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Mechanistic models of hepatic clearance have been evaluated for more than
50 years, with the first author of this mini-review serving as a co-author of the first
paper proposing such amodel. However, published quality experimental data are
only consistent with the first of these models, designated as the well-stirred
model, despite the universal recognition that this model is physiologically
unrepresentative of what occurs with respect to liver metabolism and
transport. Within the last 3 years, our laboratory has recognized that it is
possible to derive clearance equations employing the concepts of Kirchhoff’s
Laws from physics, independent of the differential equation approach that has
been utilized to derive reaction rates in chemistry. Here we review our published
studies showing that the equation previously believed to be the well-stirred
model, when hepatic basolateral transporters are not clinically relevant, is in fact
the general equation for hepatic clearance when only systemic drug
concentrations are measured, explaining why all experimental data fit this
equation. To demonstrate that the equations deriving the mechanistic models
of hepatic elimination for the past 50 years are not valid, we show that when
calculating Kpuu, the ratio of unbound drug concentration in the liver to the
unbound concentration of drug in the systemic circulation, for the well-stirred,
parallel tube and dispersion models, Kpuu surprisingly can never exceed 1 and is a
function of FH, the hepatic bioavailability following oral dosing. We believe that
knowledgeable drug metabolism scientist and clinical pharmacologist will agree
that this outcome is nonsensical.
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1 Introduction

It is important to recognize that the limitations imposed by in vivo experimental and
clinical studies must be considered when characterizing drug metabolism and transport
data and their implications in drug dosing decisions. As we have recently summarized
(Benet and Sodhi, 2024b), much of the pharmacokinetic analyses universally accepted by
the field with respect to hepatic metabolism and transport are not consistent with the
limitations of in vivo studies, where the only experimental measurements available are
systemic drug concentrations and urinary excretion amounts as a function of time. These
limitations apply to simple analyses of in vivo data using noncompartmental or
compartmental pharmacokinetic models as well as physiologic based pharmacokinetic
(PBPK) models. Decisions concerning drug dosing in a patient or changes in drug dosing
due to disease states, pharmacogenomic and physiologic differences, and drug-drug
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interactions are all based on drug exposure, that is, area under the
concentration-time curve (AUC). Thus, the relevance of the
pharmacokinetic model is based on the ability to measure and/or
predict exposure and changes in exposure. In this mini-review we
limit our discussion to linear pharmacokinetic systems, but will
address saturable processes in future publications, which are yet
unpublished, although an abstract and poster describing this
approach was presented at the 2024 International Society for the
Study of Xenobiotics and Japanese Society for the Study of
Xenobiotics (ISSX/JSSX) meeting, in Honolulu, HI, United States
on September 16–18 (Benet and Sodhi, 2024c).

Systemic exposure and changes in systemic exposure due to
metabolism and transport for linear systems are a result of dose,
bioavailability (F) and clearance (CL), and changes in these three
parameters as given in Equation 1 for a single dose over all time or
for multiple doses at steady-state (ss) during a dosing interval.

AUC0→∞ or dosing interval at ss � F ·Dose

CL
(1)

Changes in volume of distribution or rate constants do not
change exposure unless they also result in clearance changes.

In the last 2 years we recognized that the derivation of clearance for
in vivo drugmetabolism and transport processes in series and in parallel
could be simply accomplished independent of differential equations
utilizing Kirchhoff’s Laws from physics (Patcher et al., 2022; Benet and
Sodhi, 2023; Benet and Sodhi, 2024a; Benet and Sodhi, 2024b; Wakuda
et al., 2024). In fact, we demonstrated that traditional pharmacokinetic
equations based on differential equations for drug absorption and
elimination utilized and taught for the past century cannot
accurately define the measured AUC when clearance of drug from
the administration site is comparable to or less than clearance of an iv
bolus dose. Thus, using Kirchhoff’s Laws we can explain why it is
possible to obtain bioavailability from systemic concentration
measurements that exceed unity, why renal clearance can be a
function of drug input processes, and why statistically different
bioavailability measures may be found for urinary excretion versus
systemic concentration measurements in the same study.

2 Kirchhoff’s laws applied to the
pharmacokinetics of in series processes

We discovered, in 2022, that Kirchhoff’s Laws from physics
would provide a pathway to derive clearance and overall rate
constants for in series processes, independent of differential
equation derivations (Patcher et al., 2022). We showed that
consistent with Kirchhoff’s Laws for processes in series, the
inverse of the overall clearance would equal the sum of the
inverse of the individual rate-defining processes entering and the
inverse of the individual rate-defining process leaving. Here for
clearance as given in Equation 2

1
CLoverall

� 1
CLentering rate−defining process

+ 1
CLleaving rate−defing process

(2)

A rate-defining process is one that, on its own, could potentially
define a total clearance, and one that is possible to measure
experimentally when it solely determines the clearance (e.g., liver

blood flow). When the hepatic metabolic clearance (CLH) is derived
and hepatic basolateral transporters are not clinically relevant, the
entering rate-defining process is hepatic blood flow (QH) and the
leaving rate-defining process is the fraction unbound in blood (fu,B)
multiplied by the hepatic intrinsic clearance (CLint) as given in
Equation 3.

1
CLH

� 1
QH

+ 1
fu,B · CLint

(3)

When hepatic basolateral transporters are relevant to hepatic
clearance, a third rate-defining process is included (Patcher et al.,
2022), the difference between the intrinsic hepatic uptake clearance
(CLinflux) minus the intrinsic hepatic efflux clearance (CLefflux).

1
CLH

� 1
QH

+ 1

fu,B · CLinflux − CLefflux( )
+ 1
fu,B · CLint

(4)

As we recently detailed (Benet and Sodhi, 2024b), Kirchhoff’s
Laws are only applicable for rate-defining processes. That is a
parameter that can by itself be a measurable result of in vivo
experimental studies. Thus, when (CLinflux – CLefflux) is a positive
value, it is possible that hepatic basolateral transport could be rate
limited by this value. However, if (CLinflux – CLefflux) is a negative
value, hepatic clearance could never equal this value, and the term
should not be included in the CLH equation (Equation 4), just as
passive diffusion processes are not included in the CLH equation.
Hepatic clearance can never be defined by passive diffusion.

When a drug is dosed extravascularly (e.g., oral, subcutaneous,
intramuscular, lymphatic, transdermal, inhalation), the entering
rate-defining process is the clearance from the site of
administration, a concept not previously considered in
pharmacokinetics prior to our publications (Wakuda et al., 2024;
Benet and Sodhi, 2024b), while the leaving rate-defining process is
the clearance following an iv bolus dose as given in Equation 5.

1
CLafter extravascular dosing

� 1
CLextravascular site

+ 1
CLiv bolus

(5)

3 Evaluating drug metabolism in
vivo data

A very familiar equation results from rearrangement of Equation
3, which yields:

CLH � QH · fu,B · CLint

QH + fu,B · CLint
(6)

Equation 6 for the past half-century has been believed to be the
well-stirred model (WSM). However, Equation 6 was derived making
no assumptions concerning the mechanistic characteristics of hepatic
elimination; it is simply the result of considering two in series steps in
hepatic elimination utilizing Kirchhoff’s Laws. The universality of
Equation 6 in defining hepatic clearance when only extrahepatic
concentrations are measured is notably supported by the fact that all
valid isolated perfused rat liver (IPRL) experimental studies, where only
systemic concentrations are measured, are consistent with Equation 6
(Sodhi et al., 2020). There are no valid experimental studies that
unambiguously demonstrate that IPRL data are better fit by the
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parallel tubemodel (PTM) or dispersionmodels (DMs) as compared to
Equation 6. Of particular relevance to this previous statement is
Figure 1A, which was presented by both Professors Rowland and
Sugiyama as supporting the PTM and DM mechanisms of hepatic
elimination at the September 2023 International Society for the Study of
Xenobiotics (ISSX) symposium, “50 Years of Clearance Prediction.”
Both speakers cited studies from their laboratories in presenting
versions of Figure 1A (Roberts and Rowland, 1986; Iwatsubo et al.,
1996), where the y-axis values are published hepatic availability FH
measures, experimentally determined from ex-vivo IPRL studies.
Whereas the x-axis values are calculated efficiency numbers (fu ·
CLint/QH), which were determined by combining the experimentally
utilized QH and fu values from the IPRL study with a predicted in vivo
CLint that is based on in vitro-in vivo extrapolation (IVIVE) of in vitro
CLintmeasures from a different study. As we recently noted (Benet and
Sodhi, 2024b) “Notably, the calculated in vivo CLint values assume that
IVIVE has no error, and that the in vitro CLint value may accurately
predict the in vivo CLint. In the last century, it may have been believed
that IVIVE would give quantitatively accurate values, but we know
today frommultiple studies that this is not true and that throughout the
field, as presently employed, IVIVE consistently underpredicts the in
vivo measured experimental clearance values (Sodhi and Benet, 2021).
At the time that Figure 1A was originally presented the authors
understandably may not have appreciated this difference. But
subsequently, both speakers have published with their colleagues
that they recognize that the previous assumption of the accuracy of
IVIVE is incorrect (Chiba et al., 2009; Rowland and Pang, 2018).

In Figure 1B, reproduced from Benet and Sodhi (2024b), we
replotted the x-values for all of the data points where IVIVE error
data were available using the degree of IVIVE underprediction for
humanmicrosome experiments, as reported byWood et al. (2017). It is
instructive that when the IVIVE underprediction is accounted for, all of

the data appear to be best described by Equation 6 (blue line), previously
regarded as the WSM. Thus, we maintain that although the field
believes that the WSM is unphysiologic and that the PTM and DMs
are more representative of liver elimination for high clearance drugs,
there are no quality experimental studies available demonstrating that
data are best described by the PTM and DMs when only systemic
concentrations are measured. Equation 6 continues to best describe all
valid experimental data available in the published literature.

4 Evaluating mechanistic models of
hepatic elimination for in vivo data

As indicated above, using Kirchhoff’s Laws we showed that the
equation previously believed to be the well-stirred model (Equation
6) could be derived independent of any mechanistic model. We
maintain that when only systemic concentrations are measured, the
correct relationship between hepatic clearance, hepatic blood flow
and intrinsic hepatic clearance (when hepatic basolateral
transporters are not clinically relevant) is Equation 6 and that
Equation 6 is model-independent (i.e., it is not the well-stirred
model). Sodhi et al. (2020) reanalyzed the published experimental
IPRL data, the only data that can unambiguously differentiate the
different mechanistic models of hepatic elimination and found that
none of the studies support the parallel tube and dispersion models
versus the fit to Equation 6.

However, if one chooses to ignore all experimental in vivo
data, one can argue that our hypothesis is just a theoretical
alternate proposal to the well-stirred model derivation
(Rowland et al., 1973; Wilkinson and Shand, 1975). Yet
recently we have demonstrated (Benet and Sodhi, 2024a) that
the previously proposed mechanistic models of hepatic

FIGURE 1
Adapted from Benet and Sodhi (2024b): Plots of hepatic availability (FH) vs. efficiency number (fu·CLint/QH) based on (A) originally published analysis,
and (B) further corrected for in vitro-in vivo underprediction error. The theoretical clearance relationships are represented with lines in blue (the Equation
6 relationship; previously regarded as thewell-stirredmodel), red (parallel tubemodel), and green (dispersionmodel). (A)Data points assuming no error in
IVIVE prediction are depicted, based on original analysis from Roberts and Rowland (1986) and Iwatsubo et al. (1996). (B)Original data are corrected
for degree of observed in vitro to in vivo (IVIVE) underprediction error, based on human liver microsomal IVIVE data reported by Wood et al. (2017). The
five high extraction ratio compounds included in this analysis (alprenolol, lidocaine, meperidine, phenacetin and propranolol) are labeled. Additional
compounds (low and moderate extraction ratio) are labeled with the following abbreviations: 5-HT, 5-hydroxytryptamine; ANP, antipyrine; CMZ,
carbamazepine; DZP, diazepam; ETB, ethoxybenzamide; HBT, hexobarbitone; PYT, phenytoin; TLB, tolbutamide; TPT, thiopental. (Published with
permission from Sodhi, J.S. Identifying Xenobiotic Transporter Involvement in Complex Drug-Drug Interactions, Doctoral Thesis, University of California
San Francisco, 2020).
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elimination, whether including or not including hepatic
basolateral transport, lead to completely unrealistic
relationships between Kpuu, the steady-state partition
between unbound drug concentration in the liver and the
unbound systemic blood concentration, and FH, the fraction
of bioavailability due to hepatic clearance following oral dosing.
Furthermore, we show that the proposal of Li and Jusko (2022)
that when the unbound partition is measured between the drug
concentration in the liver and the drug concentration in the
blood exiting the liver leads to an even more preposterous
outcome for Kpuu, with the result that Kpuu equals 1.0 for all
drugs when clearance is described by Equation 6. Thus, we
assert that these additional confounding theoretical outcomes
added to the finding that no experimental IPRL data support the
parallel tube and dispersion models should convince our field
that the models of hepatic elimination have no relevance when
only systemic concentrations are measured.

As we point out (Benet and Sodhi, 2024a; Benet and Sodhi,
2024b), the error that has been made for the past 50 years is equating
the steady-state (ss) rate of loss in the systemic circulation with the
unbound concentration in the liver (CLiver,u,ss) multiplied by the
intrinsic liver clearance (CLLiver,int) for each of the mechanistic
models of hepatic elimination. Instead, the correct approach
should be to multiply the concentration of total drug in the liver
(CLiver,ss) by the liver clearance (CLLiver) as represented in
Equation 7.

Rate of lossss � CBlood,ss · CLBlood

� CLiver,ss · CLLiver ≠ CLiver,u,ss · CLLiver,int (7)

We assert that if the drug clearance in the blood is rate limited by
hepatic blood flow, should not the drug clearance in the liver also be
rate limited by hepatic blood flow? Thus, we argue that there should
be no basis in utilizing the final term of Equation 7 to further derive
mechanistic models of hepatic elimination, and this error explains
why experimental data also do not support any such derived hepatic
disposition equations.

5 Evaluating in vivo drug transport data

5.1 The extended clearance model (ECM)

Up to the present, the incorporation of hepatic basolateral
transport into hepatic clearance equations has been treated as an
extension of the WSM, assuming that the inequality in Equation 7 is
a valid equality, which has been presented as the extended clearance
model (ECM) in a number of papers as we reviewed (Benet et al.,
2018), giving Equation 8

CLBlood,ECM � QH · CLinflux · fu,B · CLint

QH · CLint + CLefflux( ) + CLinflux · fu,B · CLint

(8)

Assuming that CLinflux ·fu,B ·CLint
QH

≪ (CLint + CLefflux), the familiar
form of the ECM is given as Equation 9

CLBlood,ECM � CLinflux · fu,B · CLint

CLint + CLefflux( )
(9)

Then the explanation for hepatic uptake to be the rate limiting
step for statins and other acids with molecular weights greater than
400 is to assume that CLefflux is negligible, so that the CLint terms in
the numerator and denominator may cancel, as presented by many
colleagues, for example, by Sirianni and Pang (1997), Webborn et al.
(2007), Kusuhara and Sugiyama (2009), Caminesch and Umehara
(2012), Barton et al. (2013), and Varma et al. (2015).

There are four outcomes that demonstrate the deficiencies of the
ECM (Equation 9). First, when clearance is assumed to be given by
Equation 9, the value for Kpuu determined at steady-state must always be
less than FH, a completely unrealistic relationship (Benet and Sodhi,
2024a). Second, why should it be necessary for CLefflux to be negligible for
hepatic basolateral transport to be rate limiting? Couldn’t hepatic
basolateral uptake be rate limiting as long as CLinflux was greater than
CLefflux? Third, if hepatic basolateral uptake is the rate limiting process for
hepatic clearance, it is not possible for CLint to have any effect on hepatic
clearance. And fourth, clearance incorporating hepatic basolateral
transport (Equation 9) has only been derived for the WSM, not for
the PTM and DMs.

5.2 Incorporating basolateral hepatic
transport using Kirchhoff’s Laws

As first presented by Patcher et al. (2022), including hepatic
basolateral transport in the general hepatic clearance equation
(Equation 6) is given by:

1
CLBlood

� 1
QH

+ 1
fu,B · CLint

+ 1

fu,B · CLinflux − CLefflux( )
(10)

Note that our approach to the relevance of influx and efflux at
the hepatic basolateral border follows the same approach as
universally used for secretion and reabsorption in the kidney,
where it is the difference between the two processes that drives
clearance, rather than separating out the two processes as is done in
the ECM. Further, these parameters capture both the active plus the
passive membrane passage clearances.

Then if QH ≫fu,B · CLint andfu,B · (CLinflux − CLefflux)
solution of Equation 10 gives

CLH � fu,B · CLint · CLinflux − CLefflux( )
CLint + CLinflux − CLefflux( )

� fu,B · CLint

1 + CLint
CLinflux−CLefflux( )

� fu,B · CLinflux − CLefflux( )

1 + CLinflux−CLefflux( )
CLint

(11)
From the Equation 11 relationship, when CLint is much greater than

(CLinflux − CLefflux), hepatic basolateral transport is the rate limiting
step; when (CLinflux − CLefflux) is much greater that CLint, hepatic
elimination is the rate limiting step. And Equation 11 defines the
relationship at intermediate positions when both hepatic basolateral
transport and hepatic elimination are relevant. All of the clinical
clearance relationships for statins and other acids with molecular
weights greater than 400 (i.e., Extended Clearance Classification
System (ECCS) classes 1B and 3B drugs as defined by Varma et al.,
2015) can be described by Equation 11.
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6 Summary

When evaluating and predicting systemic concentrations for drugs
undergoing hepatic metabolism and transport, we have proposed that a
number of the clearance equations universally accepted for the past 50-
years are not valid. This obviously is a very controversial proposal;
however, we believe that experimental data strongly support our
position. Here we review our published studies showing that what
was previously believed to be the well-stirredmodel is in fact the general
model for hepatic elimination when only systemic concentrations are
measured, consistent with the finding that all quality experimental data
only fit this relationship. We detail four reasons that the equation
including basolateral transporter effects into the hepatic clearance
equation, the Extended Clearance Model, is not valid. The correct
equation derived from Kirchhoff’s Laws is consistent with all
experimental data. Hepatic clearance equations when hepatic
basolateral transporters are clinically relevant and when they are not
relevant are simply derived based on Kirchhoff’s Laws independent of
differential equation derivations.
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