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Membrane Transport in Hepatic
Clearance of Drugs

I: Extended Hepatic Clearance Models
Incorporating Concentration-
Dependent Transport and

Elimination Processes
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Purpose. The objective of the present study was to develop hepatic
clearance models which incorporate a unidirectional carrier-mediated
uptake and bidirectional diffusional transport processes for drug trans-
port in the sinusoidal membrane of hepatocytes as well as nonlinear
intrinsic elimination.

Methods. Two models were derived which view the liver as two sepa-
rate compartments, i.e., sinusoid and hepatocyte. Model I assumes
the instantaneous complete mixing of drugs within each compartment
(similar to that of the “well-stirred” model), while model II assumes that
the drug concentrations in both compartments decrease progressively in
the direction of the hepatic blood flow path (similar to that of the
“parallel-tube” model). Computer simulations were performed using
a range of steady-state infusion rates for a substrate, while varying the
V,.ax (capacity) and K,, (Michaelis-Menten constant) for the carrier-
mediated uptake process, the diffusional clearance, the V,, and K,
for the intrinsic elimination process, blood flow and protein binding.
Results. Simulations in which V,,,, and K, for the sinusoidal membrane
transporter and the diffusional clearance were varied, demonstrated
that these membrane transport processes could affect the clearance of
drugs to a significant extent in both models. The estimates for clearance
of substrates with the same pharmacokinetic parameters are always
lower in model I than in model I, although the quantitative differences
in parameter estimates between models varied, depending on the steady
state infusion rates.

Conclusions. These more general hepatic clearance models will be
most useful for describing the hepatic clearance of hydrophilic com-
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GLOSSARY: G, C,, C, drug concentration in the central, sinusoid
and hepatocyte compartments, respectively; C,,, C,,, sinusoidal and
hepatocyte drug concentration at any point x along the sinusoidal blood
flow path (L), respectively; CL : hepatic clearance; CL|, CL,, CL,,
CL,, uptake, efflux, intrinsic and diffusional clearances, respectively;
CL,, CLs,, CLs,, CL,,, uptake, efflux intrinsic and diffusional clear-
ance at x, respectively; E, hepatic extraction ratio; f;, f,, fraction of
drug unbound to blood and tissue components, respectively; K, |, K. 3,
Michaelis-Menten constant of the transporter and metabolizing enzyme,
respectively; k,, steady state infusion rate; @, blood flow rate; V,, V,,
V., volume of the central, sinusoidal and hepatocyte compartments,
respectively; Viaets Vimar3, maximum capacity of the transporter and
metabolizing enzyme, respectively; Va1 x Vinar 35 Capacity of the trans-
porter and metabolizing enzyme at x, respectively.
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pounds, such as organic anions or cations, which exhibit facilitated
uptake and limited membrane diffusion in hepatocytes.

KEY WORDS: hepatic clearance; pharmacokinetic models; facili-
tated transport; diffusion; nonlinear intrinsic clearance; computer
simulation.

INTRODUCTION

Isolated hepatocyte, liver slice, liver perfusion and in vivo
animal studies have demonstrated the nonlinear hepatic trans-
port of several organic and inorganic substrates (1-4). Recently,
studies with rat liver membrane vesicle preparations have eluci-
dated the presence of several distinct carrier-mediated transport
systems that are capable of transporting a wide range of
endogenous/exogenous compounds, and a number of carrier
proteins have been characterized (reviewed in refs. 5 and 6).
However, most investigations that have examined the hepatic
clearance of xenobiotics have utilized models in which the
sinusoidal membrane transport processes for uptake and efflux
are completely ignored (7) or regarded as linear (8).

Four types of models have been developed to describe the
hepatic transport and clearance of substrates: the “compartmen-
tal model”, the “parallel-tube model”, the “distributed model”
and the “dispersion model” (reviewed in ref. 9). The conven-
tional compartmental model views the whole liver as a single
equivalent hepatocyte, while the rest of the body is assumed
to be a single well stirred plasma compartment. The membrane
transport processes between these two compartments are con-
sidered to be linear. Several “extended compartment models”,
including the “well-stirred model”, which have a sinusoidal
blood and/or peripheral tissue compartments, have been devel-
oped to describe the hepatic transport of various compounds
under linear kinetic conditions (8,10). The “undistributed sinus-
oidal perfusion or parallel tube model”, assumes that the liver
is composed of a series of identical and parallel tubes, along
which the substrate concentration decreases progressively in
the direction of the hepatic blood flow. This model assumes
that uptake is a first order process and that the concentration
governing the uptake rate is the logarithmic mean sinusoidal
concentration (7). deLannoy et al. (11) have incorporated a
changing sinusoidal drug concentration along the flow path in
this model, to study the effects of a diffusional membrane
barrier on hepatic clearance under linear conditions. The effects
of a diffusional barrier were also studied for 4-methylumbellif-
erone and its sulfate and glucuronide conjugates (12,13). The
“distributed model” views the liver as an array of parallel tubes,
each receiving a fraction of blood flow or intrinsic clearance
according to a specified distribution pattern. The membrane
transport processes in this model have generally been consid-
ered to be linear (14). The “dispersion model” describes the
hepatic clearance process in terms of bulk (convective) flow,
axial dispersion (mixing of blood), and disappearance of solutes
by elimination, assuming a linear (diffusional) membrane trans-
port (15).

Most of the early transport studies using the described
models were based on linear conditions, although different
uptake and efflux rate constants could imply the possible pres-
ence of carrier-mediated transport systems in the sinusoidal
membrane. Several approaches have been suggested to describe
the nonlinear transport processes with various assumptions.
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Deroubaix et al. (16) used a compartmental model to describe
the saturation of the carrier-mediated hepatic transport of tauro-
cholate (TC). In this study, they estimated V., and K, of a
unidirectional facilitated transport system for TC, by simultane-
ously fitting the Michaelis-Menten equation to the sinusoidal
concentrations and the uptake rates estimated from the compart-
ment model at different steady state infusion rates of TC. Forker
et al. (14) estimated the average rate constants for nonlinear
transport processes by simultaneously analyzing plasma disap-
pearance curves using a linear compartmental model. Greenway
et al. (17) extended the parallel tube model to estimate V,,,
and K, for hepatic uptake of galactose based on the logarithmic
mean concentration. A recent publication by Geng et al. (18)
has examined carrier-mediated hepatic transport using a parallel
tube model.

In the present study, we have incorporated uptake-limited
(by facilitated transport and by diffusion) and capacity-limited
elimination into two hepatic clearance models which are similar
to the conventional “well-stirred” and “parallel-tube” models
(9). The purpose of the study was to derive equations for these
models which would incorporate these concepts, and to illustrate
the differences in the behavior of these models as pharmacoki-
netic parameters were varied. Additionally, in an accompanying
paper, we have examined the influence of the heterogeneity
of facilitated transport proteins on the hepatic disposition and
clearance of substrates.

THEORY

Model I consists of three compartments: the central (reser-
voir), sinusoid, and hepatocyte, while Model II is composed of
the sinusoid and hepatocyte compartments. The elimination of
drug is assumed solely via nonlinear elimination and designated
as “intrinsic clearance” by “metabolizing enzyme”, an apparent
unienzyme system, to simplify the model description. However,
this elimination could represent hepatobiliary intrinsic clear-
ance. The important elements and assumptions for these models
are described as follows.

1. A unidirectional facilitated transport of substrate from
the sinusoidal blood into hepatocytes by an evenly distributed
carrier system as well as bidirectional passive diffusion.

2. A nonlinear intrinsic clearance by an evenly distributed
metabolizing enzyme (or canalicular transport proteins).

3. Only unbound drug can traverse membranes and is
subject to the intrinsic clearance.

4. Fractions of drug unbound to blood (f,) and tissue com-
ponents (f;) are assumed constant throughout the liver.

5. There is no limitation on cofactor availability for both
transporter and metabolizing enzyme.

Model 1

Model I (Fig. 1), as in the conventional “well-stirred”
model, assumes the instantaneous complete mixing of substrate
within each compartment.

CL, represents the uptake clearance of substrate from the
sinusoid compartment into the hepatocyte compartment via a
carrier-mediated transport system and by passive diffusion. CL,
is the diffusional efflux clearance from the hepatocyte into the
sinusoidal compartment which can be expressed as a diffusional
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Fig. 1. Model 1 consists of three well-stirred compartments: central,
sinusoid and hepatocyte. Q represents the blood flow rate. C,, C, and C,
are the concentrations of drug in the reservoir, sinusoid and hepatocyte
compartments, respectively. CL;, CL,, and CL; represent the clearances
for the uptake of drug from the sinusoid to hepatocyte (unidirectional
facilitated transport and diffusion), the efflux of drug from the hepato-
cyte to sinusoid (diffusion), and the nonlinear intrinsic elimination of
drug within hepatocytes, respectively.

Model II consists of two compartments: sinusoid and hepatocyte.
C,. and C,, are the concentrations of the drug in the sinusoid, and
hepatocyte compartments at any point x (0 = x =< L) along the sinusoid
flow path, L, respectively. The uptake and efflux of the drug between
the sinusoid and hepatocyte compartments at x are characterized by
CL,, and CL, , respectively. Nonlinear intrinsic elimination within the
hepatocyte at x is denoted by CL; .

clearance (CL,). CL; is the nonlinear intrinsic clearance. The
maximum transport and intrinsic metabolism capacities are des-
ignated as V,,.; and V.3 respectively. Michaelis-Menten
constants for the transporter and metabolizing enzyme are desig-
nated K, and K,,;, respectively. CL,, CL, and CL; can be
characterized as follows:

V,
CL., = max, { +
YR M
CL, = CL, (2)
Vi
CL = max,3
Km,3 + ft Ct (3)

C, and C, are concentrations of drug in the sinusoid and hepato-
cyte compartments, respectively. The rate of change of drug
amount in the hepatocyte compartment is zero at steady state,
where V, is the volume of the hepatocyte compartment (equa-
tion 4).

dC,

Vig = CLifCs = (CLy + CLyAC, = 0 “)
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Combining equations 1, 2 and 3 into equation 4 results in a
quadratic equation of C,, which can be expressed as follows:

_ 7 _
c, = b+ ,Z/I; dac )

where a, b and ¢ are

a=fiCL,
b= f,,(V,.m,l + CL4K,p, — (CLd + L) f,C,)
K.; + f.C
c=—Kn, (CL,, +M)f,c,
K3 + f.C,

At steady state, the infusion rate (k,) into the central compart-
ment is equal to the intrinsic elimination rate from the hepato-
cyte compartment (equation 6).

V
k, = CL;f,C, = —&3__ £ 6
1fl t Km’3+ﬁct‘ft t ()
C, can be expressed as follows.
k()Km,3
G Q)

N ﬁ(Vmax,S - ko)

The rate of change of drug amount in the central compartment
is zero at steady state.

dc,

V
b dr

=k, +Q0C, —QC, =0 (3)
where V,, C;, and Q represent the volume and the concentration
of drug in the central compartment, and the hepatic biood flow
rate, respectively. The hepatic clearance (CL) and extraction
ratio (E), at an infusion rate (k,), can be estimated with equation
9, after incorporating equation 8.

G —C) _ ko

CL = QE =
Q Cy C,

9

Model 11

In model II (Fig. 1), the liver is viewed as a series of
identical parallel tubes with bulk blood flow along a common
sinusoidal flow path. The drug is infused at a constant concen-
tration into the liver. The rate of change of drug amount in the
sinusoid compartment at any point x (0 < x = L) along the
flow path, L, at steady state can be expressed as the following
equation under steady state conditions.

Y, dCix dCix

o 1 _ _
L dt = —Q —Zx_ + L (CL’Z,xftCI,x CLl,x.bex,x) =0

(10

V; is the volume of the sinusoid compartment, and C,, and C,,
are the drug concentrations in the sinusoid and hepatocyte
compartments at x, respectively.

In the hepatocyte compartment, the rate of change of drug
amount can be expressed as in equation 11, where CL;, is the
intrinsic clearance at x.

V,dC,,

1
L dt = Z (CLl,xbe_v,x - CLZ,xﬁCt,x—CL3,xﬁCt,x):0 (1 1)
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Combining equations 10 and 11 results in equation 12.

dCx X — CL} xfl C[ x
X . : 1
e oL (12)
C, (inlet concentration) and C;, (outlet concentration) corre-
spond to C, and C; in equation 9 for model I, respectively, for

the estimation of CL.

METHODS

Simulations were performed, assuming constant infusion
of drugs into the central compartment for model I or into the
sinusoid compartment for model II. Numerical approximation
of drug disappearance in the sinusoidal compartment for model
II was performed using Euler’s method (19) with 200 incremen-
tal steps for the numerical approximation (dx = 1/200 of flow
path) at C; 5 equivalent to C,, in model I over a range of infusion
rates. Differences in the estimated values between using this
method and PCNONLIN (Statistical Consultant Inc. Lexington,
KY) were negligible.

For the reference conditions (Table 1), the primary uptake
mechanism of drug into hepatocytes at low concentrations was
assumed to be carrier-mediated, by setting a higher carrier-
mediated uptake clearance (10 ml/min/g liver, V,,., and K, ,
of 1 mg/min/g liver and 0.1 mg/ml, respectively), compared
with CL; (0.1 ml/min/g liver). A higher V,,,; (10 mg/min/g
liver) than V.., with K, 3 (0.1 mg/ml) equal to K,,; was
assigned to assure that intrinsic clearance is not a rate-limiting
step at low substrate concentrations. The reference blood flow
rate was assigned a value of 1 ml/min/g liver, which is 10 fold
slower than CL, at low concentrations. These reference values
are similar to those estimated for hepatic transport of taurocholic
acid in rats from the literature (16,20), except for V,,,, 3 (Table
1). The relatively high V,,,, 3 was used for the present simula-
tions to allow illustration of gradual changes in the rate-limiting
step in CL from blood flow to the membrane transport processes
and eventually to intrinsic elimination. No binding of drug to
blood and tissue components was assumed. Each simulation
study was designed to illustrate the effects of changes in a
particular pharmacokinetic parameter (V.1 (or K, 1), CL4, O,
Vinax3 (or K, 3)) on CL over a range of infusion rates.

RESULTS

Figure 2 illustrates the change in rate-limiting steps in CL
from @, to CL, (carrier-mediated transport and then CI; once
carrier-mediated transport became saturated), and eventually to
CL; as k, increased, under the designated reference conditions.

Figure 3 shows the effects of changes in V,,,, on CL.
When V., was small (0.01 mg/min/g liver), little change in

Table 1. Reference Parameters for a Hypothetical Substrate

Q Vmu.r. 1 CLd szur,}
ml/min/ mg/min/ K, , ml/min/  mg/min/ |
gliver gliver mg/ml g liver gliver mg/ml f, f,
1 1 0.1 0.1 10 0.1 1 1
0.2 0.04 0.01 0.2 03

Note: Values in the second row are the literature values for the hepatic
transport of taurocholic acid in rats (16,20).
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Fig. 2. Relationship between CL and k, at the reference conditions
(Table 1).

CL was observed as k, was increased. As V., was increased,
CL increased at low k,, but there were distinct differences
between the two models, with model II demonstrating higher
clearance values than model I at V,,,, | values of 0.1 mg/min/
g liver or greater. In both models, significant decreases in CL
occurred when the transporter and metabolizing enzyme were
saturated at high k,. When K,,; was varied (from 0.01 to 10
mg/ml) so that CL;/Q ranged from 0.1 to 100, similar CL
profiles were obtained for the two models at the highest and
lowest K, values (0.01 and 10 mg/ml), but at intermediate
values (0.1 and 1 mg/ml) model II predicted higher CL values.
Large changes in CL occurred as the sinusoidal membrane
transporter became saturated (data not presented).

Figure 4 shows the effects of changes in CL, (from 0.01
to 2 ml/min/g liver) on CL. At low k,, CL was relatively unaf-
fected by the changes in CL; in both models. At higher k,, CL
precipitously declined at the lower values for CL,, as CL became
rate-limited by CL,. Changes in CL at higher values for CL,
were more gradual.

Figures 5 shows the effects of Q changes on CL. At lower
0, Q represented a major rate-limiting step throughout the entire
range of k, except at very high k,. At higher Q values, the rate-
limiting step was influenced by CL, (reference value of V,,,,, /

Model 1 Model 11

Vinax, Values
1.0

0.8 -

06

0.4

02

CL (ml/min/g liver)

0.01 01 1 10 001 01 1 10

Infusion rate (mg/min/g liver)
Fig. 3. Effects of varying V,,,, | on the relationship between CL and k.
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Fig. 4. Effects of varying Cl,; on the relationship between CL and &,

K., is 10 ml/min/g liver) as well. Only small differences
between the two models were apparent.

Figure 6 shows the effects of V,,.; on CL. Model II
estimated higher CL values for the same V,,, 3 at low k, than
model [. At V,,,, ; smaller than 1 mg/min/g liver, CL decreased
abruptly as k, approached V,,,, 3, the limit necessary to achieve
a steady state condition (equation 10). With higher V,,;, 3, CL
became linear over a range of k, after a sharp decrease just
prior to a k, of 1 mg/min/g liver (the V,,.; value). In both
models, CL with V.3 of 100 mg/min/g liver overlapped that
with a lower V,;.3 (10 mg/min/g liver) up to k, of 10 mg/min/
g liver, indicating that CL; was not rate-limiting.

Increases in K,,; had significant effects on CL over the
entire range of k,. The overall CL profiles at the different K,,, 3
values were similar in both models with Model II estimates of
CL being higher than those of Model I at low k,. At a high
K,,3 (100 mg/ml), the low intrinsic clearance represents the
rate-limiting step responsible for the pronounced decrease in
CL (data not presented).

Model 1 Model 11
Q values
10 - -
—_— E|
o b
0 4
2 ]
—
B0 14
-~
k=
£
0.1 4
g ]
N’ p
o
001 L i
0.1 1 10 0.1 1 10

Infusion rate (mg/min/g liver)
Fig. 5. Effects of varying Q on the relationship between CL and k,,.
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Fig. 6. Effects of varying V,,,, ; on the relationship between CL and k,,.

DISCUSSION

The present theoretical work extends the “well-stirred”

model, designated as model I, and the “parallel tube” model,

designated as model II, to include carrier-mediated unidirec-

tional uptake in the sinusoidal membrane and nonlinear elimina-

tion processes. It also represents an extension of the theoretical

evaluation of transport published recently by Geng et al. (18).
CL can be described as equation 13 in model I or II (see

derivation in Appendix).

= _.gﬁl.’EEL _ L e

CL 0 +beLi’appor Q(l e ) (13)

(model I) (model II)

where

CLCL,

Chiso = T, + CL,

Equation 13 can be further simplified to equations reflecting
two limiting conditions. First, if CL, and CL, are the same and
much larger than CL; (i.e., a high permeability and no carrier-
mediated transport system for substrates), then CL can be
described as in equation 14 for the models.

0f,CL; ~fbCLye
cL =20 ol = o
0+ 5L "2

(model I)

These equations are the same as the equations describing the
“well-stirred” and “parallel tube” models when a transport bar-
rier for unbound drug across hepatocytes is absent and the
enzyme activity is distributed evenly along the hepatic flow
path. Depending on the relative magnitudes between Q and
CL,, CL can be flow rate-limited or intrinsic clearance-limited.
For ionized and hydrophilic compounds which exhibit low
membrane permeabilities or undergo transport into hepatocytes
via facilitated transport systems, such that CL, is much smaller
than CL3, CL can be described as in equation 15.

Q}bCLl —fbCLi0
[ = =2 1 — 1
C #CL, or Q0 e

(model I)

(14)
(model II)

(15)
(model II)
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CL is now independent of CL; and can be further defined
as being either flow rate-limited or uptake clearance-limited,
depending on the relative magnitudes of Q and CL,.

Literature data support the contention that uptake can be
rate-limiting for the hepatic clearance of ionized or hydrophilic
compounds which exhibit low membrane permeabilities or uti-
lize facilitated transport systems for hepatic uptake. Examples
include propranolol (21), 4-methylumbelliferone (12), tauro-
cholate (16,20), enalaprilat (11), quinaprilat (22), pravastatin
(4), bromosulfophthalein glutathione conjugate (3), 4-methy-
umbelliferone glucuronide and sulfate conjugates (23), and the
cyclic metabolite of rilmazafone (24). For example, a recent
publication by Yamazaki er al. (4) demonstrated that the carrier-
mediated uptake of the hydrophilic drug, pravastatin, represents
the rate-limiting step in the hepatic elimination of the drug.
The hepatic uptake of 1-propranolol, a lipophilic compound, is
alsorate-limiting at low doses (21), and it has been demonstrated
that alterations in the hepatic extraction of propranolol in cir-
rhotic rats (25), and in rats with experimentally-induced renal
failure (26), is due to impaired cellular influx. These latter
studies emphasize the importance of evaluating uptake pro-
cesses in order to correctly interpret disease-induced effects on
hepatic clearance.

The simulation studies with changing V. (Fig. 3) (or
K,.)) illustrate the expected effects of disease, hormonal influ-
ences, competitive or noncompetitive drug or nutrient interac-
tions or induction on drug substrate uptake into hepatocytes. For
example, phenobarbital can selectively induce the electrogenic
transport of glutathione and organic anions in rats (27), and
the uptake of tetraecthylammonium, which is transported into
hepatocytes by a membrane potential-dependent pathway, can
be inhibited by a range of tertiary and monoquaternary ammo-
nium compounds (28). Induction or inhibition of transport pro-
cesses will result in a change in substrate flux, but can also
result in changing the rate-limiting step in a substrate’s
hepatic clearance.

In summary, the present simulation studies were able to
illustrate the effects of the membrane transport processes, unidi-
rectional carrier-mediated transport and diffusion in the hepatic
sinusoidal membrane, on the hepatic clearance of drugs in the
extended “well-stirred” and “parallel-tube” models. In addition,
the effects of other physiological processes, including blood
flow, protein binding and nonlinear elimination, on hepatic
clearance were also investigated in the presence of a transport
barrier for substrates. Overall, estimated CL values obtained
using the two models were either similar, or were higher in
model II compared with model 1. The higher values predicted
by model I may be due to the differences in drug concentrations
estimated in the sinusoid and hepatocyte compartments between
the models, and perhaps more importantly, due to the presence
of the sinusoidal concentration gradient in model II. These
more generalized models for the description of the drug hepatic
clearance would be most applicable for hydrophilic organic
anions and cations for which facilitated transport processes and
limited membrane transport have been described.

APPENDIX

In model I, the mass balance in sinusoid compartment at
steady state results in the following equation:
dC;

Vs dt = QCp_ ocC, ~ CLlbex + CLZﬁ Ct =0

(16)
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V, is the volume of sinuscid compartment. Solving equation 4
for steady state, C, gives

CL,Cs

' fecta + ety “
Substituting equation 17 into equation 16 gives,
C = 9(CL, + CLy)G, (18)
Q(CLy + CLy) + f,CL,CL;
From equations 9 and 18, CL can be expressed as;
CL QL CLy (19)

T O(CL, + CLy) + £,CL,CLy)

In model 11, at steady state, the rate of drug disappearance
over an increment dx from x is represented by equation 20.

dCsx

QZ22 = L (CLLcfiCe = CLLAC,)

T (20)

At steady state the uptake rate of drug from sinusoidal blood
into hepatocytes is equal to the sum of the efflux and intrinsic
elimination rates from hepatocytes (equation 21)

CLl,xbes,x = Cl/l.xﬁct,x + CL3.XﬁCI,x (21)

From equation 21, C,, can be expressed as in equation 22.

Ct,x — CLl ,xf bcs,x

= f(CL, + CLyy 22)

Substituting equation 22 into equation 20 and rearranging gives
equation 23.

dc,,
CS,.X

 —hCLLCL,
OL(CL,, + CLy & 23

Assuming that the uptake, efflux, and intrinsic clearances at x
are equal to their respective length-averaged clearances, equa-
tion 24 can be obtained after a definite integration of equation
23 from 0 to L for x.

n (_C__L) _ _—HCLCL;
Coo) Q(CLy + CLy)

From equation 24, E and CL can be expressed as in the follow-
ing equations.

(24)

g CoL -1 - JbCL,CL:‘/Q(CLZ*— cLy (25)

CL=Q(l — o IHCLICLYQCLy + CLy) (26)
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