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Abstract
Physiologically based pharmacokinetic models, populated with drug-metabolizing 
enzyme and transporter (DMET) abundance, can be used to predict the impact 
of hepatic impairment (HI) on the pharmacokinetics (PK) of drugs. To increase 
confidence in the predictive power of such models, they must be validated by 
comparing the predicted and observed PK of drugs in HI obtained by phenotyp-
ing (or probe drug) studies. Therefore, we first predicted the effect of all stages of 
HI (mild to severe) on the PK of drugs primarily metabolized by cytochrome P450 
(CYP) 3A enzymes using the default HI module of Simcyp Version 21, populated 
with hepatic and intestinal CYP3A abundance data. Then, we validated the pre-
dictions using CYP3A probe drug phenotyping studies conducted in HI. Seven 
CYP3A substrates, metabolized primarily via CYP3A (fraction metabolized, 0.7–
0.95), with low to high hepatic availability, were studied. For all stages of HI, 
the predicted PK parameters of drugs were within twofold of the observed data. 
This successful validation increases confidence in using the DMET abundance 
data in HI to predict the changes in the PK of drugs cleared by DMET for which 
phenotyping studies in HI are not available or cannot be conducted. In addition, 
using CYP3A drugs as an example, through simulations, we identified the sali-
ent PK factors that drive the major changes in exposure (area under the plasma 
concentration–time profile curve) to drugs in HI. This theoretical framework can 
be applied to any drug and DMET to quickly determine the likely magnitude of 
change in drug PK due to HI.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
The ability of physiologically based pharmacokinetic (PBPK) models, popu-
lated with hepatic and intestinal drug-metabolizing enzyme and transporter 
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INTRODUCTION

Liver cirrhosis or other liver diseases (collectively referred 
to as hepatic impairment [HI]) are the 11th and 15th lead-
ing causes of global death and morbidity, respectively.1 
The severity of HI is often classified using the Child–Pugh 
(CP) scores A (mild) to C (severe) based on clinical and 
laboratory variables (e.g., encephalopathy, ascites, serum 
bilirubin, serum albumin, prothrombin time).2–4 HI 
causes changes in physiological parameters, such as drug-
metabolizing enzyme and transporter (DMET) abundance 
in the liver, intestine, and other tissues; functional hepatic 
volume; hepatic blood flow (QB,H); biliary/renal clear-
ance (CL); hematocrit; and drug-binding plasma proteins 
(e.g., albumin).5–8 In addition, regardless of the CP score, 
changes in these physiological parameters can be disease 
dependent. For example, the change in the expression of 
DMET in the liver depends on the etiology of the disease 
(e.g., alcoholic vs. hepatitis C cirrhosis).7,9–13

Alteration of hepatic function and other physiolog-
ical parameters caused by HI leads to changes in drug 
pharmacokinetics (PK) that may require adjustment of 
drug dosage. For example, the area under the plasma 
concentration–time curve (AUC) of a drug, primarily me-
tabolized by the cytochrome P450 (CYP) 3A enzymes, can 
be increased more than 10-fold in HI versus healthy volun-
teers (HV).14,15 For this reason, regulatory agencies recom-
mend measuring drug PK in subjects with various degrees 
of HI (CP-A to C).16,17 However, such PK studies are 
costly, time consuming, and hard to recruit into, especially 

subjects with CP-C. A potential solution to this dilemma is 
to determine the abundance of the major DMET in organs 
important for the absorption and disposition of drugs, 
namely, in the intestine, liver, and kidney, obtained from 
subjects with various degrees of HI.18 With the advent of 
quantitative-targeted proteomics, much progress has been 
made in the quantification of the abundance of DMET in 
HI.7,9–13 However, to use these data with confidence, such 
quantification needs to be validated through phenotyping 
PK studies in this population. Such phenotyping studies 
can be conducted with probe drugs of the major DMET 
and interpreted to reflect changes in the in vivo activity 
of the DMET provided the rate-determining step(s) in the 
CL of the drugs is (are) known.19,20 Once validated, the 
DMET abundance data can be used to predict the changes 
in disposition in the HI of other drugs cleared by the 
same DMET. Although such validation for all the major 
DMET is logistically unrealistic, validation of a few major 
DMET abundance data may provide confidence in using 
the abundance data of the remaining DMET without the 
corresponding in vivo phenotyping studies.

One approach to validating DMET abundance data is 
through physiologically based pharmacokinetic (PBPK) 
models that incorporate physiological changes in HI in-
cluding tissue DMET abundance as quantified by quan-
titative targeted proteomics.9,10,21,22 Such models are 
available through widely used software such as Simcyp, 
GastroPlus, and PK-Sim. Therefore, here we first deter-
mined if the HI module in Simcyp simulator (Version 21), 
populated with CYP3A abundance data for various stages 

abundance, to accurately predict drug disposition in hepatic impairment (HI) has 
not been tested.
WHAT QUESTION DID THIS STUDY ADDRESS?
We validated the Simcyp Version 21 default HI PBPK model by comparing the 
model-predicted and the observed pharmacokinetic (PK) data for seven cy-
tochrome P450 (CYP) 3A probe drugs. Then, through simulations, we elucidated 
the PK factors that drive the change in area under the plasma concentration–time 
curve (AUC) of CYP3A substrate drugs in HI.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
The PBPK model can predict, within twofold of the observed data, the PK of seven 
CYP3A substrate drugs in people with HI. Our theoretical simulations identified 
PK factors, that is, hepatic availability, gut availability, and fraction unbound in 
blood, that drive the large change in drug AUC in people with HI.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
Such PBPK models could be used in the future to predict drug-dosing regimens 
or design PK studies in people with HI. The identified PK factors could be used 
to quickly determine the likely magnitude of change in drug AUC caused by HI.
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of HI (CP-A to C) can quantitatively predict the effect of 
all stages of HI on the PK of CYP3A-phenotyping drugs. 
Then, using CYP3A drugs as an example, through simu-
lations, we identified the salient PK factors that drive the 
major changes in drug exposure (AUC) in HI.

METHODS

Drug selection criteria

Eligibility criteria for the selection of CYP3A drugs and 
their studies in HI from the literature were as follows: (1) 
based on in vivo or in vitro studies, the drug must be me-
tabolized primarily by CYP3A; (2) PK parameters (e.g., CL 
or AUC) of the drug after intravenous (i.v.) and/or oral 
(p.o.) administration must be available in the HI popula-
tions; (3) the HI population studied (e.g., CP-A, B, or C) 
must be specified (for some drugs, data were available for 
only some stages of HI); and (4) subjects with a portacaval 
shunt must have been excluded from the study. Based on 
these criteria, seven CYP3A substrates with fraction me-
tabolized (fm; via CYP3A) of 0.7–0.95, with low to high 
hepatic availability (FH; 0.09–0.96, derived from i.v. data 
or predicted from Simcyp) in HV were selected, namely, 
alprazolam, sirolimus, nifedipine, midazolam, felodipine, 
buspirone, and ibrutinib (Table 1).

PBPK model development and validation 
for the HV population

The Simcyp simulator Version 21 (Certara) was used to 
predict the plasma (blood for sirolimus) PK parameters 

(AUC and maximum plasma/blood drug concentration 
[Cmax]) and systemic (plasma or blood) concentration-
time (C-T) profiles of the drugs in HV after i.v. or p.o. 
administration using the “HV Caucasian population” 
(Figure 1). The input parameters of the PBPK model were 
derived from compound files of the Simcyp library, the lit-
erature, or by adjusting the Simcyp library parameters to 
recover the observed PK profile of the drugs (Tables S1–
S7). Simcyp's first-order or advanced dissolution, absorp-
tion, and metabolism model for absorption, minimal or 
full PBPK model for distribution, perfusion limited model 
for hepatic metabolism, and total renal CL model for ex-
cretion were used (Tables S1–S7). PBPK models were con-
sidered validated if the mean simulated AUC in the HV 
population (primary end point) fell within 0.5- to 2-fold of 
the observed data (twofold criterion). As a secondary end 
point, we also determined if the predicted Cmax also met 
this criterion.

PBPK model development and validation 
for HI population

The Simcyp's default HI module was used to predict the 
drug PK profiles (i.v. or p.o.) in HI (CP-A to C) (Figure 1). 
The Simcyp HI model considers changes in physiology 
(e.g., DMET protein abundance, plasma protein bind-
ing, blood flow) in HI; the relevant selected physiological 
parameters for the present study are listed in Table  S8. 
Simcyp scales the hepatic activity of CYP enzymes in HI 
based on changes in hepatic DMET abundance and func-
tional liver volume. For the remaining unknown hepatic 
CL pathway of the drug, where abundance data are not 
available, Simcyp scales this hepatic activity in HI based 

Substratesa fm,CYP3A Remainder CL pathwayb FaFG
c FH fuB

Alprazolam 0.71 Hepatic (CYP3A5) and renal 0.99 0.96 0.35

Sirolimus 0.80 Hepatic (CYP3A5, CYP2C8, 
and unknown) and renal

0.37 0.92 0.002

Nifedipine 0.95 Hepatic (CYP3A5 and 
unknown)

0.74 0.62 0.05

Midazolam 0.86 Hepatic (CYP3A5 and 
UGT1A4) and renal

0.51 0.54 0.05

Felodipine 0.93 Hepatic (unknown) 0.45 0.38 0.005

Buspirone 0.95 Hepatic (unknown) 0.21 0.13 0.06

Ibrutinib 0.95 Hepatic (unknown) and renal 0.39 0.09 0.03

Abbreviations: CL, clearance; CYP, cytochrome P450; Fa, fraction absorbed; FaFG, intestinal availability; 
FH, hepatic availability; fm,CYP3A, mean fraction of drug metabolized via CYP3A; fuB, fraction unbound in 
blood; UGT1A4, uridine diphosphate glucuronosyltransferase family 1, member A4.
aSubstrates listed in the order of their FH value.
bMinor drug CL pathways.
cFa is assumed to be one.

T A B L E  1   Estimated (or predicted by 
Simcyp from in vitro studies) fm,CYP3A, 
remainder CL pathway, FaFG, FH, and fuB 
of the selected CYP3A-metabolized drugs 
in healthy volunteers
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only on the decreased functional liver volume. Simcyp 
scales the fraction unbound in the plasma (fu), blood-
to-plasma ratio (B/P), and total renal CL in HI based on 
changes in drug-binding plasma protein, hematocrit, and 
glomerular filtration rate, respectively. For the gut avail-
ability (FG) of the drug, Simcyp scales this in HI based 
on changes in the gut DMET abundance and gut villous 
blood flow (QB,villi), respectively.

For PBPK model validation, the ratio of the mean AUC 
and Cmax in the HI versus HV population (AUCR and 
CmaxR, respectively) were our primary and secondary PK 
end points, respectively. The PBPK model was considered 
validated if the mean simulated AUCR and CmaxR fell 
within 0.5- to 2-fold range of the mean observed data. A 
more stringent bioequivalence criterion (0.8- to 1.25-fold) 
was our secondary criterion for PBPK model validation.

PBPK virtual study design

Each PBPK simulation study for the HV (Table S9) and 
the HI population (Table S10) was conducted with 20 vir-
tual trials with the same number of subjects, age range, 

sex distribution, and dosing regimen as the corresponding 
in vivo PK study.

Identification of factors that affect the 
PK of CYP3A drugs in HI after i.v. or p.o. 
drug administration

Using PK principles, the PK factors driving the increase in 
blood AUCR of CYP3A-metabolized drugs were determined 
using virtual drugs following i.v. or p.o. drug administration. 
The drugs were assumed to be acidic, bound only to human 
serum albumin, and to have a B/P equal to 0.60.23,24

i.v. administration

The drugs were assumed to be metabolized in HV by he-
patic CYP3A (fm, 0.95; based on CYP3A probe drug data) 
and the remaining pathway (fm, 0.05) was assigned to 
CYP2C9 enzymes, as it is often a pathway that also metab-
olizes CYP3A drugs.25 They were categorized into three 
groups based on their low (0.15), medium (0.5), or high 
(0.85) FH or fraction unbound in the blood (fuB) in HV. 
The hepatic well-stirred model was used to simulate blood 
AUC values for HV and HI (CP-A to C) populations as 
well as the AUCR (ratio of AUC in HI to that in HV), after 
i.v. administration of the CYP3A drug, using the Simcyp 
HV and HI populations (Equation 1).26,27

where CLB,H, QB,H, fuB, CLint,H, and AUCIV represent in vivo 
hepatic blood CL, hepatic blood flow, fraction unbound in 
the blood, in vivo hepatic intrinsic CL, and area under the 
blood drug C-T curve after i.v. administration, respectively. 
The CLint,H in HV was back calculated using the hepatic 
well-stirred model (Equation 2). CLint,H, fraction unbound 
in the plasma, and B/P were scaled in HI using total molar 
hepatic DMET abundance protein, drug-binding plasma 
protein, and hematocrit, respectively.21,28–31

where FH represents hepatic availability.

p.o. administration

The drugs were assumed to be metabolized in HV by in-
testinal CYP3A (fm, 0.95) and CYP2C9 (fm, 0.05; in the 

(1)
AUCIV
Dose

=
1

CLB,H
=

QB,H + fuB ∙ CLint,H

QB,H ∙ fuB ∙ CLint,H

(2)FH =

QB,H

QB,H + fuB ∙ CLint,H

F I G U R E  1   General workflow of development and validation 
of a PBPK model in HV (healthy volunteers) and HI (hepatically 
impaired) subjects. A PBPK model for each drug after intravenous 
and/or oral administration was developed using “HV Caucasian 
population” of the Simcyp simulator Version 21. The model 
was considered validated if the simulated PK parameters (area 
under the curve or maximum drug concentration) of the drug fell 
within 0.5- to 2-fold of the observed value. Then, the PK profiles 
or parameters of the drugs in the HI population after intravenous 
or oral administration were simulated using the default “HI 
population” of Simcyp Version 21. The model was considered 
validated if the mean ratio of the simulated PK parameters in the HI 
and the HV populations (ratio of the mean area under the plasma 
concentration–time curve or ratio of the mean maximum plasma/
blood drug concentration) fell within 0.5- to 2-fold of the observed 
value. HV, healthy volunteer; HI, hepatic impairment; PBPK, 
physiologically-based pharmacokinetic; PK, pharmacokinetics.

HV: IV PBPK model

HV: oral PBPK model

HI: IV or oral PBPK model

Model validation

Model validation

Model validation

Drug parameters System parameters

Observed
in vivo PK data

HI-dependent system &
drug parameters
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intestine, CYP2C9 is the second most expressed CYP 
enzyme after CYP3A32) with no other elimination path-
ways. The corresponding hepatic fm as well as the total 
CLint,H were calculated using the total molar DMET pro-
tein abundance in the liver relative to that in the gut. 
The drugs were categorized into three groups based on 
their low (0.15), medium (0.5), or high (0.85) intestinal 
availability (FaFG) or fuB in HV. The drugs were assumed 
to be highly permeable across the gut wall (fraction ab-
sorbed, 1; as the majority of selected CYP3A probe drugs 
have an n-octanol/water partition coefficient of >2.5), 
with a fraction unbound in the gut of unity (fuG; the gut 
effective flow model improved the gut availability pre-
diction when fuG was assumed to be 133). Blood AUC 
values for HV and HI (CP-A to C) populations as well as 
the AUCR (ratio of AUC in HI to that in HV) after p.o. 
administration of the CYP3A drug were simulated using 
the gut effective flow (commonly known as QGut) model 
and Simcyp HV and HI populations (Equation 3).27,33

where

F, Fa, FG, QGut, fuG, CLint,G, and AUCPO represent oral bio-
availability, fraction absorbed, gut or intestinal availability, 
gut hybrid flow term includes both permeability through 
the enterocyte membrane (CLperm) and QB,villi, fraction un-
bound in the gut, in vivo gut intrinsic CL, and area under the 
blood drug C-T curve after p.o. administration, respectively. 
CLint,G was back calculated using the gut effective flow 
model (Equation 4). CLint,G or CLint,H and fuB were scaled in 
HI using total molar DMET abundance protein in the liver 
or gut and drug-binding plasma protein, respectively. For 
highly permeable drugs, QGut was assumed to be equivalent 
to QB,villi using Equation (5).

where QGut, QB,villi, and CLperm represent gut hybrid flow 
term, gut villous blood flow, and a CL term defining perme-
ability through the enterocyte, respectively.

For both i.v. and p.o. administration, average virtual 
Simcyp HV and HI populations were generated from 20 
virtual trials consisting of 10 human subjects (50% fe-
male), 18 to 65 years of age (Table S11).

RESULTS

Comparison of the PBPK model-simulated 
and observed systemic concentration of 
drugs in HV after i.v. or p.o. administration

Simulated mean plasma (blood for sirolimus) C-T pro-
files of all CYP3A substrates after i.v. or p.o. drug ad-
ministration published by others were successfully 
reproduced. Mean observed C-T profiles of all drugs 
fell within the 5th and 95th percentiles of the simu-
lated data (Figure  2). The ratio of the simulated and 
observed PK parameters (AUC or Cmax) values for all 
drugs passed our a priori set twofold acceptance crite-
rion (Table S12).

Comparison of the PBPK model-predicted  
and observed systemic concentration of 
drugs (i.v. or p.o.) in people with HI

The default physiological parameters of the HI popula-
tions of the Simcyp's HI module successfully predicted 
the PK of the CYP3A drugs in HI (CP-A to C). The ratio of 
the simulated and observed AUCR values of the drugs (i.v. 
and p.o., n = 17 studies) for all stages of HI fell within our 
a priori defined twofold acceptance criterion (Figures 3 
and 4; Table S13). Similarly, the model-predicted CmaxR 
of the drugs fell within our a priori twofold acceptance 
criterion (Table S13). In addition, 53% of the AUCR and 
56% of the CmaxR of the 15 and nine studies, respectively, 
fell within our more stringent bioequivalence criterion 
(Figure 4).

Factors that affect the PK of CYP3A drugs 
in HI after i.v. administration

Blood AUCR was modestly affected by HI and was larger 
for drugs with high FH versus those with low or medium 
FH, as revealed by the simulations. In addition, the AUCR 
was larger for drugs with high fuB versus those with low or 
medium fuB (Figure 5).

Factors that affect the PK of CYP3A drugs 
in HI after p.o. administration

Blood AUCR of drugs in HI was larger for drugs with low 
FaFG versus those with medium or high FaFG, as revealed 
by the simulations. In addition, AUCR was larger for 

(3)
AUCPO
Dose

=
F

CLB,H
=
Fa ∙ FG ∙ FH

CLB,H
=

Fa ∙ FG
fuB ∙ CLint,H

(4)FG =
QGut

QGut + fuG ∙ CLint,G

(5)QGut =
QB,villi ∙ CLperm

QB,villi + CLperm
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drugs with high fuB versus those with low or medium fuB 
(Figure 6).

DISCUSSION

Numerous studies evaluating the prediction of changes in 
drug PK due to HI using PBPK models have been pub-
lished,28,29,34 but none have focused on validating the 
changes in the PK of multiple probe substrates of a given 
DMET. Therefore, it is not possible to use the findings of 
these studies to generalize beyond the drugs studied. To 
the best of our knowledge, this is the first study to com-
prehensively address whether disposition of CYP3A probe 
drugs in patients with HI can be predicted using a PBPK 
model populated with hepatic and intestinal CYP3A 
abundance data.

We chose to study CYP3A enzymes as they are in-
volved in metabolism of more than 50% of the ap-
proved drugs cleared by CYP metabolism.35 From 
these drugs, we chose drugs that are predominantly 
metabolized by CYP3A enzymes (fm  > 0.70) but have 
varying degrees of FG (0.21–0.99) and FH (0.09–0.96). 

The drugs were chosen to have minimal or negligible 
biliary or renal elimination of parent drug with little 
to no known involvement of transporters to ensure 
that CYP3A-mediated metabolism is the primary and 
rate-determining pathway in their CL. In addition, 
prediction of the disposition of these drugs in HI was 
performed with the most up-to-date version of Simcyp 
(Version 21) using the drug's validated PBPK data files 
from the Simcyp library or those published in the lit-
erature. The version of Simcyp used is populated with 
hepatic CYP activity or abundance data for HV as well 
as with those with HI (Table S8).36

In the absence of recommended guidelines for model 
acceptance criteria, we set the conventional, widely used, 
twofold boundary as our primary validation criterion and 
the more stringent bioequivalence (1.25-fold) boundary as 
our secondary validation criterion.37 The latter is import-
ant when recommending dose adjustment. We chose the 
mean AUCR as the primary end point because our main 
goal was to obtain comparable drug exposure in HV and 
subjects with HI. In addition, we selected the mean drug 
CmaxR as our secondary end point because Cmax is often 
related to drug safety and/or efficacy.

F I G U R E  2   Simulated and observed mean plasma (for sirolimus, blood) concentration–time profiles of (a) alprazolam, (b) sirolimus, (c) 
nifedipine, (d) midazolam, (e) felodipine, (f) buspirone, and (g) ibrutinib in healthy volunteers after oral (PO) administration. The observed 
mean drug concentration–time data (filled circles) were in excellent agreement with the mean simulated data (continuous line) and fell 
within the 5th and 95th percentiles (shaded areas) of the simulated data. The predicted pharmacokinetic parameters (area under the curve 
and maximum drug concentration) also fell within 0.5- to 2-fold of the observed values (Table S12). Each simulation was conducted with 
20 virtual trials with the same number of subjects, age range, sex distribution, and dosing regimen of the relevant pharmacokinetics study 
(Table S9).
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Before analyzing the performance of the PBPK model 
to predict disposition of CYP3A drugs in HI, we confirmed 
that the model adequately predicted (within a priori set 
acceptance criterion) the PK of all the drugs in HV (after 
i.v. and p.o. administration). On visual inspection, the ob-
served C-T profiles of drugs in HV fell between the 5th and 
95th percentiles of the predicted mean values (only p.o. 
data are shown in Figure 2). Consequently, the predicted 
PK parameters (AUC and Cmax) of all the drugs also fell 
within 0.5- to 2-fold of the observed values (Table  S13). 
However, not all the predictions met our more stringent 
1.25-fold criterion, but there were no discernible char-
acteristics of those drugs that did not meet this criterion 
(Figures 3 and 4). We speculate that this difference could 
be due to different interindividual variability in the PK 
studies compounded by the etiology of the disease and 

small sample size. Most of the listed studies followed reg-
ulatory guidelines and studied mostly 6–18 subjects.6,17 
An additional explanation is that CP scores do not ade-
quately capture disease-dependent variability in physio-
logical changes (e.g., expression of DMET is dependent 
on the etiology of the disease).6 Collectively, these factors 
may make it challenging, if not impossible, to meet the 
bioequivalence criterion for predicting other phenotyping 
drug studies conducted in people with HI.

To dissect factors that drive the changes in disposition 
of CYP3A-metabolized drugs in HI, we conducted simu-
lation studies. A key assumption we made is the drug in 
question had an fm via hepatic or intestinal CYP3A en-
zymes of 0.95, with the remainder pathway (fm  = 0.05) 
being CYP2C9. This assumption is key because the 
largest change in AUCR will be for those drugs that are 

F I G U R E  3   Predictive performance 
of the physiologically-based 
pharmacokinetic model, for each 
cytochrome P450 (CYP) 3A drug, for 
different stages of hepatic impairment 
(HI). Observed versus simulated mean 
value of the drug AUCR (i.e., ratio of 
the area under the curve in HI and 
healthy volunteers) (a) and the ratio of 
the simulated and the observed AUCR 
(b). The simulated AUCR is in good 
agreement with the observed AUCR for 
all seven CYP3A drug and all stages of 
HI. The ratio of the simulated (sim) and 
observed (obs) values (AUCR or CmaxR) 
fell within a priori defined acceptance 
criterion (0.5–2) (Table S13). Each 
simulation was conducted with 20 virtual 
trials with the same number of subjects, 
age range, sex distribution, and dosing 
regimen of the relevant pharmacokinetics 
study (Table S10). Note: For some drugs, 
literature data were not available for all 
stages of HI. ALP, alprazolam; AUCR, 
ratio of the mean area under the plasma 
(blood for sirolimus) concentration–time 
curve ; BUS, buspirone; CmaxR, ratio of 
the mean maximum plasma/blood drug 
concentration; CP, Child–Pugh; FEL, 
felodipine; IBR, ibrutinib; IV, intravenous; 
MDZ, midazolam; NIF, nifedipine; PO, 
oral; SIR, sirolimus.
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predominately metabolized (or transported) via the path-
way(s) that is significantly affected by HI. For drugs ad-
ministered orally, the hepatic fm and CL of the drug were 
scaled based on the relative abundance of the enzymes in 
the liver versus the intestine.

Our simulations revealed that, for i.v. administration 
of the CYP3A drugs, the blood AUCR increases with an 
increase in FH and fuB, and, as expected, with severity 
of HI (Figure 5). This is because the hepatic CL of drugs 
with low FH (high hepatic extraction) will be mostly de-
pendent on QB,H rather than CYP3A-mediated intrinsic 
CL, and the change in QB,H in HI is small relative to the 
change in hepatic CYP3A abundance (Table S1136). It is 
worth mentioning that as CYP3A abundance in the liver 
decreases (80%) with increased severity of HI, the hepatic 
CL of drugs with low FH will become sensitive to both QB,H 
and CYP3A-mediated intrinsic CL because it will transi-
tion from a low FH to a mid FH drug. Also, this is relevant 
for drug–drug interaction (DDI), where the magnitude of 
the DDI can increase due to HI.

In contrast to high hepatic extraction drugs, the he-
patic CL of drugs with high FH is mostly dependent on 
the intrinsic CL (CLint) via CYP3A (and not QB,H) and 
therefore most affected by changes in hepatic CYP3A 
abundance caused by HI. Similarly, the total CL of drugs 
with high fuB is directly related to hepatic CYP3A abun-
dance (and CLint), whereas those with low fuB are depen-
dent on both CYP3A abundance and drug-binding plasma 
protein concentration. Consequently, decreased serum 
albumin and hepatic CYP3A abundance in HI results in 

an increase in fuB and a decrease in CLint,H in HI, which 
can counteract each other's effect on the magnitude of 
change in the hepatic (total) CL of drugs. However, it is 
important to recognize that changes in fuB alone for high 
FH (without a concomitant change in CLint,H) will result 
in change in total CL of the drug and will be reflected in 
the drug AUC based on total plasma concentrations. But, 
at the same time, the unbound drug plasma AUC will be 
unchanged provided CLint,H is unchanged.27,38 Because 
it is the unbound drug that is pharmacologically active, 
this discordance should be kept in mind when consid-
ering dose adjustment. Alternatively stated, this depen-
dency on fuB (without a concomitant change in CLint,H) 
will disappear if the unbound CL (or unbound AUCR) of 
the drug is computed. In this case, no adjustment in dose 
would be needed. Collectively, the effect of HI on AUCR 
of CYP3A-metabolized drugs administered i.v. is modest 
compared with its effect on drugs administered orally (see 
next paragraph).

For oral drug administration, our simulations re-
vealed that the effect of HI on AUCR of CYP3A drugs 
increased as the magnitude of the drug's FaFG decreased 
and as fuB increased. This is because AUCR for low FaFG 
is determined by QB,villi, CLint,G, fuB, and CLint,H parame-
ters. As CYP3A abundance in the intestine and the liver 
decreases with increased severity of HI, the first-pass 
extraction of the drugs by these organs decreases, result-
ing in FaFG to increase toward unity (we assumed Fa did 
not change in HI). A low FaFG (due to intestinal metab-
olism) also means a low FH. Therefore, as FaFG increases 

F I G U R E  4   Plots to illustrate the performance of the physiologically-based pharmacokinetic model for the seven cytochrome P450 
3A drugs at different stages of hepatic impairment. The simulated (a) AUCR or (b) CmaxR for all drugs fell within 0.5- to 2-fold of the 
observed value (Table S13). AUCR and CmaxR are, respectively, the mean ratio (hepatic impairment/healthy volunteers) of the simulated 
and observed drug AUC and Cmax. Dashed, dotted, and solid continuous lines denote the 0.5- to 2-fold range, 0.8- to 1.25-fold range, and 
unity, respectively. Open and closed symbols represent pharmacokinetic parameters after intravenous and oral administration, respectively. 
Circles, squares, and triangles represent pharmacokinetic parameters for CP scores A–C, respectively. ALP, alprazolam; AUC, area under 
the plasma (blood for sirolimus) concentration–time curve; BUS, buspirone; Cmax, maximum plasma (blood for sirolimus) concentration; CP, 
Child–Pugh; FEL, felodipine; IBR, ibrutinib; IV, intravenous; MDZ, midazolam; NIF, nifedipine; PO, oral; SIR, sirolimus.
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toward unity, FH also increases toward unity, but this 
time due to a reduction in hepatic CYP3A abundance. 
Collectively, this results in a large change in overall bio-
availability in HI and therefore AUCR. This is likely to 
be true for drugs metabolized by both hepatic and intes-
tinal drug-metabolizing enzymes, such as CYP3A and 
CYP2C9. Of note, as expected, the AUC of drugs with 
high FaFG is determined by CLint,H (and therefore FH) 
and fuB (when fuB is low or medium) (Groups 3, 6, and 
9). Therefore, as was the case for i.v. administration, the 
effect of HI on drug AUC is modest.

Similar to i.v. administration, the AUCR for a high fuB 
drug given orally is mostly dependent on QB,villi, CLint,G, 
and CLint,H and less so on fuB. However, we should note 
here that for drugs that are extensively metabolized in the 
liver, fuB rarely, if ever, falls in the high category. High fuB 
drugs are usually eliminated via renal CL and not hepatic 

metabolism.39,40 To illustrate, the highest fuB observed 
among our CYP3A probe drugs is 0.35 for alprazolam 
(Table 1). And, for such drugs, FaFG and FH will be high 
and therefore their AUC will be less affected by HI. This is 
because the gut availability of such drugs is close to unity 
and the AUCR is driven primarily by hepatic CLint and 
less so by fuB. For example, alprazolam is primary metabo-
lized by CYP3A enzymes (fm, 0.71) with high FaFG (~0.99), 
high FH (0.96), and moderate fuB (0.35). In subjects with 
moderate HI (CP-B), the AUCR of alprazolam was only 
modestly affected (2.1; Simcyp simulated). In practice, 
extensively metabolized drugs will likely fall in the mid 
to low fuB range in Figure  6. For example, buspirone is 
extensively metabolized by CYP3A enzymes (fm, 0.95) 
with low FaFG (= 0.21), low FH (0.13), and low fuB (0.06). 
Patients with severe HI had a plasma buspirone AUCR of 
~15 (Simcyp simulated) because in HI, FaFG increased to 

F I G U R E  5   Factors that affect the AUCR of cytochrome P450 (CYP) 3A drugs in hepatic impairment (Child–Pugh [CP] score A–C) after 
intravenous administration. The CYP3A-metabolized drugs (fraction metabolized, 0.95) were categorized into three groups by their hepatic 
availability (FH) and fraction unbound in the blood (fuB): 0.15 (low), 0.5 (medium), and 0.85 (high). The groups are color coded depending 
on the factors that affect their AUCR (listed as f[x,y,z]). The magnitude of change in AUCR caused by hepatic impairment increased as 
FH and fuB increased. The well-stirred hepatic clearance model was used to simulate blood AUCR values using the Simcyp Version 21 
hepatic impairment module (Table S11). Drugs were assumed to be primarily metabolized by CYP3A and 2C9 enzymes, with the fraction 
metabolized in healthy volunteers equal to 0.95 and 0.05, respectively, bound only to human serum albumin and with no renal clearance. 
AUCR, ratio of the mean area under the plasma concentration–time curve; CLint,H, hepatic intrinsic clearance; QB,H, hepatic blood flow.
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0.75 (calculated using Equation 3), FH increased to 0.33, 
and fuB increased to 0.12. As elaborated for i.v. adminis-
tration, in the absence of a change in CLint,H, although 
the drug AUC based on total plasma concentration will 
be affected by changes in fuB, the unbound AUC will be 
unaffected. But, in contrast to i.v. administration, this will 
be the case for all FH values.27,38 Therefore, in this case, 
dose adjustment would be unnecessary.

Although the aforementioned simulations (for i.v. 
and p.o. administrations) were conducted using CYP3A-
metabolized drugs, the factors that drive the change in 
the PK of drugs in HI are independent of the DMET in-
volved. Thus, the results of our simulation studies can be 
generalized to other drugs that are primarily metabolized 

(or transported) by other enzymes (or transporters). That 
is, for orally administered drugs, extensively metabo-
lized or transported in the intestine (e.g., effluxed by P-
glycoprotein [P-gp]) and/or the liver, the factors that will 
result in large AUCR in HI are low FH and low FaFG.

There are a few limitations to our work. First, data 
on regional intestinal abundances of DMET in cirrhosis 
due to different etiology has not been well characterized, 
which can affect drugs extensively metabolized/trans-
ported in the intestine. Second, i.v. data are not available 
for many drugs to verify liver versus gut contribution in 
drug disposition. Third, a drug's Fa can be dependent on 
intestinal permeability, bile salt concentration, and ex-
pression of membrane transporters, all of which might be 

F I G U R E  6   Factors that affect the AUCR of cytochrome P450 (CYP) 3A drugs in hepatic impairment (Child–Pugh [CP] score A-C) after 
oral administration. The CYP3A-metabolized drugs (fraction metabolized [fm], 0.95 in the intestine) were categorized into three groups by 
their gut availability (FaFG) and fraction unbound in the blood (fuB): 0.15 (low), 0.5 (medium), and 0.85 (high). The groups are color coded 
depending on factors that affect their AUCR (listed as f[x,y,z]). The magnitude of change in AUCR caused by hepatic impairment increased 
as FaFG decreased and fuB increased. The well-stirred hepatic and effective flow gut models were used to simulate blood AUCR values using 
the Simcyp Version 21 hepatic impairment module (Table S11). Drugs were assumed to be primarily metabolized by CYP3A and CYP2C9 
enzymes, with intestinal fm in healthy volunteers equal to 0.95 and 0.05, respectively, bound only to human serum albumin, with no renal 
clearance, with high fraction absorbed (Fa = 1), and no binding to intestinal tissue (fuG = 1). The corresponding fm and total CLint in the liver 
were calculated based on the abundance of CYP3A and CYP2C9 in the liver versus the intestine. AUCR, ratio of the mean area under the 
plasma concentration–time curve; CLint, intrinsic clearance; CLint,G, gut intrinsic clearance;  CLint,H, hepatic intrinsic clearance; Fa, fraction 
absorbed; fuG, fraction unbound in the gut; QB,villi, gut villous blood flow.
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affected by HI; however, these factors have not been well 
characterized in HI.41,42 Fourth, we assumed that reduced 
protein abundance in HI translates into lower enzyme ac-
tivity as the latter was not measured. Fifth, a few reports 
suggest that P-gp could also be involved in sirolimus dis-
position. Interestingly, the oral PK of a P-gp probe drug, 
dabigatran etexilate, are not affected in moderate HI, sug-
gesting no impact of HI on intestinal P-gp activity.43

In summary, the Simcyp Version 21 default HI PBPK 
model can predict, within twofold of the observed data, 
the PK of CYP3A substrate drugs at different stages of HI. 
This level of accuracy is unlikely to be sufficient for regula-
tory agencies to allow the prediction of dosing regimens of 
narrow therapeutic window CYP3A drugs, for people with 
HI, without conducting PK studies in this population. In 
contrast, this level of accuracy may be sufficient to obtain 
such a waiver for drugs with a wide therapeutic window. Of 
course, the drug in question would also need to be exten-
sively metabolized by CYP3A enzymes in HV. Alternatively, 
irrespective of the size of the therapeutic window of the 
CYP3A drug, this PBPK model could be used to design PK 
studies of such drugs for CP-A and CP-B subjects that are 
easier to recruit. Then, if the model can accurately predict 
the PK of the drug in question in these populations, regu-
latory agencies may be willing to allow dosing recommen-
dations for CP-C subjects without conducting PK studies 
in that population. To successfully extend this strategy to 
drugs predominately metabolized/transported by other 
DMET or DMET in combination, the HI PBPK model will 
need to be validated by conducting phenotyping studies for 
other DMET in HI. Although it is unrealistic and logisti-
cally impossible to conduct such phenotyping studies for all 
DMET, they could be conducted for the major DMET. Then, 
validation of the model using such studies, in combination 
with DMET abundance in the liver, intestine, and kidneys, 
could be used in the future to predict dosing regimens of 
drugs for people with HI without conducting PK studies in 
this population. In this regard, it is critical that quantifica-
tion of DMET abundance in these tissues, obtained from 
subjects with HI, be conducted. It would be best if such 
tissues were available from subjects with known etiology 
of HI as the etiology can have a differential effect on the 
abundance (and therefore activity) of the DMET.9 Also, it is 
important to explore classification methods, other than CP 
scores, for categorizing the severity of HI that better reflects 
the impact of HI on DMET activity and abundance.

Our simulations also identified PK factors (FaFG, FH, 
and fuB) that can drive the large increase in the blood 
AUC of drugs that are extensively metabolized by CYP3A 
enzymes after i.v. and p.o. administration. Although our 
simulations focused on CYP3A substrate drugs, the fac-
tors elucidated can be applied to any DMET. Thus, these 
learnings could be used in the future to determine the 

likely magnitude of HI on the PK of a drug in question. 
It is important to note here that fuB impacts only the total 
and not the unbound concentrations of the drug; the lat-
ter drives the efficacy and safety of drugs. Thus, adjusting 
dosing based on the determination of total drug AUC in 
HI would be incorrect. Instead, such dosing adjustments 
should be based on changes, if any, in the unbound AUC 
of the drug.
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