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Abstract—Physiologically based pharmacokinetic models have
been used to describe the distribution and elimination of ethanol
after intravenous administration. These models have been used to
estimate the ethanol infusion profile that is sufficient for achieving a
prescribed breath ethanol concentration time course in individuals,
providing a useful platform for several pharmacokinetic and phar-
macodynamic investigations. Mathematical foundations of these
models are examined, including the derivation of an explicit set of
governing equations in the form of a system of nonlinear ordinary
differential equations. These equations can then be used to for-
mulate and refine parameter identification and control strategies.
Finally, a framework in which models related to this model can be
constructed and analyzed is described.

Index Terms—Alcohol, ethanol, model, pharmacokinetics,
physiologically based pharmacokinetic (PBPK) models,
physiology.

I. INTRODUCTION

MATHEMATICAL models relating ethanol input and con-
sequent time courses of ethanol in various tissues play

an important role in research on the brain’s response to ethanol,
and such models are reviewed in Section II. This section re-
views the goals and practical constraints on such research, and
the contribution of this paper.

Ethanol is a naturally produced drug used by humans for thou-
sands of years because of its psychoactive properties. Beneficial
when used in moderation [1], excessive use of ethanol can be
devastating. Of people who use ethanol, nearly 8% will become
addicted during the course of their life, and about a third of them
will die of complications attributable to the addiction [2], [3].

In order to detect the differences in the subjective and objec-
tive effects of ethanol on human brains that lead to addiction,

Manuscript received February 18, 2006; revised November 11, 2007. Current
version published December 17, 2008. This work was supported by the National
Institute of Health (NIH) under Grant N01AA23102, Grant P60 AA07611-16-
17, and under NIAA R01 AA12555-05. Asterisk indicates corresponding author.

M. H. Plawecki is with Indiana University School of Medicine, Indianapolis,
IN 46202-5121 USA.

J.-J. Han is with Samsung Advanced Institute of Technology, Yongin-si
Gyunggi-do 446-712, South Korea.

∗P. C. Doerschuk was with the School of Electrical and Computer Engineer-
ing, Purdue University, West Lafayette, IN 47907 USA. He is now with the
Department of Biomedical Engineering and the School of Electrical and Com-
puter Engineering, Cornell University, Ithaca, NY 14853-5401 USA (e-mail:
pd83@cornell.edu).

V. A. Ramchandani was with the Department of Medicine, Indiana Univer-
sity School of Medicine, Indianapolis, IN 46202-5121 USA. He is now with
the National Institute on Alcohol Abuse and Alcoholism, National Institute of
Health, Bethesda, MD 20892-9304 USA.

S. J. O’Connor is with the Department of Psychiatry, Indiana University
School of Medicine, Indianapolis, IN 46202-5121 USA, and also with the
Department of Biomedical Engineering, Purdue University, West Lafayette,
IN 47907 USA.

Digital Object Identifier 10.1109/TBME.2008.919132

it is important to be able to expose the brain of each individual
human subject to the same time course of ethanol concentra-
tion.1 Achieving the same time course of brain exposure across
subjects is a challenging problem for several reasons, starting
with the constraint that ethanol cannot be delivered directly to
the brain in humans. When the usual route of ethanol admin-
istration, oral ingestion, is used, substantial and uncontrollable
variation in ethanol absorption kinetics make it impossible to
prescribe the time course of brain exposure, even within a factor
of two at any moment, reliably [6], [7]. Fortunately, intravenous
administration of ethanol entirely circumvents absorption ki-
netics. Even when administered intravenously, it is difficult to
control the time course in more than one organ at a time because
ethanol is a tiny polar molecule which is highly soluble in wa-
ter and barely soluble in fat [8], [9]. Thus, for a fixed infusion
profile, the time course of ethanol exposure in any organ varies
considerably from subject to subject due to variability in body
size and composition of the subjects in addition to metabolic and
circulatory parameters. Even when the goal is to control the ex-
posure in only one organ, the brain, a model of an individual’s
ethanol kinetics is required before the idiosyncratic infusion
profiles that yield the same brain exposure in all subjects can be
achieved.

In order to achieve control of brain ethanol exposure, it would
be useful to measure brain ethanol concentration directly and
frequently, but that measurement is impossible in humans. For-
tunately, the brain is a high blood-flow, small water-volume or-
gan, and ethanol readily crosses the blood–brain barrier. Thus,
the brain concentration of ethanol follows the arterial ethanol
concentration closely, an assumption supported by animal stud-
ies [10], [11]. Therefore, breath alcohol concentration (BrAC)
is commonly used as a surrogate for brain concentration (please
see [12]–[16] for examples), because a correctly performed
breath test on end-expiratory air gives a reasonable approxima-
tion to arterial ethanol concentration that is the same throughout
the body, and because accurate measurements of BrAC are easily
achieved in cooperative subjects [17]. In the quest for experi-
mental control of brain exposure to ethanol in human studies,
such measurements help validate the models used to compensate
for the differences in individual pharmacokinetics.

This paper studies one prominent Physiologically based phar-
macokinetic (PBPK) model [6], [7], [12]–[14], [18]–[30] devel-
oped at the Indiana Alcohol Research Center (IARC) of the

1The pharmacokinetics of ethanol reflects the relationship between the dosing
of the drug and the resultant concentration within the body, e.g., the effects of the
body upon the drug. The pharmacodynamics reflects the relationship between
drug concentration and pharmacologic effect upon tissue, e.g., the effects of the
drug upon the body [4, pp. 2566–2574], [5].
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Indiana University School of Medicine. The IARC model, des-
ignated PBPK2, was developed in order to control the brain
exposure to ethanol of an individual human subject resulting
from a controlled intravenous ethanol dose time course through
the modeling of the subject’s specific ethanol pharmacokinetics
of ethanol distribution and elimination. By prescribing the same
brain exposure in all subjects, a stable background upon which
comparative pharmacodynamic studies of genetic contributions
to variable ethanol pharmacokinetic effects can be performed is
achieved. The focus on an individual restricted the complexity
of the model because it must be possible to determine most,
if not all, of the parameter values from practical tests on an
individual human subject.

The remainder of the paper is organized as follows.
Section II describes selected prior work on ethanol pharmacoki-
netics focusing on work related to the Physiologically based
approach. Section III presents a graphical method for describ-
ing the PBPK2 model and related models that is analogous to a
circuit diagram except that there are two “charges” flowing in
the circuit, blood and ethanol. Section IV describes the PBPK3
model, which contains an additional state variable relative to
the PBPK2 model, the concentration of ethanol in the liver, and
an additional parameter, the liver volume. Section V describes
the PBPK2 model as an approximation to the PBPK3 model
that removes the requirement in the PBPK3 model that the liver
volume be specified. However, it is still necessary to compute a
liver ethanol concentration because that concentration controls
the metabolism of ethanol. The result of using a concentration
definition that is not a state variable is anomalous behavior at
low ethanol concentrations: the mass flow of ethanol being me-
tabolized by the liver can be greater than the total mass flow
to the organ. Section VI describes an example based on intra-
venous infusion of ethanol in a human volunteer that contrasts
the PBPK2 and PBPK3 models. Finally, the paper ends with
a discussion in Section VII. While the PBPK2 model was de-
veloped as a Simulink2 program, both the PBPK2 and PBPK3
models are derived here as systems of nonlinear ordinary dif-
ferential equations that allow a large variety of modern system
identification, filtering, and control system design methodolo-
gies to be used on these models. In addition to correcting the
anomalous behavior of the PBPK2 model, the PBPK3 model is
more physiologic. More importantly, it allows for future study
of ethanol concentrations in the liver, which can be substan-
tially higher than in other organs because of first-pass exposure
to orally ingested ethanol, as well as oral challenge BrAC mod-
eling and experimentation.

II. ETHANOL PHARMACOKINETIC MODELING

Pharmacokinetic modeling for ethanol began in the 1930s
with Widmark [31], and continues today in predominantly two
forms: phenomenological and physiological. Phenomenological
models describe the time series of ethanol concentration in terms
of generic compartments where the number of compartments is
the order of the linear dynamical system (i.e., the number of time

2Simulink is a trademark of The MathWorks, http://www.mathworks.
com/.

constants) required to fit the time series, e.g., [32]. Physiological
models describe the distribution of ethanol in the body in terms
of compartments based upon anatomical structures (e.g., a liver
compartment) and physiological principles (e.g., conservation
of mass), e.g., [32]. Substantial differences exist between the
applications to which various models are used. Some models are
used to elicit information about large groups of subjects, both
human and animal, or populations [11], [33]–[35]. In contrast,
other models, such as the PBPK2 model, are models for unique
study participants and seek to identify and utilize intersubject
variability for possible later study in relationship to the behavior
of larger groups [6], [7], [12]–[14], [18]–[22], [24], [27], [29],
[30].

Ethanol is distributed by the vascular system and diffuses to
and from tissues across the capillary bed. For most of the body,
the blood leaving the heart passes through only one capillary bed
before returning. However, much of the blood supplied to the
gut is collected in the portal venous system, which then supplies
the liver, before returning to the heart. Thus, the liver receives
both an arterial supply, the hepatic artery, and a venous supply
originating from the digestive system, the portal vein. A dual
blood supply for the liver is natural since its main function is the
metabolic processing of absorbed nutrients, and this dual vascu-
lar system provides the physiological basis for the phenomenon
of first-pass metabolism of many compounds, including ethanol.
Most Physiologically based models of ethanol kinetics contain
one or more compartments, representing functional anatomic
areas including the portal venous system, and therefore,
attempt to describe intravenous and/or oral administration of
ethanol. Depending upon the model, each compartment may
use separate distribution and elimination kinetics. In contrast,
nonphysiologic models lump many or all of these compartments
and may only attempt to describe the net elimination of ethanol.

The elimination of ethanol occurs via enzyme systems that
obey Michaelis–Menten (MM) kinetics [36]. The MM equation,
which is

dC

dt
=

VmaxC(t)
km + C(t)

, (1)

describes the rate of change of concentration [C(t), [mass]/
[volume]] of a particular compound due to the action of an
enzyme system, where Vmax ([concentration]/[time]) is the
maximal metabolism rate, and km ([concentration]) is the MM
constant or concentration of the drug at which metabolism is
one-half the maximal rate [37, pp. 192–194]. As the volume
of distribution of ethanol is thought to be the entire total body
water space [36], distribution kinetics is usually described as
a diffusion process, where the rate of change of concentration
is proportional to the concentration gradient between compart-
ments [38, pp. 48–49], [39].

Table I describes 17 selected mathematical models for ethanol
pharmacokinetics. Many of these particular models share several
characteristics; they include MM elimination kinetics, they as-
sume distribution into the entire total body water (TBW) space,
and they were used to explain previously recorded BrAC data.

Based upon the animal work of Rheingold et al. [40],
O’Connor, Ramchandani, and colleagues developed and
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TABLE I
SUMMARY OF SELECTED OTHER MATHEMATICAL MODELS FOR ETHANOL

PHARMACOKINETICS IN CHRONOLOGICAL ORDER OF PUBLICATION

adapted a three-compartment PBPK model [19], where distri-
bution kinetics are based in part on physiologically relevant
cardiac outflow apportionment. This model is similar in many
ways to those described in Table I, but the motivation for its
development was unique. Specifically, the motivation was ex-
perimental control of the time course of brain exposure in in-
dividual subjects; only later was the model adapted to animal
studies. The novel application was to use the model as part of
a system to prescribe an arterial ethanol concentration trajec-
tory, thus a BrAC time course, which is identical for all sub-
jects by determining an appropriate ethanol infusion profile for
each. Face validity of their PBPK model was demonstrated by
achieving a prescribed, nonnaturally occurring designed BrAC
profile across subjects. The initially chosen waveform was a lin-
ear rise to a target concentration in a specified time period, the
maintenance of that concentration for a specified interval, and
a measured, but uncontrolled elimination phase. This process
and resulting BrAC waveform is termed the “Indiana alcohol
clamp” [19]. The minimization of the pharmacokinetic variabil-
ity between subjects has allowed for varied pharmacokinetic and
pharmacodynamic research, including [6], [7], [12]–[14], and
[18]–[30].

III. MODEL FORMULATION

Only models that are interconnections of so-called “well-
stirred” compartments are to be considered; so, when ethanol
enters a compartment, it is assumed that it is instantly spread
uniformly and there is a single ethanol concentration for each
compartment. The most complicated model to be considered
has three compartments that approximate the vasculature, liver,
and all other tissues denoted by periphery. It is easier to describe
the three-state PBPK3 model first and then present the two-state
PBPK2 model, rather than the reverse. Each compartment is
described by giving the mass of ethanol in the compartment,
and the mathematical model for a compartment is a first-order
nonlinear differential equation that describes the time rate of
change of the mass of ethanol in the compartment. The inter-
connections between compartments transport ethanol and blood.
The interconnections mimic vascular anatomy and physiology,
and include structures such as the portal and hepatic veins. The
flux of ethanol into and out of a compartment depends upon the
concentration difference.

The vasculature and periphery compartments are similar to
the previously described models. The vasculature compartment
circulates ethanol through the system at physiologically rele-
vant concentrations until elimination has been completed. The
periphery compartment acts as a storage reservoir from which
ethanol may enter or leave, based upon the gradients between
its concentration and the arterial and venous ethanol concentra-
tions, respectively.

Ethanol enters the system through two pathways. The simpler
pathway is by venous infusion, which occurs only in a laboratory
setting. In this case, the mass flow rate of ethanol is added
directly to the well-stirred vascular compartment. The more
complicated pathway is by oral intake. In this case, the ethanol
is transported through the proximal gut and is absorbed in the
small intestine from which it enters the portal vein.

PBPK2 model elimination of ethanol occurs only in the liver
compartment, and emulates a single enzyme system that fol-
lows MM kinetics. In fact, three enzyme systems make up the
major ethanol elimination pathways within the liver. The most
dominant is alcohol dehydrogenase (ADH), but there are also
the microsomal ethanol-oxidizing system and aldehyde dehy-
drogenase [41]. However, in vivo determination of their indi-
vidual characteristics is impossible and, for that reason, they
are lumped into one pathway in this model. Furthermore, other
ADH isoforms exist outside of the liver and contribute to elim-
ination from nonliver compartments. However, in any situation
where the liver ethanol concentration is roughly the same as the
concentration outside of the liver, the greater density of elim-
ination enzymes in the liver means that elimination from the
other compartments is considered negligible, a statement sup-
ported by animal studies that have shown that 90% of ethanol
metabolism occurs within the liver [42].

An important part of the model is the transport of ethanol
from the vasculature into and out of the liver and periphery com-
partments. The flow is driven by the concentration differences.
The flow is passive, i.e., it is not coupled to an energy con-
suming process, and not facilitated, i.e., there is no transporter



2694 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 55, NO. 12, DECEMBER 2008

protein present in only a limited number of copies that low-
ers the thermodynamic barrier to flow. In order to describe the
mathematical model, it is helpful to focus on a specific situa-
tion. Therefore, consider the liver, the hepatic artery, the portal
vein, which brings material absorbed by the gut to the liver, and
the hepatic vein, which connects the liver to the general venous
system. Let the ethanol concentrations in the four structures
be denoted by CL, CHA , CPV , and CHV , respectively, where
the units are [mass]/[volume]. Let the flow rates in the hepatic
artery, the portal vein, and the hepatic vein be denoted by RHA ,
RPV , and RHV , respectively, where the units are [volume]/
[time]. The portal vein delivers CPVRPV [mass]/[time] of
ethanol for potential transport into the liver cells. However,
since the transport is down the ethanol concentration gradient,
at most (CPV − CL)RPV [mass]/[time] of ethanol is available
for transport since transport of more than this amount would
reduce the ethanol concentration in the portal vein below the
ethanol concentration in the liver. The remaining ethanol and
all of the blood flows through the liver capillary structure and
ends up in the hepatic vein. The expression (CPV − CL)RPV
could be positive or negative. A positive value implies trans-
port into the liver cells from the portal vein, which is the
physiological characteristic that it is desired to model. A neg-
ative value implies transport out of the liver cells into the por-
tal vein, which is not physiological. In particular, when the
ethanol concentration in the liver cells is high and transport
down the concentration gradient is out of the liver cells, the
destination of the transport is the hepatic vein, not the por-
tal vein. Therefore, for transport from the portal vein into the
liver cells, (CPV − CL)RPV is replaced by r(CPV − CL)RPV ,
where r(·) is the unit ramp defined by r(x) = xu(x) and u(·)
is the unit step function. A similar expression can be derived
for the transport from the hepatic artery to the liver. The trans-
port of ethanol out of the liver cells will be accounted for by
a term r(CL − CHV)RHV describing transport out of the liver
cells into the hepatic vein. Finally, not all ethanol available for
transport need be transported. Therefore, there are dimension-
less constants denoted by kPV ,L, kHA ,L, and kL,HV that satisfy
0 ≤ kPV ,L ≤ 1, 0 ≤ kHA ,L ≤ 1, and 0 ≤ kL,HV ≤ 1 and these
constants describe what fraction of the available ethanol is ac-
tually transported. The final equations for transport into and
out of the liver parenchyma, denoted by MPV ,L, MHA ,L, and
ML,HV , respectively, with units of [mass]/[time] are MPV ,L =
kPV ,Lr(CPV − CL)RPV , MHA ,L = kHA ,Lr(CHA − CL)RHA ,
and ML,HV = kL,HVr(CL − CHV)RHV . Based on this type of
example, the generic description of the ethanol transport into
the liver or the periphery is

Mx,y (t) = kx,yRxr(Cy (t) − Cx(t)) (2)

and out of the liver or the periphery is

Mx,y (t) = kx,yRy r(Cy (t) − Cx(t)) (3)

where Mx,y (t) [mass]/[time] is the mass flux of ethanol from
x to y at time t; 0 ≤ kx,y ≤ 1 is a dimensionless constant, Rx

[volume]/[time] is the volume flow of blood in x, and Cx(t)
and Cy (t) [mass]/[volume] are the concentrations of ethanol in
x and y, respectively. Equations (2) and (3) have similarities

Fig. 1. Block diagrams for PBPK-like models. A complete three-compartment
model is shown. In addition, an alternative model for the liver (replace A by
A′) is shown that reduces the model to a two-compartment model. In submodel
A′, the oval containing r(·) and · means to pass the mass flux through a unit
ramp function in order to guarantee that it is positive and to pass the volume
flux unaltered, i.e., through the identity map. The labels for the edges are left
justified unless the edge is to the right of the label in which case the labels are
right justified.

with standard equations for transport across membranes, e.g.,
[39, Sec. 3.6]. However, the physiological situation here is some-
what different than that in the standard model of membrane
transport. For instance, here there are no infinite reservoirs of
ethanol but rather ethanol is delivered for potential transport at
a fixed rate, and any ethanol that is not transported flows on to
a different part of the vasculature. These differences lead to the
presence of the unit ramp functions [r(·)] and bounds on the
dimensionless constants kx,y [0 ≤ kx,y ≤ 1].

The models described in this paper are roughly similar to
electrical circuits, and a graphical description similar to a cir-
cuit diagram is useful in understanding what is and what is
not included in the model. Such a circuit diagram for a three-
compartment model is shown in Fig. 1, where the block diagram
fragments labeled A′ and B′ are to be ignored.

Each compartment in the block diagram of Fig. 1 is labeled
with its name, its volume (VX variable), and its state variable
[µX (t) variable], which is the mass of ethanol in the compart-
ment. In addition, CX (t) .= µX (t)/VX (t) is the concentration
of ethanol in the compartment. The compartment subscripts are
V for the Vascular, T for the peripheral tissue, and L for the
Liver parenchyma.

Each edge of the graph is labeled with a name if it clearly
corresponds to a particular anatomical structure, and is labeled
with the ethanol mass flow [MX(t) variable] and the volume
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flow [RX(t) variable] that occur along that edge. The edges are
directed, which indicates the positive flux direction. In addition,
CX(t) .= MX(t)/RX(t) is the concentration of ethanol in the
edge. The edge subscripts are A for aorta, P for peripheral artery,
VC for vena cava, PV for portal vein, HA for hepatic artery, HV
for hepatic vein, and Cap for peripheral capillary bed.

The mass flows MGut(t) and MInfuse(t) are the external in-
puts to the system and represent the flow of ethanol from the
gut and from a venous infusion, respectively. The mass flow
MMetab(t) is the ethanol sink created by liver metabolism of
ethanol.

There are three kinds of vertices in the graph. The first type is
the compartment where the entering and exiting edges form the
right-hand side of a differential equation for the state variable.
The second type are vertices where only one edge enters (no
symbol) that obey Kirchhoff’s current law (KCL) and divide
the input fluxes (ethanol mass and volume) among the edges
that exit. The FX constants indicate the fraction of the input
that exits on each of the exiting edges. The subscripts are L for
fraction of the cardiac output directed to the liver and PV for
the fraction of the liver-directed cardiac output that is directed
through the gut and the portal vein. The third type are vertices
where only one edge exits (Σ symbol) that obey KCL and sum
the input fluxes (ethanol mass and volume) in order to determine
the fluxes (ethanol mass and volume) on the edge that exits.
Since the second and third type of vertices both obey KCL, they
are really the same.

IV. THREE-STATE PBPK3 MODEL

The three-state PBPK3 model is shown in Fig. 1 and is a
generalization of the two-state PBPK2 model developed at the
Indiana Alcohol Research Center, Indiana University School of
Medicine. The state equations can be read directly from Fig. 1
and are

dµL
dt

(t) = MHA ,L(t) + MPV ,L(t) − ML,HV(t)

− MMetab(t) (4)

dµT
dt

(t) = MP ,T (t) − MT ,P(t) (5)

dµV
dt

(t) = MHA(t) − MHA ,L(t) + M
(2)
PV(t) − MPV ,L(t)

+ ML,HV(t) + MP(t) + MT ,P(t) − MP ,T (t)

− MA(t) + MInfuse(t)

= −MHA ,L(t) − MPV ,L(t) + ML,HV(t)

+ MT ,P(t) − MP ,T (t) + MInfuse(t)

+ MGut(t). (6)

Therefore, it remains only to provide equations in terms of µX (t)
for MMetab(t), MHA ,L(t), MPV ,L(t), ML,HV(t), MT ,P(t),
and MP ,T (t) since MInfuse(t) and MGut(t) are external

inputs.3 Since conservation of ethanol mass is enforced, the
time derivative of the sum µL(t) + µT (t) + µV(t) equals the
inputs [MInfuse(t) + MGut(t)] minus the outputs [MMetab(t)]
which provides an alternative method to derive (6).

Equations for the six unknown mass fluxes can be derived in
terms of the three state variables. The mass flux from the liver
parenchyma out of the system, which is denoted by MMetab(t),
is directly determined by MM kinetics, that is,

MMetab(t) = VLVmax
µL(t)/VL

Km + µL(t)/VL
. (7)

The remaining five unknown mass fluxes can be derived fol-
lowing the general principles that result in (2) and (3). Four
of the fluxes, MP ,T (t) (20), MT ,P(t) (21), MHA ,L(t) (22), and
MPV ,L(t) (23) follow directly from the principles and the results
are listed in the Appendix.

The determination of the mass flux from the liver parenchyma
to the hepatic vein, which is denoted by ML,HV(t), is more com-
plicated because it requires the solution of a nonlinear equation
in order to determine the ethanol concentration in the hepatic
vein. The solution of this nonlinear equation, which allows the
model to be expressed as a system of three nonlinear ordinary
differential equations without additional constraints, is one of
the contributions of this paper. Define

α(t) =
1

RAFL

(
MHA(t) − MHA ,L(t) + M

(2)
PV(t) − MPV ,L(t)

)
(8)

γ(t) =
µL(t)
VL

(9)

where formulas for MHA(t) (24), MHA ,L(t) (22), M (2)
PV(t) (25),

and MPV ,L(t) (23) are listed in the Appendix. Then, it can be
shown that

CHV(t) = α(t) + kL,HVr (γ(t) − CHV(t))

which implies that

1
kL,HV

[CHV(t) − α(t)] = r (γ(t) − CHV(t)) . (10)

Note that CHV(t) occurs twice in (10), which is a nonlinear
equation, and so (10) must be solved for CHV(t). Consider the
case kL,HV > 0. By plotting the left- and right-hand sides of
(10) with respect to CHV(t), it can be seen that there is always
an intersection between the two curves, so that a solution always
exists, and that the intersection, which defines the solution for

3Although MGut (t) = 0 in the example of this paper, MGut (t) is retained
in the model because it is the path for oral ethanol, the dominant mode of ethanol
self-administration, to enter the model. Let MOral (t) be the ethanol mass flow
at the mouth. In [43] and [44], a phenomenological linear time-invariant model
relating MOral (t) and MGut (t) is used, MGut (t) = MOral (t) ∗ hGut (t),
where ∗ denotes convolution and hGut (t) is a critically damped second-order
system that integrates to 1, hGut (t) = β2 t exp(−βt)u(t), where the inte-

gration condition is necessary and sufficient to achieve
∫ +∞
−∞ MOral (t)dt =∫ +∞

−∞ MGut (t)dt so that all ethanol is eventually absorbed.
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CHV(t), obeys the switching equation

CHV(t) =

{
1

1+kL, H V
(α(t) + kL,HVγ(t)) , α(t) < γ(t)

α(t), α(t) > γ(t)
.

(11)

For kL,HV = 0, the solution is always CHV(t) = α(t). For
kL,HV < 0, the situation is more complicated, since zero, one, or
two solutions can exist. However, this case is not important since
kL,HV < 0 implies transport of ethanol up rather than down its
concentration gradient. The final mass flux needed to evaluate
(4)–(6) is ML,HV(t), which is given by (26) in the Appendix.

In summary, the total model is composed of the three nonlin-
ear ordinary differential equations for the state variables [(4)–
(6)]; the eight mass flux equations needed to evaluate (4)–(6),
which are the external inputs MGut(t) and MInfuse(t) and the
six internal variables MMetab(t), MP ,T (t), MT ,P(t), MHA ,L(t),
MPV ,L(t), and ML,HV(t) [(7), (20)–(23), and (26), respec-

tively]; M
(2)
PV(t) and MHA(t) [(25) and (24)] needed to evaluate

α(t) (8), γ(t) (9), and CHV(t) (11).

V. TWO-STATE PBPK2 MODEL

The liver compartment volume VL is difficult to determine
noninvasively and inexpensively in a test subject. Therefore, a
model that does not require a value for VL is attractive. In ad-
dition, a goal of this paper is to demonstrate the flexibility of
the PBPK modeling viewpoint. Therefore, consider a second
model which is the block diagram shown in Fig. 1 with A re-
placed by A′. The second model has only two states and does not
require a value for VL. This model is exactly the PBPK2 model
developed and routinely implemented at the Indiana Alcohol
Research Center, Indiana University School of Medicine.

The analysis of the PBPK2 model is very similar to the anal-
ysis of the PBPK3 model presented in Section IV. The major
difference is the definition of the liver ethanol concentration that
is required in order to compute the ethanol elimination mass flow
from Michaelis-Menten kinetics. The concentration of ethanol
in the liver is taken as the concentration of ethanol entering the
liver, which is not a compartment, which is

CL(t) =
MHA(t) + M

(2)
PV(t)

RHA + R
(2)
PV

=
µV(t)
VV

+
MGut(t)
RAFL

. (12)

The term MMetab(t) is direct from MM kinetics based on the
CL(t) computed before, where Mmax ([mass]/[time]) is a new
parameter that plays the role of VLVmax resulting in the equation

MMetab(t) = Mmax
CL(t)

Km + CL(t)
. (13)

In summary, the resulting equations are the two state equations,

dµT
dt

(t) = MP ,T (t) − MT ,P(t) (14)

dµV
dt

(t) = −µV(t)
VV

RAFL + MT ,P(t) − MP ,T (t)

+ r

[
µV(t)
VV

RAFL + MGut(t) − MMetab(t)
]

+ MInfuse(t); (15)

the expressions for CL(t) (12), MMetab(t) (13), MP ,T (t) (20),
and MT ,P(t) (21); and the two external inputs MGut(t) and
MInfuse(t).

The anomalous behavior of the PBPK2 model is the fact that
the mass flow of ethanol being degraded may potentially be
greater than the mass flow of ethanol entering the liver. Since
the liver in the PBPK2 model does not store ethanol, this is
nonphysical. The lower limit on the liver ethanol concentration
can be computed as follows. The mass flux of ethanol entering
the liver, the mass flux of ethanol being metabolized in the liver,
and the ethanol concentration in the liver are

Menter = MHA(t) + M
(2)
PV(t), (16)

MMetab(t) = Mmax
CL(t)

Km + CL(t)
, (17)

CL(t) =
Menter(t)

RHA + R
(2)
PV

, (18)

respectively. The fundamental requirement is MMetab(t) ≤
Menter(t) which implies

Mmax/
(
RHA + R

(2)
PV

)
− Km ≤ CL(t). (19)

For a worst-case human subject, Mmax = 300 mg/min,4 RHA +
R

(2)
PV = 11.7 dL/min, and Km = 10 mg/dL, so the lower limit on

CL(t) is 15.64 mg/dL, which is substantially below the level at
which a human is intoxicated or at which data are recorded [23],
[45]. For that reason, this characteristic of the PBPK2 model was
not observed nor it was a concern, although a ramp function has
been included at the hepatic vein in order to guarantee that the
mass flow of ethanol in the hepatic vein is nonnegative. Note that
the PBPK3 model does not have a similar nonphysical region.

VI. NUMERICAL RESULTS

The parameters needed for a two-state (i.e., PBPK2) model
were computed for a female subject first by the morphomet-
ric method and then subsequently by the optimization scheme
detailed in [30]. The results are RA = 42.3071 dL/min, VT =
14.69 L, VV = 11.846 L, Mmax = VLVmax = 147.03 mg/min,
and kx,y = 0.2951 (for all values of x and y). Consistent with
values determined by other investigators developing models
[40], [46]–[48], FL = 0.26, FPV = 0.75, and Km = 10 mg/dL
per [19]. The resultant BrAC from an infusion profile computed
based upon these parameters is discussed in the third paragraph
of this section and is displayed in Fig. 2.

For the three-state (i.e., PBPK3) model, the liver volume VL
is estimated [18, p. 1554] as proportional to lean body mass

4In keeping with the bulk of ethanol pharmacokinetic research, we use units
of minutes (min) for time, liters (L) or deciliters (dL) for volume, centimeters
(cm) for distance, and milligrams (mg) or kilograms (kg) for mass.
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Fig. 2. Intravenous input of a 6% ethanol solution [Panel (a)] and experimen-
tal BrAC measurements and PBPK2 and PBPK3 state-variable trajectories after
conversion to concentrations [Panel (b)] for the “slopes” IV input. The param-
eters for the models come from previous measurements on the same human
subject for which the BrAC data were recorded.

with a constant of 0.033 (0.024) L/kg for women (men) and
the lean body mass is estimated [49] as the total body water
divided by 0.725 L/kg. The result is VL = 12.863 dL. The other
parameters of the PBPK3 model are the same as the parameters
of the PBPK2 model except that the volume of the peripheral
tissue compartment (VT ) is reduced by the volume of the liver.

The following example, concerning an intravenous ethanol
infusion, demonstrates and contrasts the PBPK2 and PBPK3
models. The goal of the experiment is to prescribe ascending
and descending slopes of BrAC after a preliminary experiment
is utilized to determine parameters. The goal is met in the first
40 min, but BrAC was tracked for another 60 min after the infu-
sion pumps were turned off [Fig. 2(a)] in order to provide fur-
ther modeling validation data. The experimental BrAC measure-
ments and the simulation trajectories of vascular and peripheral

state variables from both models are shown in Fig. 2(b) along
with the time course of liver ethanol concentration from the
three-state PBPK3 model. A major feature of Fig. 2(b) is that
the computed two-state PBPK2 vascular ethanol concentration
curve is an excellent fit to all of the experimental BrAC data, as
would be expected since the parameters of the PBPK2 model
for this subject were determined in a separate experiment on
this subject. Further, the trajectories of the PBPK2 and PBPK3
models match rather accurately on the upslope but differ on the
downslope potentially due to the fact that the peripheral tissue
acts as a reservoir for ethanol which, in the PBPK3 model, must
be transported twice (to the vascular, and then, to the liver com-
partments) before it can be metabolized, while in the PBPK2
model, it only needs to be transported once (to the vascular com-
partment). As would be expected with ethanol infusion, there
is no first-pass elevation in liver ethanol concentration and no
first-pass metabolism. In fact, the liver concentration is always
less than the BrAC. While it is beyond the scope of this paper to
develop a method for identifying the parameters of a three-state
(i.e., PBPK3) model analogous to the method of [30], it should
be possible to develop such a method when data that reflects
the concentrations in the liver compartment can be measured on
human subjects and the model is available in a standard math-
ematical format, as is achieved in this paper, rather than as a
software package. Identification of the liver volume by such a
method could be compared to liver volumes obtained by com-
puted tomographic scanning of the subjects as an additional
validation procedure.

VII. DISCUSSION

This paper studies the PBPK2 model of ethanol, developed
at the Alcohol Research Center, Indiana University School of
Medicine. This model and its applications are focused on rep-
resenting and prescribing the exposure of an individual human
subject. The application dictated modeling parsimony, mini-
mizing complexity of the model since parameters are deter-
mined from morphometric measurements of an individual. The
PBPK2 model has been validated in a variety of ways, with
an example provided in Section VI. Face validity follows from
its demonstrated utility in numerous successful ethanol chal-
lenge studies in humans using the clamping paradigm [6], [7],
[12]–[14], [18]–[23], [25]–[27], [29], [30]. Extensions of the
original clamping paradigm to applications that were not con-
templated when the model was developed (e.g., slopes) also
validate the model through utility. Application of model param-
eter optimization methods, based on experimental data from
an individual rather than on morphometric transformation [30],
with demonstration of subsequent improvement in prescriptive
accuracy, also support the validity of the underlying model.
Genetic analysis of parameters derived from parameter iden-
tification in sibling-pair paradigms, showing higher estimates
of heritability in the Vmax parameter as compared to conven-
tional methods of estimating ethanol elimination rates in the
same subjects [29], also connotes model validity. As one mea-
sure of confidence in the model, the Indiana University School
of Medicine Institutional Review Board (IRB) has approved the
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use of the PBPK2 model for prescribing brain ethanol exposures
in the functional magnetic resonance imaging (fMRI) environ-
ment, where measurements of BrAC cannot be obtained during
the infusion, at levels of exposure that would be unsafe if oral
administration was employed. Finally, the model was used suc-
cessfully to achieve ethanol clamping in another species, rats,
with no change to the model architecture [24], [28]

The contributions of this paper are described at the end of
Section I. The description of models of this type as systems of
ordinary differential equations enables the use of modern system
identification, filtering, and control system design methodolo-
gies, and work in this direction is underway [43], [44]. The
methods used in this paper allow for structured exploration and
possible conversion of some of the phemenological aspects of
ethanol models to more physiologic model representations. For
example, the combined MM elimination pathway models as
described herein could possibly be expanded to explore contri-
butions of the dominant enzyme systems responsible for alco-
hol metabolism: cytosolic alcohol dehydrogenase, cytochrome
P-4502E1, and mitochodrial aldehyde dehydrogenase [5], [22].
Validation of such a model with multiple elimination pathways
would be challenging: 1) higher ethanol concentrations would
be required in order to activate enzyme systems other than al-
cohol dehydrogenase and aldehyde dehydrogenase and 2) it
would probably be necessary to convert the model to an exper-
imental animal, such as pigs, in which instrumentation of the
hepatic artery, portal vein, and hepatic vein is possible. Devel-
opments such as these could then allow for exploration of the
relative contributions of these systems to alcohol metabolism
in conditions of clinical interest, such as precirrhotic alcohol
dependence and periodic alcohol abuse as well as cirrhosis.
In this paper, the PBPK2 model is derived as an approxima-
tion to the PBPK3 model. It would be enlightening if standard
mathematical methods, such as singular perturbations, could
be used to achieve this reduction in the order of the system
of differential equations from 3 to 2, and this is under inves-
tigation. In addition to correcting the anomalous behavior of
the PBPK2 model, the PBPK3 model allows future study of
more naturalistic oral challenge paradigms, and ethanol con-
centrations in the liver, which can be substantially higher than
in other organs because of first-pass exposure to orally ingested
ethanol.

One implied obligation of this study is eventual validation
of the PBPK3 model. One route to this future work is transla-
tional research. Because the validity of the PBPK2 model has
been demonstrated in rats, that species offers the opportunity
to instrument the animals with portal vein and hepatic vein
catheters to gather data for validation of the PBPK3 model,
both in health and after experimental liver injury. Allometric
scaling would permit the assessment of human liver injury with-
out the need for expensive and potentially hazardous invasive
instrumentation. The cost, additional modeling complexity, is
minimal since good estimates of liver volume in healthy hu-
man subjects can be obtained from morphometric measures,
and individual estimates of liver volume, in subjects with liver
dysfunction, can be obtained with noninvasive computed to-
mography. Alternatively, advances in compound localization

and concentration determination via imaging (e.g., magnetic
resonance spectroscopy), may allow direct noninvasive mea-
surement of ethanol concentrations relevant to the liver com-
partment of the PBPK3 model.

Modeling advances, such as those described in this paper,
are central to determining mathematical models (including the
parameter values) for individual subjects that will better pre-
dict their unique response to ethanol. Using such models, it
is already possible to design dose trajectories for individuals
such that all individuals have the same, possibly very com-
plex, brain exposure to ethanol, even in environments, such as
fMRI, where the experimental BrAC cannot be monitored. Ex-
tension of the PBPK2 model to the PBPK3 formulation offers
the ability to employ the technology in other novel applications
to human ethanol research, such as interpretation of data from
the implantable ethanol biosensor, and may open the way for
eventually assessing liver injury in alcoholic patients.

APPENDIX

MASS FLUX EQUATIONS FOR SECTION IV

MP ,T (t) = kP ,T RA(1 − FL)r
(

µV(t)
VV

− µT (t)
VT

)
(20)

MT ,P(t) = kT ,PRA(1 − FL)r
(

µT (t)
VT

− µV(t)
VV

)
(21)

MHA ,L(t) = kHA ,LRAFL(1 − FPV)r
(

µV(t)
VV

− µL(t)
VL

)
(22)

MPV ,L(t) = kPV ,LRAFLFPVr

(
µV(t)
VV

+
MGut(t)

RAFLFPV

− µL(t)
VL

)
(23)

MHA(t) = RAFL(1 − FPV)
µV(t)
VV

(24)

M
(2)
PV(t) =

µV(t)
VV

RAFLFPV + MGut(t) (25)

ML,HV(t) = kL,HVRAFLr

(
µL(t)
VL

− CHV(t)
)

. (26)
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