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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 pharmacodynamic 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 formulate and refine
parameter identification and control strategies. Finally, a framework in which models related to
this model can be constructed and analyzed is described.
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l. INTRODUCTION

Mamremanica models relating ethanol input and consequent 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 Il. This section reviews the goals and practical constraints on such
research, and the contribution of this paper.

Ethanol is a naturally produced drug used by humans for thousands 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].
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In order to detect the differences in the subjective and objective effects of ethanol on human
brains that lead to addiction, it is important to be able to expose the brain of each individual
human subject to the same time course of ethanol concentration.! 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 administration, 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 kinetics.
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 water
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 exposure 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. Fortunately, the brain is a high blood-flow, small water-volume organ, 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 studies [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 approximation 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 experimental 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 pharmacokinetic (PBPK) model [6],
[7], [12]-[14], [18]-[30] developed at the Indiana Alcohol Research Center (IARC) of the
Indiana University School of Medicine. The IARC model, designated 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 Il describes selected prior work
on ethanol pharmacokinetics focusing on work related to the Physiologically based
approach. Section I11 presents a graphical method for describing 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.

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 September 19.
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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 metabolized by the
liver can be greater than the total mass flow to the organ. Section VI describes an example
based on intravenous 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 developed as a Simulink? program, both the PBPK2 and PBPK3 models are
derived here as systems of nonlinear ordinary differential equations that allow a large variety
of modern system identification, filtering, and control system design methodologies 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 substantially higher than in other organs
because of first-pass exposure to orally ingested ethanol, as well as oral challenge BrAC
modeling and experimentation.

Il. 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 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 vascular 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

IThe 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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describes the rate of change of concentration [ (), [mass]/[volume]] of a particular
compound due to the action of an enzyme system, where Vi ax ([concentration]/[time]) is
the maximal metabolism rate, and &, ([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 compartments [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 assume 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 ef a/. [40], O'Connor, Ramchandani, and
colleagues developed and adapted a three-compartment PBPK model [19], where
distribution 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 experimental
control of the time course of brain exposure in individual 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 trajectory, thus a BrAC time course, which is
identical for all subjects 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 linear 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 variability between subjects
has allowed for varied pharmacokinetic and pharmacodynamic research, including [6], [7],
[12]-[14], and [18]-[30].

[1l. 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 interconnections 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
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relevant 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 concentrations, 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 follows 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 dehydrogenase [41]. However, /n vivo determination of their individual
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
elimination 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 elimination enzymes in the liver means that elimination from the other
compartments is considered negligible, a statement supported 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 compartments. The flow is driven by the concentration
differences. The flow is passive, i.e., it is not coupled to an energy consuming process, and
not facilitated, i.e., there is no transporter protein present in only a limited number of copies
that lowers the thermodynamic barrier to flow. In order to describe the mathematical model,
it is helpful to focus on a specific situation. 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 C,, Cia, Cpv, and Gy, 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 Ry, Rpy, and Ruy, respectively, where the units are [volume]/[time]. The
portal vein delivers oy Rpy [mass]/[time] of ethanol for potential transport into the liver
cells. However, since the transport is down the ethanol concentration gradient, at most

(C,y — C.,) [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 (C,, — C,) R,, could be
positive or negative. A positive value implies transport into the liver cells from the portal
vein, which is the physiological characteristic that it is desired to model. A negative value
implies transport out of the liver cells into the portal 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 portal vein. Therefore, for transport from the portal vein into the liver cells,
(Cpy — C,)R,, isreplaced by r(C,, — C) R,,, Where 1(-) is the unit ramp defined by 7(x) =
xu(x) and «(*) is the unit step function. A similar expression can be derived for the transport
from the hepatic artery to the liver. The transport of ethanol out of the liver cells will be
accounted for by a term r(C,, — C,;,) Ry, describing transport out of the liver cells into the
hepatic vein. Finally, not all ethanol available for transport need be transported. Therefore,

there are dimensionless constants denoted by &y o, ky, o, and k., that satisfy

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 September 19.
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0<k,,<10<k,,<1land0<k,,, < landthese constants describe what fraction of
the available ethanol is actually transported. The final equations for transport into and out of
the liver parenchyma, denoted by M, ., My, .., and M ., respectively, with units of
[mass]/[time] are MPV,$ :ka,z’r(CPv - Cg) Ry, My, o :kHA,_Z’r (CHA - C_Z’) R, and

M, =k, r(C, —Cy)Ry,. Based on this type of example, the generic description of the
ethanol transport into the liver or the periphery is

M‘c,_y ) :kx,yR.xr (Cy ) - Cy (t)) 2
and out of the liver or the periphery is
Mx,)' () ka,yRyr (Cy () - Cy (t)) 3)

where My, (9 [mass]/[time] is the mass flux of ethanol from xto yattime £, 0< ky,<lisa
dimensionless constant, Ry [volume]/[time] is the volume flow of blood in x; and Cy (2 and
Cy (9 [mass]/[volume] are the concentrations of ethanol in xand y; respectively. Equations
(2) and (3) have similarities with standard equations for transport across membranes, e.g.,
[39, Sec. 3.6]. However, the physiological situation here is somewhat 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 [A(-)] and bounds on the
dimensionless constants &y, [0 < k), <1].

The models described in this paper are roughly similar to electrical circuits, and a graphical
description similar to a circuit 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 [”X (9 variable], which is the mass of ethanol in the
compartment. In addition, Cy (»= oy D>/ Vi (9 is the concentration of ethanol in the
compartment. The compartment subscripts are ¥ for the Vascular, .7 for the peripheral
tissue, and Zfor 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 [ Myx(?) variable] and the
volume flow [Rx (9 variable] that occur along that edge. The edges are directed, which
indicates the positive flux direction. In addition, Cx (§) = Mx (9 Rx (2 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 Mgyt () and Minryse (9 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
Metab(D 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

IEEE Trans Biomed Eng. Author manuscript; available in PMC 2012 September 19.
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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 (£ 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.

V. Three-State PBPK3 Model

Yoty =M, ()~ M

=M, ., O-M,,O+M_,, O+M,, ) - M, , () +M,

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

W M D AMe (B — M ()~ M. (§) 4
dt —MHA 2 PV,.% — M nv T M Metab (©)]
d
% =M, , (1)~ M,,(®) )

H.

ae () +Ml§3) ) — My, o, (O+M oy, O +M, (D) +M 0, (D) — M, () — M, %)5+M,nfusc (1)
Infuse (t) +MGul (t) *

Therefore, it remains only to provide equations in terms of ., (9 for Mvietan(8), My (0,
My, o O, My, (1), M, @), and M, ., (t), since Minfyse(9 and Mgyi(9) are external inputs.3
Since conservation of ethanol mass is enforced, the time derivative of the sum

fy ()15 (D) 4, (1) equals the inputs [Minfuse(d) +Mgu(H] minus the outputs [Mivetan(2)]
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
Metan(D, is directly determined by MM kinetics, that is,

e, ®/V,,

M, H=V_ Vigx—"————.
Metab ( ) & max Km+/~l_¥> (t) /V_g)

M

The remaining five unknown mass fluxes can be derived following the general principles
that result in (2) and (3). Four of the fluxes, M, , (t) (20), M, (1) (21), M,,, .. (¢) (22), and
My, ., (1) (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 M, .., (¢), is more complicated 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

1
@ ()= (Mg () = My, . ) +MD (1) = M,,, , (1) ®)

AFL

2simulink is a trademark of The MathWorks, http://www.mathworks. com/.
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My (D)
V%

UE )

where formulas for Mya(d) (24), M,,, ., (0 (22), MS) (1) (25), and M,, ., (1) (23) are listed in
the Appendix. Then, it can be shown that

Cuy D= () +ky (v (0) — Cyy (1)

which implies that

1
— [Coy ) —a (O] =r(y (1) = Cyy (1)) (10)

k.’f.HV

Note that Cyv(# occurs twice in (10), which is a nonlinear equation, and so (10) must be
solved for Cyv(9). Consider the case k., ., >0. By plotting the left- and right-hand sides of
(10) with respect to Cv(9), 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 Cyy(9), obeys the switching equation

14k oy

= l (CX () +k oy Y (t)) , a@)<y()
CHA = { a(r), a (1) >y ) (12)

For k., ,,,=0, the solution is always Cqv() = a(d. For k., ., <0, the situation is more
complicated, since zero, one, or two solutions can exist. However, this case is not important

since k., <0 implies transport of ethanol up rather than down its concentration gradient.

The final mass flux needed to evaluate (4)—(6) is M, ., (t), which is given by (26) in the
Appendix.

In summary, the total model is composed of the three nonlinear ordinary differential
equations for the state variables [(4)—(6)]; the eight mass flux equations needed to evaluate
(4)—(6), which are the external inputs Mgy(9) and Mj,suse(d and the six internal variables
MMetab(Oy MP,? (t)’ Mﬁ,P (l), MHA,% (l), MPvAx (t)r and Mff.HV (t) [(7)1 (20)_(23)1 and (26)1

respectively]; M (1) and Mya(d [(25) and (24)] needed to evaluate a.(2) (8), y(2 (9), and
Chv(9 (11).

V. Two-State PBPK2 Model

The liver compartment volume V_, is difficult to determine noninvasively and inexpensively
in a test subject. Therefore, a model that does not require a value for V, is attractive. In
addition, 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 replaced by A”. The second model has only two states and does not require a value
for v. 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 analysis 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
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Michaelis-Menten Kkinetics. The concentration of ethanol in the liver is taken as the
concentration of ethanol entering the liver, which is not a compartment, which is

My, (D+ME) (0)
—__HA PV
Ce®) = R, +R%)
A PV

by @ M, @

R, F,

(12)

Vy

The term Myietap (9) is direct from MM Kinetics based on the C ., (r) computed before, where
Mmax ([mass]/[time]) is a new parameter that plays the role of v,V resulting in the
equation

c., @
M, () =Mpy——.
Metab ( ) max Km"'cg (l‘) (13)
In summary, the resulting equations are the two state equations,

du

d—f’ O=M,, ) -M,, (1) (14)
du 1y (@) My (®
d_;/ (0 Z_;;—RAFL"'MJP (t)_MP.9 (D) +r ;—RAFL"'MGuL (- MMemh ©) +Mlnfusc @)3)

v v

the expressions for C ., (¢) (12), Miietan(9 (13), M, .- (1) (20), and M ., (¢) (21); and the two
external inputs Mgyut(9) and Minsuse(d-

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

Mener=My, () +M3) (1), (16)
C. ()
M, () =My —————o,
etab (£ max KntCo 0 17
Menter (t)
C,()=—""%. 1
“ RHA+R1(’%/) ( 8)
respectively. The fundamental requirement is Myietab(d £ Menter(9 Which implies

Muax/ (Ryu +RD) — K < C, (0). (19)

For a worst-case human subject, Mnax = 300 mg/min,4 R, +R=11.7 dL/min, and K, = 10
mg/dL, so the lower limiton C., () 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
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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 morphometric method and then subsequently by the optimization scheme
detailed in [30]. The results are R4 =42.3071 dL/min, V_=14.69 L,V =11.846 L,
Mmax=V o, Vimax=147.03 mg/min, and k= 0.2951 (for all values of xand ). Consistent
with values determined by other investigators developing models [40], [46]-[48], A_= 0.26,
Fpy = 0.75, and K, = 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 vV, is estimated [18, p. 1554] as
proportional to lean body mass 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
resultis v, =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
(V) 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 infusion pumps were turned off [Fig. 2(a)] in order to provide further
modeling validation data. The experimental BrAC measurements 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 compartments) before it can
be metabolized, while in the PBPK2 model, it only needs to be transported once (to the
vascular compartment). 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 mathematical format, as is achieved in this paper,
rather than as a software package. Identification of the liver volume by such a method could

3AIthough Mgyt (9 = 0 in the example of this paper, Mgyt (§ 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 (2 be the ethanol mass flow at the mouth. In [43] and
[44], a phenomenological linear time-invariant model relating Moral (9 and Mgyt (9 is used, Mcut () = MOoral () * Acut (9, where
* denotes convolution and /gyt (9 is a critically damped second-order system that integrates to 1, gyt () = B¢ ftexp(—BHu(9), where

400 +00
the integration condition is necessary and sufficient to achieve f_mMOm, ® dl:f_mMGul (#) dt so that all ethanol is eventually
absorbed.
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be compared to liver volumes obtained by computed 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
representing and prescribing the exposure of an individual human subject. The application
dictated modeling parsimony, minimizing complexity of the model since parameters are
determined 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 challenge 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 contemplated
when the model was developed (e.g., slopes) also validate the model through utility.
Application of model parameter 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 identification in sibling-pair
paradigms, showing higher estimates of heritability in the Vi parameter as compared to
conventional methods of estimating ethanol elimination rates in the same subjects [29], also
connotes model validity. As one measure of confidence in the model, the Indiana University
School of Medicine Institutional Review Board (IRB) has approved the use of the PBPK2
model for prescribing brain ethanol exposures in the functional magnetic resonance imaging
(fMRI) environment, 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 successfully 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 methodologies, 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
contributions of the dominant enzyme systems responsible for alcohol 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 alcohol dehydrogenase and aldehyde dehydrogenase and 2) it would
probably be necessary to convert the model to an experimental animal, such as pigs, in
which instrumentation of the hepatic artery, portal vein, and hepatic vein is possible.
Developments 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 cirrhasis. In this paper, the PBPK2
model is derived as an approximation 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
investigation. 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
concentrations in the liver, which can be substantially higher than in other organs because of
first-pass exposure to orally ingested ethanol.
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One implied obligation of this study is eventual validation of the PBPK3 model. One route
to this future work is translational 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 without the need for expensive and potentially hazardous invasive
instrumentation. The cost, additional modeling complexity, is minimal since good estimates
of liver volume in healthy human subjects can be obtained from morphometric measures,
and individual estimates of liver volume, in subjects with liver dysfunction, can be obtained
with noninvasive computed tomography. Alternatively, advances in compound localization
and concentration determination via imaging (e.g., magnetic resonance spectroscopy), may
allow direct noninvasive measurement of ethanol concentrations relevant to the liver
compartment 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
predict 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
complex, brain exposure to ethanol, even in environments, such as fMRI, where the
experimental BrAC cannot be monitored. Extension 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.
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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 /() 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.
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Fig. 2.

Intravenous input of a 6% ethanol solution [Panel (a)] and experimental BrAC
measurements and PBPK2 and PBPKS3 state-variable trajectories after conversion to
concentrations [Panel (b)] for the “slopes” IV input. The parameters for the models come
from previous measurements on the same human subject for which the BrAC data were
recorded.
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