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ABSTRACT. The relationship of ethanol elimination kinetics in mammals was estimated using the allometric
principle. The hypothesis of relationships between parameters obtained from the compartment model with
Michaelis–Menten elimination kinetics and body weight can lead to common equations of blood ethanol
elimination in mammals. The maximum elimination velocity (g/hr) and the apparent volume of distribution (L)
were significantly proportional to the 0.71 and 0.93 powers of body weight (r 5 0.994, P , 0.01 and r 5
0.998, P , 0.001), respectively. There was no significant relationship between the Michaelis constant and
body weight. In the differential equations of the two-compartment model, the kinetics parameters were
substituted for the obtained power functions. Good fitting of these equations for the real data showed that
ethanol elimination kinetics in mammals can be predicted quantitatively. BIOCHEM PHARMACOL 57;2:219–223,
1999. © 1998 Elsevier Science Inc.
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Numerous researchers have studied EtOH† metabolism in
various species, i.e. mice, rats, rabbits, guinea pigs, dogs,
sheep, horses, and humans. Blood EtOH is eliminated
mainly via the liver, regardless of the species. Hepatic ADH
plays a major role in hepatic metabolism [1]. Other enzyme
pathways such as the microsomal EtOH oxidizing system
(MEOS) and catalase also contribute to the metabolism [1].
Thus, there is no large difference in the EtOH elimination
pathway among species. However, there is an obvious
interspecies variation in the elimination rate of EtOH [2,
3]. Lester and Keokosky [4] reported a similarity in alcohol
oxidation rates among rats, horses, and humans as the first
example of pharmacokinetic scaling. They revealed that
the apparent zero-order oxidation rate varied only from
0.24 to 0.39 g/kg0.75/hr. Vestal et al. [5] extended this
analysis, demonstrating a linear relationship between the
rate of EtOH metabolism (mg/kg/hr) and metabolic rate (L
O2/kg/day) in twelve species (r 5 0.95, P , 0.001).
However, Boxenbaum [6] indicated that these scaling
reports did not consider that the EtOH elimination rate
varies dose dependently by using the zero-order model.
Since the 1980s, it has been well-known that EtOH
elimination follows Michaelis–Menten kinetics. No scaling
study with the Michaelis–Menten model has been reported.

In the Michaelis–Menten model, EtOH elimination kinet-
ics can be assessed by the elimination rate, consisting of the
elimination velocity and the volume of distribution, and the
Michaelis constant, Km. The elimination velocity is a physi-

ological parameter, whereas the volume of distribution is a
constitutional one. If there are interspecies relationships in
these parameters, we can estimate the EtOH elimination
kinetics quantitatively in various species. As regards the
physiological parameter, it is empirically known that physio-
logical time, such as circulation time or respiratory interval, is
proportional to the 0.25 power of body weight [7]. Metabolic
rate is related to body weight by a power of 0.75 [8]. With
regard to the constitutional parameter, internal organ weight
is proportional to a power of body weight. Such a power
equation of body weight (W), the form of which is Y 5 aWx,
is called the allometric equation [6]. The pharmacokinetic
extrapolation of human kinetics from the data of animals,
using the allometric equation, has been reported [9–11].

Our hypothesis states that interspecies variation in EtOH
elimination may be caused by interspecies variation in the
elimination rate and/or the volume of distribution. If these
parameters are proportional to a power of body weight, there
may be an interspecies relationship in ethanol elimination. If
our hypothesis is correct, the differential equations of the
two-compartment model can be represented as functions of
body weight. Therefore, the objectives of the present study
were: (1) to estimate the relationship between kinetics param-
eters and body weight obtained from references, and (2) to
evaluate the possibility of deriving common equations of blood
EtOH elimination in mammals by using these relationships.

MATERIALS AND METHODS
Allometric Analysis

Each physiological, biophysical, or biochemical variable in
animals can be represented as a power equation of body
weight, i.e. the allometric equation [9–11]:
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2CAM, the two-compartment allometric model with Michaelis–Menten
elimination kinetics.
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Y 5 aWb (1)

where Y is a physiological or anatomical variable, W is body
weight (kg), a is the allometric constant, and b is the
allometric exponent. This equation can be represented by
the logarithmic transformation:

log Y 5 log a 1 b log W (2)

Therefore, Y is proportional to W on a logarithmic scale.
We obtained the kinetic parameters for the compartment

Michaelis–Menten model in mammals from the published
literature (Table 1). The relationship between each param-
eter and body weight (Eq. 2) was estimated by linear
regression analysis of logarithmic data without the weight-
ing function [19]. The significance of the relationship was
tested using the correlation coefficient and P value.

Simulation of EtOH Elimination Kinetics with the Two-
compartment Michaelis–Menten Model

The two-compartment model with Michaelis–Menten
elimination kinetics follows:

2
]C1~t!

]t
5 F Vmax

Km 1 C1~t!
1 K12G z C1~t!

2 K21 z
V2

V1
z C2~t!, C1~0! 5 D/V1 (3)

2
]C2~t!

]t
5 2K12 z

V1

V2
z C1~t! 1 K21 z C2~t!,

C2~0! 5 0 (4)

where Vmax is the apparent maximum elimination velocity
(mg/mL/hr); Km is the Michaelis constant (mg/mL); C(t) is
the EtOH plasma concentration at time t; and C1(t) and
C2(t) are the EtOH concentrations (mg/mL) in central and
peripheral compartments, respectively. V1 and V2 are the
volumes of distribution (L/kg) in central and peripheral
compartments, respectively; K12 and K21 are the first-order
partition rate constants (hr21). There is a relationship of
K12/K21 5 V2/V1. Vd, the apparent steady-state volume of
distribution (L/kg), is the product of V1 and V2. Therefore,
the EtOH concentration–time courses in ethanol elimina-
tion are reconstituted from Eqs. 3 and 4 as follows:

2
]C1~t!

]t
5 F Vm/Vd

Km 1 C1~t!
1

CL12

V1
G z C1~t!

2
CL21

V1
z C2~t!, C1~0! 5

D z W
V1

(5)

2
]C2~t!

]t
5 2

CL12

Vd 2 V1
z C1~t! 1

CL21

Vd 2 V1
z C2~t!,

C2~0! 5 0 (6) T
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where Vm is the apparent maximum elimination rate (g/hr),
and CL12 and CL21 are the clearances between central and
peripheral compartments (L/hr) and equal to K12 z V1 and
K21 z V2. The substitution of power equations obtained for
the kinetic parameters in Eqs. 5 and 6 brought the differ-
ential equations to functions of body weight (W) and
dosage (D). Equations for simulation were obtained by
substituting (0.5, 0.245), (1, 0.2599), (2, 0.2685), (3,
0.2386), and (0.75, 78) for (D, W) in the differential
equations, expressed as functions of body weight and
dosage. The simulation data were calculated from these
simulated equations by the Runge-Kutta-Gill method using
MULTI(RUNGE) [20] on the 64-bit computer, DEC Mul-
tia. The bias and the precision of the model were measured
by calculating mean prediction error (MPE) and the root
mean square prediction error (RMSE) according to the
following equations [21]:

MPE 5
¥~predicted 2 observed!

n
(7)

MSE 5
¥~predicted 2 observed!2

n
(8)

RMSE 5 ÎMSE (9)

Statistics

The experimental data are presented as means 6 SD. Mean
values were compared according to one-way ANOVA with
Duncan’s multiple range test and Student’s t-test. Differ-
ences with a P , 0.05 were considered significant. In the
regression analysis, significance was tested using P values of
the correlation coefficient and parameters for the regression
line.

RESULTS
Allometric Approach to Parameters

Figures 1 and 2 show the relationships between Vd, Vm, and
body weight, respectively. Vmax, that is, the quotient of Vm

and Vd, was represented as 0.591W0.224. For example, in a
man of 70 kg body weight, Vd and Vmax were 39.9 (L) and
0.228 (mg/mL/hr), respectively, which were similar to the
values reported by Wilkinson et al. [18]. There was no
significant relation between Km and body weight, and the
mean of Km was 0.085 (mg/mL).

Table 2 shows parameters of allometric equations, corre-
lation coefficients, and P values from data in the two-
compartment model. From the P values of the parameters
and the correlation coefficients, we determined that there
were significant relationships between Vm, Vd, V1, and
body weight. The clearances between central and periph-
eral compartments, CL12 and CL21, were not significantly
correlated to body weight on the logarithmic coordinates,
the means 6 SD of which were 1.09 6 0.95 (L/hr) and
1.10 6 0.95 (L/hr), respectively.

Simulation of EtOH Elimination Kinetics

Substituting allometric equations (Table 2) and the con-
stant values described above for the parameters in Eqs. 5
and 6, the definitive equations of EtOH concentration in
2CAM are approximated as follows:

2
]C1~t!

]t
5 2.5FS 0.24W0.66

0.085 1 C1~t!
1 1DC1~t!

2 C2~t!GW20.89, C1~0! 5 2.3DW0.11 (10)

2
]C2~t!

]t
5 2

1.1
0.76W0.93 2 0.44W0.89 z @C1~t!

2 C2~t!#, C2~0! 5 0 (11)

We carried out a simulation to evaluate the validity of
2CAM. Figure 3 shows the simulation curves of 2CAM
when D is 0.5, 1, 2, or 3 (g/kg) and W is 245.0, 259.9,
268.5, or 238.6 (g); the mean EtOH concentration–time

FIG. 1. Interspecies relationship between the apparent volume
of distribution (Vd) and body weight in the Michaelis–Menten
model. The regression line is Vd 5 0.762W0.932 (r 5 0.9984,
P < 0.001).

FIG. 2. Interspecies relationship between the apparent maxi-
mum EtOH elimination rate (Vm) and body weight. The straight
line is the regression line of Vm 5 0.450W0.708 (r 5 0.9944,
P < 0.01).
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courses in rats were obtained from our previous report [12].
We obtained MPE and RMSE values of 0.0393 and 0.2695,
respectively. MPE is a convenient measure of bias, and
RMSE is one of prediction. Therefore, the time–course data
obtained from 2CAM were well predicted for the rat
real-time data. This finding shows that 2CAM can be useful
for quantitatively predicting blood EtOH elimination in
mammals.

DISCUSSION

We assessed interspecies relationships of kinetic parameters
by linear regression analysis using logarithmic transforma-
tion of the allometric equation. The magnitudes of the
random errors in such parameters are independent of body
weight. However, transformation of the data into linear
form by taking logarithms will obviously produce data in
which the errors in log Y are not independent of log W [19].
In the present study, therefore, no weighting function was
used for linear regression analysis by logarithmic transfor-
mation of the allometric equation. Recently, Ebert and
Russell [22] reported a new model of allometry. They
suggest that nonlinear regression analysis should be used for
allometric data, and the allometric equation composed of
error term should be applied. However, it is difficult to

apply that approach for a large variation of body weights
and a small data set, as in the present study.

Adolph [9] observed that many anatomical and physio-
logical variables can be correlated among mammals as
exponential functions of body weight. Dedrick [10] and
Boxenbaum [6, 11] developed the interspecies scaling in
pharmacokinetic fields. They applied it to linear pharma-
cokinetic parameters such as volume of distribution and
total clearance. In EtOH elimination, volume of distribu-
tion, Vd, is not varied, but total clearance is changed
dose-dependently for the nonlinearity. However, the max-
imum elimination rate, Vm, and the Michaelis constant,
Km, as components of total clearance, are constant values
in each animal. Clearances (CL12 and CL21) between
compartments in the two-compartment model are also
constant in each animal. Since Vm indicates a physiological
parameter, it can be scaled-up. Taberner [23] indicated that
it is important to be aware of the many pitfalls inherent in
fitting a straight line to a single point and translating the
scientific probability into the legal requirement of “beyond
reasonable doubt”. Wilkinson [24] also reported that in
many instances the linear correlation coefficient associated
with the log-log allometric plots can be greater than 0.90,
which indicates an acceptable level of prediction. There-
fore, the coefficient of Vd and V1 obtained from the present
study, which are constitutional parameters, would be ac-
ceptable. The correlation coefficients between the maxi-
mum elimination rate Vm (g/hr) and body weight should
also be sufficient for prediction. These findings support our
hypothesis that pharmacokinetic parameters in the nonlin-
ear kinetics can be scaled-up among species and treated as
well as the parameters in linear kinetics.

The volume of distribution, Vd, was proportional to the
0.932 power of body weight (Fig. 1). This exponent value is
similar to the value reported by Boxenbaum [6]. A constant
value of 0.762 in this allometric equation is close to that of
antipyrine [6], but not close to those of methotrexate [6]
and cyclophosphamide [6]. Antipyrine is well known to
follow non-linear kinetics under a common dose. It has
been reported that Vd indicates the total body water
volume [25]. The relationship between Vd and body weight,
Vd 5 0.762W0.932, shows an interspecies relationship in
total body water volume. In general, a constitutional
parameter is proportional to body weight. The allometric
exponent of 0.932 for Vd was within the typical range for

TABLE 2. Interspecies parameters of the allometric relationship: log Y 5 log a 1 b log W in the two-compartment
Michaelis–Menten model

Kinetic parameter (y)* a b Correlation coefficient (r) P value

Vm (g/hr) 0.450 0.708 0.9944 ,0.01
Vd (L) 0.762 0.932 0.9984 ,0.001
V1 (L) 0.441 0.886 0.9767 ,0.02
CL12 (L/hr) 0.695 0.814 0.4274 .0.05
CL21 (L/hr) 0.696 0.827 0.4306 .0.05

*Y is a parameter obtained by using the two-compartment model as shown in Table 1.

FIG. 3. Comparison between the simulation of EtOH elimina-
tion and rat published data. The plots are mean EtOH concen-
trations after the doses of 0.5 (F), 1 (E), 2 (■), and 3 (h) g/kg
from Ref. 12. The lines are simulation curves by 2CAM (the
two-compartment allometric model, Eqs. 10 and 11) substitut-
ing 0.5 (g/kg) and 0.245 (kg), 1 and 0.2599, 2 and 0.2685, and
3 and 0.2386, respectively, as published data sets.
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the exponent (between 0.8 and 1.0) [26]. The metabolic
rate is theoretically proportional to the 0.75 power of body
weight [6–8, 11]. Our exponent of 0.708 for Vm certainly
falls within the range of values that have been reported for
metabolic rate, i.e. 0.66 to 0.77 [26]. These findings suggest
the precision of our allometric analysis of ethanol elimina-
tion kinetics. The absence of a significant difference of Km

among species suggests that there is no large interspecies
variation in the value after intravenous administration. It is
well known that there exists a polymorphism of metabolic
enzymes, e.g. ADH [1], aldehyde dehydrogenase [1], and
cytochrome P450 2E1 [27], in various species. Many re-
searchers have studied the effects of the polymorphism on
EtOH kinetics in each species. However, the differences of
the effects among species have never been studied. The use
of the 2CAM equations for such a case may play an
important role in the analysis of these differences, and
someone may find the biological significance of the poly-
morphism of the alcohol-metabolizing enzymes. The
2CAM equation obtained from the present study holds
under the conditions of male, fasted state, and intravenous
administration of EtOH. However, the effects of interspe-
cies differences, such as gender, nutrition, and pathophys-
iology, on the 2CAM equation need to be clarified, and
then the 2CAM equation can be applied for various
conditions so that it will be a very useful tool for alcohol
research.

We computed allometric equations of the two-compart-
ment Michaelis–Menten model (2CAM). The good fit of
2CAM-simulated curves to the published blood data sets
proves that EtOH elimination in various species can be
predicted quantitatively. 2CAM equations are functions of
body weight and dosage. Therefore, if body weight and
intravenous dosage in a species are known, we can predict
the EtOH elimination time course of the animal.

This work was supported by a grant from the Research Foundation for
Traffic z Preventive Medicine.
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