allometric scaling,
provided that the obviously outlying data from the
rabbits were excluded. For total blood clearance in
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Figure 2. Allometric scaling of the total blood clearance of
fentanyl and alfentanil by the MLP method.

the animals, the exponent was 0-65 and > =0-814.
Given the very diverging data on clearance in dogs
and pigs, this apparently successful scaling could,
however, be a chance finding.

Allometric scaling of Vd

Allometric scaling of the Vd,, of fentanyl was not
possible due to lack of animal data. Results for the
other four drugs are given in Table 2. For most
drugs there were larger variations in observed mean

Methohexitone
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Figure 3. Allometric scaling of the total blood clearance of
methohexitone by the MLP method.
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Figure 4. Allometric scaling of the total blood clearance of
thiopentone by the body weight method.
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Figure 5. Allometric scaling of the total blood clearance of

ketamine by the body weight method.

Vd,, than in mean CL between the clinical studies.
Therefore, predictions of the Vdg of alfentanil,
thiopentone and ketamine in man were variously
successful depending on which observed data were
used for comparison. Predictions were unsuccessful
for methohexitone. Allometric scaling of Vdg/f,
invariably failed to give accurate predictions for
man (Table 2).

Discussion

For fentanyl, alfentanil, methohexitone and thio-
pentone all measured clearance values in the ani-
mals were comparable with or lower than the
estimated Qpep. The use of these anaesthetics in
animals is supported by the pharmacokinetic find-
ings. Ketamine, however, showed extensive extra-
hepatic clearance in the rabbit. The mean AUC
ratio of norketamine to ketamine was also 4-6-times

higher than in the rat. Due to its very high clearance
and short half-life, ketamine does not appear to be a
good anaesthetic agent for rabbits. An extensive
extrahepatic clearance of ketamine in the rabbit is
in agreement with the finding that microsomes from
rabbit lung had comparable capacities with those
from liver to metabolize ketamine to norketamine
(Pedraz et al 1986). Also the clearance of thio-
pentone was much higher than expected in the
rabbit, as compared with the other animal species.
Whether this reflects extra hepatic metabolism is
not known. For these drugs the rabbit was a poor
experimental model for prediction of clearance in
man.

Comparison of clearance to estimated Qe iS a
good (but seldom used) way to evaluate findings of
pharmacokinetic studies. Neglecting this may lead
to spurious conclusions. It was, for example,
reported by Simons et al (1996) that the mean
clearance of diphen-
hydramine in rabbits decreased from 500 to
259 mL min~" during concomitant treatment with
cimetidine, while the mean clearance of chlor-
pheniramine decreased from 361 to 270 mL min~".
Those observations were ascribed to competitive
inhibition of hepatic metabolism. However, all
clearance values, also during cimetidine treatment,
vastly exceeded the Q. of a rabbit (Table 1) and
consequently inhibition of hepatic enzymes cannot
be the full explanation. Since the blood sampling
protocol appeared to be adequate to characterize
the AUC, a very high 4 (causing total blood
clearance to be much lower than apparent plasma
clearance) or extrahepatic clearance of both drugs
must be invoked.

Previously, we have used the rabbit as an animal
model to study the effects of pyrogen-induced fever
on the pharmacokinetics of methohexitone (Redke
& Bjorkman 1994) and alfentanil (Bjorkman &
Redke 1996). A positive correlation of the clear-
ance of methohexitone with body temperature
resembled observations in patients with post-
operative fever (Redke et al 1991). No similar
influence of endotoxin on the clearance of ketamine
could be discerned.

The comparison of clearance with the estimated
Qnep also demonstrated an important qualification
to the assumption that the clearance of a drug with
a high hepatic extraction ratio should be scalable
according to the basic allometric function. Hepatic
extraction ratios appear to be species-dependent
and lower in man and big animals than in small
ones. Other results of this study also contradicted
the assumption; in the pairs of analogues, the
clearance of the two high-extraction drugs (in ani-
mals) fentanyl and methohexitone could not be
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scaled according to the basic allometric equation,
while the clearance of the low-extraction drug
thiopentone could be scaled in this way. The
ketamine data, which conform to the assumption,
should be interpreted with caution. Comparison of
clearance with Qyep, was therefore no guide to the
choice of scaling method.

The discussion above assumes that Qe is rea-
sonably accurately known in the various species. As
previously discussed (Redke & Bjorkman 1994)
Qhep 18 seldom known during the conditions of
the pharmacokinetic experiments, and discrepant
values in a species are often found in the literature.
Therefore, Qyep values given by an allometric func-
tion (Boxenbaum & D’Souza 1990) were used for all
species except man, and only large differences
between clearance and Qyp in an animal were used
to draw conclusions about hepatic extraction ratios
or extrahepatic clearance. Using estimated Qpep
would also be the practical approach in drug devel-
opment, since actual determination of Qy.p, in every
pharmacokinetic experiment would be far too
laborious.

The present results confirmed, in four cases out of
five, that the value of the allometric exponent
(according to equation 1) can be used to identify
the best method for predicting clearance in man,
as proposed by Mahmood & Balian (1996b).
According to that report, a value of 0-71-1-0
indicates that the MLP method would be the best
one, and this was true for fentanyl, alfentanil and
methohexitone. If the value was between 0-55 and
0-70 scaling according to body weight only should
apply, and this was true for ketamine, with the
stated reservation about the dispersion of the data.
If the value exceeds 1-0, then the brain weight
method would give the best prediction. However,
despite the high value found for thiopentone only
scaling according to body weight gave good pre-
dictions of clearance in man.

Predictions of CL, generally failed or were less
accurate than the corresponding prediction of total
blood clearance. This was unexpected from a the-
oretical point of view, since correction for differ-
ences in f, should diminish variation between
animal species. However, it has been observed that
in practice the CL, of a drug cannot be predicted
any better than the total clearance (Mahmood &
Balian 1999). The poor predictions of CL, were not
due to missing data (dog and sheep plasma were
not available, and determination of the f, of thio-
pentone and ketamine in rabbits was deemed
unnecessary, for the reasons discussed below). In
the case of fentanyl, f, was known or determined in
all species. For the other drugs, comparisons were
made in which total blood clearance was predicted
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after omission of those animal data that did not
include a value for f,.

Omitting the sheep data in the prediction of total
clearance of alfentanil actually increased the
accuracy, giving errors of —12%, —23% and —1%
by the MLP method. Similarly for methohexitone,
omitting the dog data improved predictions, giving
errors of —8% and —17% by the MLP method. The
clearance values for thiopentone and ketamine in
rabbits were clearly outliers in the scaling and did
not contribute to the estimation of clearance in
man. No realistic values of f, would bring the CL,
in line with data from the other species.

Previously the Vdg, of thiopentone, fentanyl and
alfentanil have been scaled from rats to man by
means of physiologically based pharmacokinetic
models (Wada et al 1997; Bjorkman et al 1998). In
accordance with this, predictions of the Vdg of
thiopentone and alfentanil by allometric scaling
were also successful. On the other hand, predictions
of Vd,,/f, were not accurate. As in the case of CL,,
this discrepancy was not due to missing values of f,
(data not shown).

In conclusion, we have shown that the clearance
of fentanyl, alfentanil, methohexitone and thio-
pentone conform to expectations based on estima-
ted Qpep and reasonable hepatic extraction ratios, in
a number of representative animal species. This
was true also for ketamine in some species, but
extrahepatic clearance in the rabbit makes the use
of this drug in this species questionable.

Comparison of clearance with Q. should be
used to evaluate pharmacokinetic data in animals.
Prediction of clearance in man was generally suc-
cessful, however different methods of allometric
scaling gave very different results and comparison
of clearance with Qpe, was no guide to the choice
of scaling method.
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