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Purpose. To compare three liver models (well-stirred, parallel tube,
and dispersion) for the prediction of in vivo intrinsic clearance
(CLint), hepatic clearance (CLh), and hepatic availability (Fh) of a
wide range of drugs in the rat using in vitro data from two in vitro
sources.
Methods. In vitro CLint was obtained from studies using isolated rat
hepatocytes (35 drugs) or rat liver microsomes (52 drugs) and used to
predict in vivo CLint using reported scaling factors, and subsequently
CLh and Fh were predicted based on the three liver models. In ad-
dition, in vivo CLint values were calculated from the reported values
of CLh based on each of the three models.
Results. For all of the parameters, predictions from hepatocyte data
were consistently more accurate than those from microsomal data.
Comparison of in vitro and in vivo CLint values demonstrated that the
dispersion model and the parallel tube model were comparable and
more accurate (less bias, more precise) than the well-stirred model.
For CLh and Fh prediction, the three models performed similarly.
Conclusions. Considering the statistics of the predictions for three
liver models, the use of parallel tube model is recommended for the
evaluation of in vitro CLint values both from microsomes and hepa-
tocytes. However, for the prediction of the in vivo drug (hepatic)
clearance from in vitro data, as there are minimal differences between
the models, the use of the well-stirred liver model is recommended.

KEY WORDS: dispersion model; hepatic clearance; intrinsic clear-
ance; parallel tube model; well-stirred model.

INTRODUCTION

The use of in vitro data to make predictions of in vivo
clearance is a well-accepted procedure (1,2) and both isolated
hepatocytes and hepatic microsomes have been advocated as
suitable sources of kinetic parameters (3). Kinetic parameters
from either metabolite formation (Vmax and Km) or drug sub-
strate depletion over time (clearance or half-life) can be used.
Studies in rats have allowed the strategy to be validated as the
use of this animal species, in contrast to human, allows con-
sistency in both genetic components and environmental con-
ditions and hence ensures the maximum degree of compara-
bility between the experimental conditions applicable to in
vitro and in vivo phases of the studies. The general strategy
has two essential steps. The initial step converts units of in
vitro data expressing the clearance parameter (intrinsic clear-
ance, CLint), in terms of total liver weight rather than the in

vitro units of millions of cells or milligrams of microsomal
protein. The second step incorporates other physiological
processes such as blood flow and plasma protein binding, with
the intrinsic metabolic stability of a drug to provide a whole
liver parameter (hepatic clearance, CLh).

Thus, the use of liver models is an essential step in the
scaling process used to relate the clearances obtained in vitro
to the in vivo situation. By allowing for drug concentration
differences across the liver and accounting for physiological
factors such as blood flow and plasma protein binding, the
intrinsic metabolic stability of a drug can be integrated into a
whole liver application. The most established models are the
“well-stirred,” parallel tube, and dispersion models of which
the “well-stirred” model is most often used due to its math-
ematical simplicity rather than any superiority over the oth-
ers; indeed, it is the least “physiological” in nature. To mimic
the in vivo situation these models all assume that 1) the dis-
tribution into the liver is perfusion rate limited with no dif-
fusion barriers, 2) only unbound drug crosses the cell mem-
brane and occupies the enzyme site, and 3) there is a homog-
enous distribution of metabolic enzymes in the liver (3).
However, different assumptions are made regarding the con-
centration gradient of drug within the liver; the “well-stirred”
model assumes that the hepatic drug concentration is equal to
the outflow concentration, the parallel tube model assumes it
is equal to the logarithmic mean of inflow and outflow con-
centration, and the dispersion model assumes it shows axial
dispersion analogous to packed-bed chemical reactor.

The aim of this study is to afford a comprehensive com-
parison of these three liver models to predict in vivo CLint,
CLh, and hepatic availability (Fh) from rat in vitro data. Com-
parisons published previously have focused on a relatively
small number of drugs (3–5). This investigation uses both
literature and in-house in vitro data from rat microsomal and
hepatocyte studies for 52 and 35 drugs, respectively, and data
for rat hepatic clearance in vivo to create a substantial data
set from which to make these comparisons. Rat rather than
human data were used in order to 1) make use of available
hepatocyte, in addition to microsomal in vitro data, and 2)
avoid the additional confounding issues of interindividual
variability seen both in vitro and in vivo.

MATERIALS AND METHODS

Data Collection

Table I shows the list of studied compounds (n � 59). In
vitro intrinsic clearance (CLint) in rats was obtained from
published metabolic studies or studies performed in our labo-
ratory using isolated rat hepatocytes (35 drugs) or rat liver
microsomes (52 drugs). In vivo hepatic clearance (CLh) in rats
was also obtained from the literature or in our laboratory.
Some of the compounds were also studied in rats treated with
CYP inducers such as phenobarbital (PB), �-naphthoflavone
(BNF), and dexamethasone (DEX), or an inhibitor amino-
benzotriazole (ABT).

In vitro/In vivo Scaling

The units of in vitro CLint values (�l/min per 106 cells or
�l/min per mg microsomal protein) were converted to ml/min
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Table I. In vitro CLint and In vivo CLh Values in Rats

Compound

In vitro CLint

In vivo CLh

(mm/min/SRW) fu References
Hepatocyte

(�l/min/106 cells)
Microsomes

(ml/min/mg protein)

R-acenocoumarol ND 11 0.33 0.012 3
S-acenocoumarol ND 30 1.2 0.009 3
Alprenolol 36 80 24 1 6
Aminopyrine 4.1 6.6 2.0 1.0 6
Antipyrine 0.80 3.6 1.4 1 6
Bosentan ND 40 14 0.02 7
Butylbarbitone 1.9 ND 1.2 0.6 6
Carbamazepine ND 2.2 0.78 1 6
Diltiazem ND 250 12 0.198 8
Dofetilide ND 18 7.8 0.47 3
Ethoxybenzamide 1.3 4.5 2.2 0.5 6
Felodipine ND 500 5.9 0.07 6
FK1052 ND 550 13 0.025 8
FK480 ND 130 8.6 0.016 8
Hexylbarbitone 21 ND 4.9 0.18 6
Imipramine 990 4500 22 0.107 6
Indinavir ND 70 16 0.3 9,10
L-738,372 ND 4.3 3.8 1 11
Lignocaine ND 200 24 1 6
Loxtidine 11 ND 5.5 0.96 6
Metoprolol ND 44 22 1 6
Mofarotene ND 130 4.0 0.0 7
Nicardipine ND 6700 13 0.084 8
Nilvadipine ND 36000 14 0.013 8
Omeprazole ND 330 13 0.160 8
Oxodipine ND 5.3 4.5 1 6
Phenacetin 78 33 21 1 6
Propranolol 1800 4300 25 0.72 12,13
Tacrine 1000 ND 21 1 3
R-warfarin ND 7 0.13 0.023 3
S-warfarin ND 2.1 0.046 0.011 3
YM796 ND 870 24 0.694 14
Zolpidem ND 83 9.1 0.146 8
Alprazolam 33 180 19 0.35 Unpublished observation
Caffeine 1.4 4.3 3.0 1.0 3
Chlordiazepoxide 8.0 4.6 2.5 0.15 Unpublished observation
Clobazam 27 110 7.9 0.21 Unpublished observation
Clonazepam 15 18 4.9 0.21 Unpublished observation
Codeine 290 ND 23 1 6
Dextromethorphan 110 450 20 0.45 15
Diazepam 82 81 17 0.15 3
Diclofenac 110 110 3.6 0.017 16
Ethoxycoumarin (ECOD) 26 50 14 0.22 6
Flunitrazepam 46 89 12 0.25 Unpublished observation
Heptabarbitone 29 ND 16 0.62 6
Heptylbarbitone 33 ND 5.2 0.066 6
Hexobarbitone ND 330 16 0.62 6
Ibuprofen ND 29 0.60 0.01 6
Ketoconazole 55 42 6.4 0.062 17
Midazolam 74 81 11 0.07 Unpublished observation
Ondansetron 110 320 15 0.25 3
Phenytoin 37 35 7.0 0.2 3
Tolbutamide 1.6 6.2 0.12 0.08 3
Triazolam 140 130 21 0.28 Unpublished observation
Diazepam in PB treated 120 132 16 0.22 18
ECOD in BNF treated 240 470 22 0.22 3
Diazepam in DEX treated 220 480 16 0.15 3
Diazepam in ABT treated 9.4 7.5 1.2 0.15 Unpublished observation
Diclofenac in ABT treated 34 32 0.77 0.017 Unpublished observation

Compounds in italic letters are those studied in our laboratory. ND: not determined.
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per SRW (SRW � standard rat weight of 250 g) using the
scaling factors shown in Table II.

Using the scaled CLint values, the CLh and the hepatic
availability (Fh � 1 − CLh /Qh) were predicted based on the
following three models using the blood unbound fraction, fu,
for each drug and the hepatic blood flow, Qh � 25 ml/min per
SRW (20,21):

1. Well-stirred model

CLh =
Qh � fu � CLint

Qh + fu � CLint

2. Parallel tube model

CLh = Qh�1 − exp�−
fu � CLint

Qh
��

3. Dispersion model

CLh = Qh�1 −

4a

�1 + a�2 exp��a − 1��2Dn� − �1 − a�2 exp�− �a + 1��2Dn�
�

where Dn � 0.17 (4),

a = �1 + 4RnDn and Rn =
fu � CLint

Qh

On the other hand, in vivo CLint values were calculated
from the same models using CLh data reported in the litera-
ture or in-house and compared to the predicted CLint.

Table II. Scaling Factors for Isolated Rat Hepatocytes and Rat Liver Microsomes*

Source
of data

Hepatocytes Microsomes

Cellularity
(106 cells/g liver)

Scaling factor
(106 cells/SRW)

Recovery ratio
(mg protein/g liver)

Scaling factor
(mg protein per SRW)

Literature 110 1200 45 500
Untreated 110 1200 60 660
PB-treated 110 1200 46 513
BNF-treated 120 1300 57 629
DEX-treated 130 1400 47 516
ABT-treated 105 1160 74 814

* Refs. 3 and 19.

Fig. 1. Correlations between the observed CLint and CLint predicted from rat microsomes and hepatocytes using the (a) “well-stirred,” (b)
parallel tube, and (c) dispersion models. Lines represent the regression (dotted) and unity (solid).
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Two levels of comparisons were made: 1) predicted
(scaled in vitro) CLint values were compared to in vivo CLint

values modeled from hepatic clearance, and 2) predicted CLh

(obtained from modeling the scaled in vitro CLint values)
were compared to in vivo CLh.

Estimation of the Accuracy (Precision and Bias)
of Predictions

In order to compare the accuracy of predictions based on
the three models, the root mean squared prediction error
(rmse) and the average fold-error (afe) were estimated as
measures of precision and bias, respectively, for each set of
predictions (22,23). Both measures use the prediction error
(difference between predicted and observed in vivo values)
for each drug in a particular in vitro system. The variance of
the prediction is calculated from the sum of the squares of the
prediction errors and this provides the rmse. The geometric
mean of the prediction error provides a measure of bias with
equal value to under- and overpredictions in the form of afe.

afe = 10�1

N∑log
Predicted

Observed�
mse =

1
N � �Predicted − Observed�2,

rmse = �mse

The correlation analyses were also performed between
the predicted and observed values for each parameter and the
correlation coefficient squared (r2) was also used to assess the
in vitro in vivo relationships. For the clearance parameters
(CLh and CLint), the predicted/observed ratio was also calcu-
lated for each drug and displayed on a logarithmic scale in
order to give a symmetrical distribution. On these data dis-
plays, lines indicating both the 2-fold (log ratio −0.3 and 0.3)
and 3-fold (log ratio −0.5 and 0.5) error on the perfect predic-
tion (log ratio 0) of CLint are shown. These plots were used to
obtain the percentage of predictions within particular bands.

RESULTS

The relationships between the CLint predicted from rat
microsomes and hepatocytes and the in vivo observed CLint

calculated from either the “well-stirred,” parallel tube, or dis-

persion models are presented in Fig. 1. The statistical com-
parisons of these predictions are summarized in Table III. In
general, predictions from hepatocyte data are more precise
(lower rmse) and less biased (lower afe) with higher r2 values
than from the microsomal data. Also the log of the ratio of the
predicted/observed CLint (Fig. 2) indicates a lower percentage
of predictions falling outside the 2-fold error (34–40%) for
the hepatocyte than for the microsomal prediction (62–67%).

For the microsomal prediction, the parallel tube and dis-
persion models showed less bias than the “well-stirred” model
but the precision was similar for all three models. For the
hepatocyte data, there was little difference in the bias be-
tween the models but more precision in the parallel tube and
dispersion models relative to the “well-stirred” model. The
log of the ratio of the predicted/observed CLint (Fig. 2), for a
particular in vitro system, indicates similar percentage of pre-
dictions falling outside the 2-fold error irrespective of the
liver model used. However, in the case of the parallel tube
and dispersion models, these are overpredictions of high
CLint values.

Overall, the CLint predictions based on the parallel tube
and dispersion models (Figs. 1b and 1c, Figs. 2b and 2c) are
similar to each other (Table III). Also, the predicted-
observed relationship for both the parallel tube and disper-
sion models exhibit a degree of curvature tending toward the
higher clearance drugs for both the hepatocyte and micro-
somal predictions.

When hepatic clearance is considered, the correlations
between observed and predicted values using the 3 liver mod-
els (Figs. 3a–3c) also demonstrate a greater extent of scatter
around the line of unity for microsomes compared to hepa-
tocytes, with a greater degree of underprediction from the
microsomal data. Similar to the prediction of CLint, hepato-
cytes produce a more accurate prediction of CLh with less
bias and more precision (Table III). Visually (Fig. 3), the
“well-stirred” model gives poorer prediction of CLh than the
parallel tube or dispersion models, both of which demonstrate
similar trends. This is also evident in the plot of the ratio of
predicted/observed hepatic clearance (Fig. 4), particularly for
microsomes in the low CLh region. However, with both in
vitro systems, the difference in the statistical estimates of bias
and precision for the CLh prediction from the three models
were only marginal.

Table III. Statistical Data Comparing the Accuracy of Predictions

Hepatocyte prediction Microsomal prediction

Well-stirred Parallel tube Dispersion Well-stirred Parallel tube Dispersion

CLint

afe 1.41 1.26 1.12 2.14 1.28 1.43
rmse 1405 433 400 2581 2424 2401
r2 0.792 0.737 0.762 0.667 0.601 0.625
% outside 2-fold error 37 40 34 67 61 65

CLh

afe 1.16 1.03 1.06 1.70 1.54 1.58
rmse 3.49 3.21 3.15 5.14 5.09 5.11
r2 0.864 0.879 0.877 0.693 0.708 0.700

Fh

afe 1.22 35.57 2.39 1.26 6.86 1.62
rmse 0.140 0.129 0.126 0.205 0.204 0.204
r2 0.864 0.879 0.877 0.693 0.708 0.700
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Fig. 3. Correlations between the observed CLh and CLh predicted from rat microsomes and hepatocytes using the (a) “well-stirred,” (b)
parallel tube, and (c) dispersion models. Lines represent the regression (dotted) and unity (solid).

Fig. 2. Relationship between the log predicted/observed CLint ratio and CLint predicted from rat microsomes and hepatocytes using the (a)
“well-stirred,” (b) parallel tube, and (c) dispersion models. Lines represent the limits at half and double the observed value.
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Fig. 5. Correlations between the observed Fh and Fh predicted from rat microsomes and hepatocytes using the (a) “well-stirred,” (b) parallel
tube, and (c) dispersion models. Lines represent the regression (dotted) and unity (solid).

Fig. 4. Relationship between the log of the predicted/observed CLh ratio and the predicted CLh for microsomes and hepatocytes using the (a)
“well-stirred,” (b) parallel tube, and (c) dispersion models. The dashed lines show the propagation of a 2- and 3-fold error in CLint in the
hepatic clearance prediction.
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Similar results were obtained for the prediction of Fh in
that the “well-stirred” model overpredicted to a greater ex-
tent than the other two models (Fig. 5).

DISCUSSION

Given the destructive nature of the preparation of liver
microsomes, resulting in the loss of both cellular integrity and
most of the non–cytochrome P450 drug metabolizing en-
zymes, it is often assumed that hepatocytes will potentially
give better prediction of metabolic stability. This premise ap-
pears to be true as comparisons of these two systems show
that rat hepatocytes produce consistently more accurate and
precise predictions of both CLint and CLh compared to mi-
crosomes irrespective of the liver model applied. Thus, it can
be concluded that hepatoctyes provide a better system for
evaluating these liver models. Previous evaluations (4,5) have
been limited to hepatic microsomal comparisons.

The current analysis considers an evaluation of the in
vitro CLint values relative to in vivo CLint values obtained
from “deconstructing” CLh with the use of the three liver
models. This academic view generates the widest range of
parameter values (4 orders of magnitude) to allow in vitro-in
vivo comparisons. Also considered are the CLh parameters
obtained from each of the liver models using the in vitro CLint

values. This pragmatic approach does not allow such detailed
in vitro-in vivo comparisons of enzyme activity but, by incor-
porating the processes of drug binding and hepatic blood
flow, it desensitizes the scaling process to inaccuracies at the
high end of enzyme activity.

When CLint values from in vitro and in vivo are com-
pared it is clear that the simpler “well-stirred” model gave the
poorest predictions, and there is nothing to distinguish the
dispersion and parallel tube models. Considering the math-
ematical complexity of the dispersion model, it is recom-
mended that the parallel tube model be used in preference to
the “well-stirred” model for the prediction of in vivo CLint.
There is general agreement for all models that the extensive
4-order range of enzyme activity reported in both hepatic
microsomes and hepatocytes is a true reflection of the in vivo
situation. It is of interest that the predicted vs. observed CLint

relationship for both the parallel tube and dispersion models
exhibit a degree of curvature tending toward the higher clear-
ance drugs for both the hepatocyte and microsomal predic-
tions. This may be attributed to the inability of the in vitro
systems to reflect a permeability limitation that will occur in
vivo (24).

For CLh predictions from the three liver models using
either hepatocyte or microsomal parameters, it is less appar-
ent whether one particular model offers any advantages over
another. Table III shows that the statistical estimates of bias
and precision for the CLh prediction show minor differences
between the models. Therefore, the common practice of using
the “well-stirred” model would appear to be quite satisfac-
tory. Certainly for screening procedures to identify new
chemical entities with low CLh (or high Fh) in vivo, the “well-
stirred” model can be incorporated into prediction algorithms
without concern.
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