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four reported models trained with only systemic expo-
sure data, was evaluated by comparing simulated liver 
and gallbladder profiles with observations.
Results  The established hepatobiliary model well cap-
tured the kinetic profiles of rosuvastatin in the liver and 
gallbladder during the PET scans. Application of dual 
input function led to a marked underestimation of liver 
concentrations at the initial stage after i.v. dosing which 
cannot be offset by altering model parameter values. 
The simulated hepatobiliary profiles from three of the 
reported models demonstrated substantial deviation 
from the observed data.
Conclusions  The present study highlights the neces-
sity of using hepatobiliary data to verify and improve 
the predictive performance of hepatic disposition of 
rosuvastatin.

KEY WORDS  Hepatobiliary clearance · membrane 
transporters · PET imaging · PBPK modeling · [11C]
rosuvastatin

ABBREVIATIONS
AIC	� Akaike’s Information Criterion
AIF	� arterial input function
BCRP	� breast cancer resistance protein
CsA	� cyclosporin A
CLbile	� clearance of biliary excretion at the canalicu-

lar membrane
CLgall	� intercompartment clearance from the intra-

hepatic bile duct to the gallbladder
DDI	� drug interaction
DIF	� dual input function
IVIVE	� in vitro to in vivo extrapolation
MATE	� multidrug and toxic compound extrusion
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ABSTRACT 
Purpose  To estimate hepatobiliary clearances of rosu-
vastatin via simultaneously fitting to reported human 
positron emission tomography (PET) data in the liver 
and gallbladder.
Methods  A hepatobiliary model incorporating five 
intrinsic hepatobiliary clearances (active uptake clear-
ance at the sinusoidal membrane, efflux clearance by 
passive diffusion through the sinusoidal membrane, 
influx clearance by passive diffusion through sinusoidal 
membrane, clearance of biliary excretion at the cana-
licular membrane, and intercompartment clearance 
from the intrahepatic bile duct to the gallbladder) and 
three compartments (liver, intrahepatic bile duct, and 
gallbladder) was developed to simultaneously fit rosuv-
astatin liver and gallbladder data from a representative 
subject reported by Billington et al. (1). Two liver blood 
supply input functions, arterial input function and dual 
input function (using peripheral venous as an alterna-
tive to portal vein), were assessed. Additionally, the pre-
dictive performance between the established model and 

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​
1007/​s11095-​021-​03138-1.

 *	 Xiaolei Pan 
	 Xiaolei.Pan@fda.hhs.gov

1	 Division of Cardiometabolic and Endocrine 
Pharmacology, Office of Clinical Pharmacology, 
Office of Translational Sciences, Food and Drug 
Administration, 10903 New Hampshire Ave, 
Silver Spring, MD 20993, USA

/ Published online: 3 December 2021

http://orcid.org/0000-0002-6310-7580
http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-021-03138-1&domain=pdf
https://doi.org/10.1007/s11095-021-03138-1
https://doi.org/10.1007/s11095-021-03138-1


Pharm Res (2021) 38:2035–2046

1 3

NTCP	� sodium/taurocholate cotransporting 
polypeptide

OATP	� organic anion transporting polypeptide
OCT	� organic cation transporter
P-gp	� P-glycoprotein
QH	� hepatic blood flow
VGAL	� gallbladder volume
VIBD	� intrahepatic bile duct volume
VHC	� volume of hepatocytes
VHE	� volume of hepatic extracellular space

INTRODUCTION

Intracellular drug concentrations are fundamentally 
important to the understanding of drug efficacy, toxic-
ity, and drug interactions (DDIs) (2). As it is imprac-
tical to quantify intracellular drug concentrations in 
routine clinical pharmacokinetic studies, systemic expo-
sure (blood or plasma drug concentrations) has been 
commonly used as a surrogate measure, assuming that 
unbound drug concentrations in the systemic circula-
tion are equal to unbound intracellular drug concentra-
tions at the site of action. However, such an assumption 
might not be valid when transporter-mediated dispo-
sition is involved. Transporters that mediate the flux 
of drugs, metabolites, and endogenous compounds 
across cellular membranes can result in intracellular 
levels of unbound substrate drugs substantially different 
from the levels in the extracellular environment (2). 
This disconnect makes it difficult to accurately predict 
drug response for drugs whose primary pharmacologi-
cal action is dependent on unbound drug molecules 
interacting with intracellular targets. For example, the 
glucose-lowering effect of metformin is altered when 
organic cation transporter (OCT)/ multidrug and toxic 
compound extrusion (MATE)-mediated hepatic trans-
port is inhibited, while minimal or no alterations in 
metformin systemic exposure is observed (3, 4).

To address this issue, physiologically-based pharma-
cokinetic (PBPK) modeling has been increasingly used 
to predict both systemic and tissue concentrations (2, 
5). Transport clearances are incorporated into tissue 
submodels (e.g., liver and kidney) to reflect the impact 
of transport processes on drug distribution and elimi-
nation. Though intrinsic transport clearances can be 
obtained from in vitro assays, simply applying the in 
vitro to in vivo extrapolation (IVIVE) framework for 
scaling in vitro transporter kinetic data to in vivo is not 
sufficient to accurately capture plasma concentration-
time profiles in most cases, and empirical scaling fac-
tors are needed (6, 7). Therefore, estimation of trans-
port clearances for PBPK modeling relies on clinical 

pharmacokinetic data. This “middle-out” approach, 
however, raises the issue of whether systemic exposure 
profiles are sufficient to support estimation of clear-
ance of transporters, given that some transporter clear-
ances might not be sensitive to the change in systemic 
concentration. Simulations have shown that when 
canalicular efflux and/or metabolic clearance is much 
greater than sinusoidal efflux clearance, the systemic 
exposure is merely determined by sinusoidal uptake (8). 
In other words, sinusoidal uptake clearance is the only 
hepatobiliary clearance which can be accurately esti-
mated when the PBPK model is trained with systemic 
pharmacokinetic data. In addition, there have been a 
variety of liver submodels reported to describe hepatic 
distribution and disposition (6, 9–11). Although these 
models were verified based on the blood/plasma data, 
the performance in predicting liver pharmacokinetics 
has not been confirmed. Collectively, it is necessary for 
further verification/refinement of liver submodels to 
evaluate and improve their predictive performance 
when liver pharmacokinetic profiles become available.

Over the last two decades, there has been increasing 
information on quantitative tissue data obtained from 
noninvasive nuclear imaging methods for several trans-
porter probe drugs, including rosuvastatin (RSV) (1, 2). 
Multiple transporters are involved in the hepatic uptake 
and biliary excretion of RSV. Specifically, organic anion 
transporting polypeptides (OATPs) and sodium/tau-
rocholate cotransporting polypeptide (NTCP) are the 
major contributors to sinusoidal active uptake (12, 13), 
while breast cancer resistance protein (BCRP), P-gly-
coprotein (P-gp), and multidrug resistance-associated 
protein (MRP)2 dominate the biliary efflux of RSV (14). 
Because of its safety profiles, unique disposition proper-
ties, and well characterized pharmacokinetic profiles in 
various patient populations, RSV is frequently used as 
an in vivo probe substrate to determine the DDI poten-
tial for new molecular entities that are OATPs or BCRP 
inhibitors. It is critical to verify these PBPK models of 
RSV with tissue exposure data to increase the confi-
dence in the model prediction.

In the present study, hepatobiliary clearances of 
RSV were estimated via simultaneously fitting to previ-
ously published human [11C]RSV liver and gallbladder 
concentration profiles measured by positron emission 
tomography (PET) imaging, under both control and 
DDI conditions (1). As portal venous concentration 
cannot be determined, two liver input functions, using 
either arterial concentrations or arterial/peripheral 
venous concentrations (1:4 according to the contribu-
tion of hepatic artery and portal vein to total liver blood 
supply) were tested as the model input. In addition, 
four reported liver submodels of RSV were selected 
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to simulate hepatobiliary profiles. The model perfor-
mance in predicting liver pharmacokinetics was exam-
ined by comparing the simulation with the observed 
hepatic disposition data.

MATERIALS AND METHODS

Description of Datasets

Clinical datasets describing hepatobiliary disposition of 
[11C]RSV were previously published by Billington et al 
(1). In brief, six healthy subjects without carrying poly-
morphic SLCO1B1/ABCG2 genotypes (i.e., SLCO1B1 
c.521TC, c.521CC, c.1463CC; ABCG2 c.421AA) were 
enrolled in the study. All subjects received three doses 
of RSV during the study, including an initial oral dose 
of 5 mg, followed by two i.v. injections of [11C]RSV 
with 2-h interval after ~2.5 h. The dosing regimen was 
designed to ensure that pharmacokinetics of [11C]RSV 

were reflective of that at a clinically relevant dose level. 
Morphine (0.04 mg/kg, i.v.) was given immediately 
prior to each i.v. dose of [11C]RSV to prevent emptying 
of the gallbladder during imaging. Plasma concentra-
tions of [11C]RSV lactone and [11C]polar metabolites 
during the imaging period were measured. The hepa-
tobiliary disposition of [11C]RSV was determined in the 
absence (the control condition) and presence (the DDI 
condition) of cyclosporin A (CsA), which is known as an 
inhibitor of OATPs, NTCP, MRP2, BCRP, and P-gp (1). 
CsA was administered as an i.v. infusion (2.5 mg/kg/h) 
about 45 min prior to the second i.v. dose of [11C]
RSV. Though the complete pharmacokinetic profiles 
including dose-normalized radioactivity concentration 
vs. time curves in the arterial/venous blood, liver, and 
gallbladder were available from single subject (Figs. 1 
and 2), the hepatobiliary disposition of [11C]RSV in the 
selected subject was representative of that in partici-
pant population via comparing hepatic and gallbladder 
[11C]RSV concentration vs. time curves among these 

Fig. 1   Dose-normalized radio-
activity concentration vs. time 
profiles in the arterial blood (a 
and b), liver (c and d), and gall-
bladder (e and f) in a represent-
ative subject under both control 
and DDI (with CsA) conditions 
reported by Billington et al. (1). 
Solid lines in (c-f) represent 
the model fit to the liver and 
gallbladder concentrations

2037



Pharm Res (2021) 38:2035–2046

1 3

participants (Fig. 3). All concentration-time data were 
digitized using DigitizeIt version 2.5.3.

Pharmacokinetic Modeling

The basic structure of the liver model of RSV has been 
previously reported (6, 10, 11). Briefly, the liver model 
was divided into 5 sequential pairs of 2 sub-compart-
ments (extrahepatic and hepatocellular compartments) 
that were connected by hepatic blood flow in tandem, 
which mimic the hepatic disposition process according 
to the dispersion model. To describe the biliary excre-
tion process during the imaging period, two compart-
ments that represented the intrahepatic bile duct and 
gallbladder were added to the liver model. The radio-
activity measured in the regions of interest of the liver 
was assumed to be the sum of the radioactivity present 
in the liver compartment (5 sequential pairs) and the 
intrahepatic bile duct compartment. Five intrinsic hepa-
tobiliary clearances, including active uptake clearance 
at the sinusoidal membrane (PSact), efflux clearance 
by passive diffusion through the sinusoidal membrane 
(PSdif,eff), influx clearance by passive diffusion through 
sinusoidal membrane (PSdif,inf), clearance of biliary 
excretion at the canalicular membrane (CLbile), and 
intercompartment clearance from the intrahepatic bile 
duct to the gallbladder (CLgall) were incorporated in the 
model to describe the transfer of unbound RSV from 

the blood to the gallbladder. The hepatic metabolism 
of RSV was not considered as plasma concentrations of 
RSV metabolites during the imaging period were neg-
ligible (1). Additionally, transporter-mediated efflux at 
the sinusoidal membrane was not incorporated in the 
model due to the limited evidence of its importance in 
humans (10, 15). The ratio of PSdif,inf over PSdif,eff was 
set as 0.25 as suggested by a previous report (10). The 
model parameters, including hepatic blood flow (QH), 
intrahepatic bile duct volume (VIBD), gallbladder vol-
ume (VGAL), volume of hepatocytes (VHC), volume of 
hepatic extracellular space (VHE) are shown in Table I. 
The details of the liver model, including model struc-
tures, equations, and assumptions are described in the 
Supplemental Materials.

The blood supply of the liver was used as the forcing 
function in the liver model of RSV. The liver receives 
a blood supply from both the hepatic artery and the 
portal vein. However, the portal vein cannot be sampled 
in humans. Two approaches were tested in this study 
including arterial input function (AIF) and dual input 
function (DIF). Arterial input was used as a surrogate 
in AIF, while DIF took the contribution of the portal 
vein to the liver blood supply into account (the portal 
vein and hepatic artery contribute 80% and 20% of the 
total liver blood supply) and utilized peripheral venous 
as an alternative to portal vein (16). The hepatic input 
blood concentrations of [11C]RSV (CB) were estimated 
using Eq. 1, assuming that the radioactivity concentra-
tions in peripheral venous blood could mimic that in 
portal vein. CArterial and CVenous represent the [11C]RSV 
concentrations in arterial and peripheral venous blood 
samples, respectively.

The values of human physiological parameters (e.g., 
volume of intrahepatic bile duct (VIBD), gallbladder 
(VGAL), hepatocytes (VHC), and hepatic extracellular 
space (VHE), as well as hepatic blood flow (QH)) and 
drug-specific parameters (e.g., unbound fraction in the 
blood (fB) and liver (fH)) were consistent with previously 
reported (17–20). Hepatobiliary clearances including 
PSact, PSdif,eff, and CLbile reported by Jones et al. was used 
as initial estimates. (6) CLgall was assumed to be equal 
to CLbile at initial modeling.

Simulation of the Hepatobiliary Disposition 
Profiles of RSV with Reported Liver Models

Four liver submodels from reported PBPK models 
of RSV were selected for the purpose of predictive 
performance comparison (6, 9–11). The selected 

(1)C
B
= C

Venous
× 0.8 + C

arterial
× 0.2

Fig. 2   Dose-normalized radioactivity concentration vs. time profiles in 
the arterial (gray circle) and venous (solid circle) blood samples under 
control condition. The concentrations in arterial and venous blood dif-
fered until 4 min after i.v. administration of RSV
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liver models equipped the similar model structure 
(sequential pairs of two sub-compartments that 
were connected by hepatic blood flow in tandem) 
with minor modifications: The liver model reported 
by Li et al. assumed a permeability-limited distribu-
tion between intracellular liver sub-compartments; 
The liver model developed by Bosgra et al. applied 
four sequential pairs of two sub-compartments while 
other model applied five sequential pairs; The ratio of 
PSdif,inf over PSdif,eff was set as 0.25 in the liver model 
published by Futatsugi et al., while the two parameters 
were assumed equal in other liver models (6, 9–11). In 
addition to the model structures, the selected studies 
applied different methods for estimation of hepato-
biliary clearances of RSV: Scaling in vitro hepatobiliary 
clearance and fitting of i.v. clinical data to establish 
empirical scaling factors (Jones et al.); A global opti-
mization approach to obtained empirical scaling fac-
tors based on i.v. clinical data (Li et al.); Scaling in 

vitro hepatobiliary clearance and simultaneous fitting 
of clinical data for p.o and i.v. administered RSV to 
obtain scaling factors (Futatsugi et al.); Scaling in vitro 
PSact (based on the transporter protein expression lev-
els) and PSdif,eff, while estimating CLbile via fitting to 
clinical p.o and i.v. data (Bosgra et al.) (6, 9–11). The 
reported parameter values in these studies were fixed 
for the simulation (shown in Table S1 in the Supple-
mental Materials). In order to simulate hepatobiliary 
disposition data by PET imaging, the intrahepatic 
bile duct compartment and gallbladder compartment 
were added to these liver models. The details of the 
selected liver submodel and model parameters are 
described in the Supplemental Text. The predictive 
performance among the selected models was evalu-
ated by comparing simulated hepatic and gallbladder 
profiles with observations.

Fig. 3   Dose-normalized 
radioactivity concentration vs. 
time profiles in the liver (a and 
b) and gallbladder (c and d) in 
all subjects under both control 
and DDI (with CsA) conditions 
reported by Billington et al. (1). 
The black circles represent the 
concentration profiles used for 
modeling in the present study, 
while the gray circles represent 
the concentration profiles in the 
remaining subjects
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Software and Parameter Estimation

The modeling/simulation and plots generation were 
performed using R software (Version 4.0.2) with the 
ordinary differential equation (ODE) solver pack-
age ‘mrgsolve’ (Version 0.8.12). Residual error was 
estimated using combined proportional and additive 
error model. The hepatobiliary clearances of RSV 
were estimated by simultaneously fitting to the liver 
and gallbladder pharmacokinetic profiles using maxi-
mum likelihood objective function with newuoa. The 
goodness-of-fit plots and Akaike’s Information Criterion 
(AIC) was used for the evaluation of fitting results.

RESULTS

Liver Input Function Assessment

The performance of the two liver input functions, AIF 
and DIF on the description of hepatic distribution of 
RSV under the control condition was compared by sim-
ulating liver concentration profiles. PSact, PSdif,eff, CLbile, 

and CLgall were set as their initial values. As shown in 
Fig. 4, when DIF was applied as the blood supply input 
function in the liver model, the simulated liver concen-
tration profiles markedly underestimated the observa-
tions throughout the sampling period. Though under-
estimation of the observed data still existed when AIF 
was used as the input function, the simulated profile 
was fairly close to observations at the initial distribution 
stage (0–4 min).

To investigate whether the underestimation problem 
can be addressed by altering the values of hepatobil-
iary clearances, the impact of PSact, PSdif,eff, CLbile, and 
CLgall on liver concentration profiles were assessed via 
a sensitivity analysis with a wide range of values (~0.04- 
to 25-fold of their initial values), while DIF was used 
as forcing function in the liver model. As shown in 
Fig. 5, the liver concentration profiles obtained from 
the sensitivity analysis indicated sensitivity to the values 
of PSact, PSdif,eff, CLbile, but minimal sensitivity to CLgall. 
A significant impact of CLgall was observed on the RSV 
gallbladder concentration profiles (Fig. S2 in the Sup-
plemental Materials). Interestingly, none of the tested 
clearances showed a noticeable impact at the initial 
distribution stage (0–4 min) of the liver concentration 
profiles, except that the simulated liver concentrations 
were further decreased with an extremely low PSact 
value. Collectively, future clearance parameter optimi-
zation by fitting the liver model to clinical data was not 

Table I   Physiological Parameters and Initial Estimates of Rosuvastatin 
Hepatobiliary Clearances

Abbreviations: QH: Hepatic blood flow; VIBD: Intrahepatic bile duct 
volume; VGAL: Gallbladder volume; VHC: Volume of hepatocytes; VHE: 
Volume of hepatic extracellular space; fB: Protein unbound fraction 
in blood; fH: Hepatic protein unbound fraction; PSact: Active uptake 
intrinsic clearance at the sinusoidal membrane; PSdif,eff: Intrinsic efflux 
clearance by passive diffusion through sinusoidal membrane; PSdif,inf: 
Intrinsic influx clearance by passive diffusion through sinusoidal mem-
brane; CLbile: Intrinsic clearance of biliary excretion at the canalicular 
membrane; CLgall: Intercompartment clearance from the intrahepatic 
bile duct to the gallbladder

Parameter Value Reference/comments

Physiological parameters
QH (L/h/kg) 1.24 (19)
VIBD (mL/L liver) 3.2 (18)
VGAL (L/kg) 0.000257 (27)
VHC (L/kg) 0.0174 (19, 20)
VHE (L/kg) 0.00669 (19, 20)
Fixed parameters for RSV
fB 0.174 (10)
fH 0.179 (10)
Initial parameters for RSV
PSact (L/h) 1190 (6)
PSdif,eff (L/h) 1.7 (6)
PSdif,inf (L/h) 0.43 Assuming the ratio of PSdif,inf 

over PSdif,eff was 0.25
CLbile (L/h) 1.2 (6)
CLgall (L/h) 1.2 Assuming CLgall is equal to 

CLbile

Fig. 4   Observed (solid circles) and simulated (solid line) RSV liver 
concentration profiles with two proposed forcing functions. Green line: 
Dual input function (DIF); Red line: Arterial input function (AIF)
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likely to offset the underestimation of liver concentra-
tion occurred at the early distribution stage (0–4 min) 
for DIF. Thus, AIF was used in the following parameter 
estimation and simulation steps.

Fitting of the RSV Liver Model 
to the Hepatobiliary Profiles

The hepatobiliary clearances for RSV in the liver model 
were estimated via simultaneously fitting to observed 
liver and gallbladder profiles under the control condi-
tion after single i.v. administration of [11C]RSV, with 
initial values described in Table I. All estimated param-
eters demonstrated good precision, except for PSdif,eff 
which showed a wider 95% CI (Table II). As shown in 
Fig. 1, the fitting accurately described the liver and 
gallbladder exposure data and corresponded to the 
shape of the observed profiles. As there was a 10-min 
delay for emergence of RSV into the gallbladder after 
dosing, incorporation of the intrahepatic bile duct 

compartment improved model fitting and led to lower 
AIC value (data not shown).

Fitting analysis for RSV were then performed with the 
hepatobiliary disposition profiles under the DDI condi-
tion. CLgall was fixed with the optimized value under the 

Fig. 5   Parameter sensitivity 
analysis for PSact (a), PSdif,eff (b), 
CLbile (c), and CLgall (d) with 
dual input function as model 
input function. In each panel, 
all parameter values were fixed 
except for the test parameter. 
The range of test parameter val-
ues was set as ~0.04- to 25-fold 
of their initial values

Table II   Estimated Hepatobiliary Clearances of RSV under Control 
and DDI (Co-Administered with CsA) Conditions. The Results are 
Shown as Mean(95% Confidence Interval)

a CLgall was fixed with the optimized value under the control condition 
when fitting data under DDI condition, assuming that the distribution 
of RSV from the intrahepatic bile duct to the gallbladder was not influ-
enced by CsA

Parameters RSV RSV + CsA Percent 
change 
(%)

PSact (L/h) 1622 (1332–1974) 487 (466–509) −70.0
PSdif,eff (L/h) 12.06 (5.64–25.74) 16.0 (14.0–18.1) 32.7
CLbile (L/h) 0.90 (0.68–1.18) 0.44 (0.40–0.49) −51.1
CLgall (L/h)a 0.036 (0.026–0.049) 0.036 (0.026–0.049) –

2041



Pharm Res (2021) 38:2035–2046

1 3

control condition as no evidence supported that the dis-
tribution of RSV from the intrahepatic bile duct to the 
gallbladder was influenced by CsA. The model fitting 
to the liver and gallbladder concentrations is shown 
in Fig. 1. Similarly, precise estimates of hepatobiliary 
clearances were achieved by model fitting (Table II). 
For RSV, hepatic uptake at the sinusoidal membrane 
and biliary excretion at the canalicular membrane was 
markedly inhibited when co-administrated with CsA, 
demonstrated by decreases in PSact and CLbile by 70.0% 
and 51.1%, respectively.

Evaluating the Performance in Predicting RSV 
Hepatobiliary Disposition of Selected PBPK 
Models

Evaluation of the model performance in predicting 
hepatobiliary disposition of RSV was performed by 
visual inspection of overlays of predicted and observed 

tissue profiles (Fig. 6). The observed liver concentration 
profiles showed a pattern of rapid accumulation after 
dosing and the hepatic uptake seemed to reach steady 
state at the end of imaging stage (~25–30 min). In addi-
tion, there was a steady accumulation of RSV observed 
in the gallbladder via biliary excretion during the imag-
ing period. Comparatively, the liver model reported by 
Jones et al. led to a fairly good estimation of hepatic 
disposition of RSV, though the extent of biliary excre-
tion was slightly overestimated. There was a substantial 
deviation between simulated profiles obtained from the 
other three liver models and the observed hepatobiliary 
data: The liver concentration profiles from the models 
reported by Futatsugi et al. showed a decline phase at 
the later stage, while the liver model proposed by Li 
et al./Bosgra et al. systemically overestimate/underes-
timate the liver concentration; The gallbladder con-
centrations were dramatically overestimated with all 
three liver models. The ratios of AUC or Cmax between 

Fig. 6   Observed and simulated 
RSV liver (a) and gallbladder (b 
and c) concentration profiles 
with four reported liver submod-
els or the established model in 
the present study. Solid circles 
represent observed values. The 
red, blue, green, orange, and 
purple lines represent the simu-
lation profiles from the models 
reported by Futatsugi et al., Li et 
al., Jones et al., Bosgra et al., or 
established in the present study
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simulated data and observation were not calculated as 
the complete liver concentration profiles (>30 min) 
were not available (hepatobiliary concentration were 
not measured beyond 30 min post dose). The selected 
liver submodels were also trained with the hepatobiliary 
data from the PET imaging study. The model fitting 
and estimates of hepatobiliary clearances are shown in 
Fig. S3 and Table S2 in the Supplemental Materials. 
Clearly, all the models were able to describe liver phar-
macokinetics after being trained with the hepatobiliary 
exposure data.

DISCUSSIONS

In the last decade, PBPK models have been widely used 
to predict tissue exposure and assess clinical DDI for 
transporter substrates. As it is problematic to directly 
apply in vitro transport clearances for in vivo prediction 
in most cases, successful predictions were only achieved 
when empirical scaling factors were incorporated (6). 
Therefore, nearly all PBPK models for transporter sub-
strates rely on systemic exposure data for initial model 
development/refinement and final model verification. 
Nevertheless, a fundamental question needs to be 
addressed as to whether the model trained with only 
systemic exposure data can reasonably simulate tissue 
concentration profiles. Li et al. introduced two sets of 
different values of hepatic clearance processes into one 
PBPK model with identical values for all other model 
parameters. Though plasma time course data can be 
well-described, substantially different concentrations 
in the liver were observed with the two sets of hepatic 
clearance values (21). The simulation work conducted 
by Patilea-Vrana et al. also demonstrated that when 
sinusoidal uptake was the rate-determining step in the 
hepatic clearance of the drug, inhibition of canalicular 
or sinusoidal efflux clearance was not expected to alter 
systemic concentration (8). In the present study, four 
liver submodels of PBPK models of RSV with similar 
model structure were selected for simulation of hepa-
tobiliary profiles. A variety of approaches were used 
to estimate hepatobiliary clearances when developing 
these models, including scaling in vitro hepatobiliary 
clearance and fitting of i.v. and/or p.o. clinical data, 
a global optimization approach to obtained empirical 
scaling factors based on i.v. clinical data, and scaling in 
vitro PSact based on the transporter protein expression 
levels (6, 9–11). Although the selected PBPK models 
had been verified with clinical plasma concentration 
data, these liver submodels predicted distinctive liver 
and gallbladder concentration profiles with the same 
liver blood input function. It is apparent that PBPK 

strategies to date that exclusively use systemic exposure 
data is not completely reliable in predicting hepatic 
disposition processes or liver concentration. If not 
addressed, inaccurate hepatobiliary disposition predic-
tions may influence model building to describe entero-
hepatic circulation and metabolite pharmacokinetics. 
More importantly, uncertainty in predicting hepatic 
disposition may be carried into further PBPK model 
application (e.g., DDI prediction and liver concentra-
tion in special population).

To address the problem, tissue exposure data meas-
ured by noninvasive nuclear imaging methods are vital 
for the purpose of examining and verifying liver mod-
els and estimating transporter-mediated clearances. 
The imaging technology is able to provide quantitative 
information in the liver and gallbladder to support esti-
mation of hepatobiliary clearances. In addition, using 
hepatic blood supply as the model input, hepatobiliary 
clearances can be estimated in such a liver submodel 
which purely describes the hepatobiliary disposition 
process, minimizing the confounding effects on sys-
temic exposure such as oral absorption (including 
enterohepatic circulation), distribution occurring in 
other tissues, and extra-hepatic elimination. A similar 
approach has been used to successfully estimate kinetic 
distribution parameters in tissues for CsA by fitting tis-
sue concentration-time data of each organ with arterial 
plasma concentration-time profiles as model input func-
tion (20). Admittedly, extensive hepatic metabolism 
needs to be avoided or better monitored by surrogate 
measurement as imaging technologies cannot differen-
tiate between parent drug and metabolites.

There have been several reports on estimation of 
hepatic clearances of transporter substrates based on 
PET imaging data, in which hepatic clearances were 
evaluated by the integration plot method or empirical 
compartment analysis (treating the liver as single com-
partment). The estimated values were not to be directly 
applied to PBPK models (1, 22–24). To bridge such a 
disconnect, the commonly applied liver submodel in 
PBPK models of RSV was used to determine hepato-
biliary clearances of RSV based on the hepatic dispo-
sition data obtained from PET imaging in this study 
(1). Some modifications were made in the liver model 
based on the properties of the data: (i) Using AIF as 
the driving force for hepatic blood input; (ii) Adding 
two compartments to reflect the distribution of RSV in 
the intrahepatic bile duct and gallbladder. Both AIF 
and DIF (using concentrations in peripheral venous or 
mathematical methods to represent the concentrations 
in portal vein) have been used as hepatic blood input 
function (1, 22–24). As the liver receives blood from 
the hepatic artery (~20%) and the portal vein (~80%), 
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DIF seems to be a more accurate source of drug to the 
liver model as it mimics physiological conditions better. 
However, a previous PET imaging study to describe the 
hepatic disposition of [11C]erlotinib showed that there 
were no statistically significant differences in the model 
performance when AIF or DIF (using a mathematical 
method to represent the exposure level in portal vein) 
was implemented based on AIC values. In the present 
study, the model performance of predicting liver con-
centration with AIF and DIF (using peripheral venous 
concentrations to represent the concentrations in por-
tal vein) was compared. The results demonstrated that 
DIF led to a substantial underestimation of liver concen-
tration at the initial stage after i.v. dosing which cannot 
be offset by optimization of model parameter values, 
indicating that peripheral venous concentrations might 
not be a good representative of the concentrations in 
portal vein. Though [11C]RSV in the intrahepatic bile 
ducts was not directly visible in the PET scans, it had 
been suggested that adding this compartment may 
provide a richer kinetic picture and account for the 
total liver radioactivity (23). In this study, the gallblad-
der concentrations were not measurable at the initial 
imaging period (within ~10 min after dosing). Visual 
inspection of the model fits and comparison with AIC 
values indicated that incorporation of the intrahepatic 
bile duct compartment improved model fits (data not 
shown).

In the present study, application of hepatobiliary 
exposure data significantly improves the predictive per-
formance of hepatobiliary disposition of rosuvastatin. As 
the liver submodels developed in the present study and 
the models reported by Jones et al. and Futatsugi et al. 
shared the same model structure, the parameter values 
estimated in this study and reported in the two studies 
were compared to elucidate the impact of hepatobiliary 
data on model parameter estimation (6, 10). The value 
of PSact were consistent among the three models, rang-
ing from 1190 L/h to 1622 L/h, indicating that fitting 
of either systemic or tissue (hepatobiliary) data is ade-
quate to estimate this parameter in the current model. 
This is because the systemic exposure is merely deter-
mined by sinusoidal uptake for rosuvastatin so that PSact 
is sensitive to the change in systemic concentration. On 
the contrary, a marked discrepancy was observed in the 
estimated values from the three models for PSdif,eff and 
CLbile which fail to show a significant impact on systemic 
exposure, indicating the necessity of using hepatobil-
iary data to accurately predict the intrinsic hepatobil-
iary clearances. When the four liver submodels from 
of RSV with similar model structure were trained with 
hepatobiliary data, all models were able to accurately 
predict liver pharmacokinetics. A permeability-limited 

distribution between intracellular liver sub-compart-
ments was assumed in the model reported by Li et al 
(11). However, this assumption seemed not to lead to 
additionally improvement in model predictive perfor-
mance when comparing the model developed in the 
present study. In addition, whether the liver compart-
ment was subdivided into four or five units of extracel-
lular and intracellular compartments show a limited 
influence on the model predictive performance. Col-
lectively, it is important to utilize hepatobiliary data for 
accurate prediction of the hepatobiliary clearances, 
especially when these hepatobiliary clearances are not 
the rate-determining step in the hepatic clearance of 
the drug but still show a significant impact on hepatic 
disposition of the drug.

Based on the hepatobiliary clearances of RSV esti-
mated under both control and DDI conditions, CsA 
markedly decreased PSact, and CLbile, showing as 70.0% 
and 51.1% reduction, respectively. CsA is known as 
an inhibitor of OATP1B1, NTCP, BCRP, P-gp, and 
MRP2, with reported IC50 values of 0.21 μM, 0.37 μM, 
1.5 μM, 3.2 μM, and 5.6 μM, respectively (1). As the 
liver-to-blood partition coefficient for unbound drug 
for CsA is 1.80, the unbound hepatic concentration of 
CsA was expected to be much higher than its blood 
concentration (CsA unbound blood concentrations 
during imaging was ~0.17 μM) (1, 25, 26). Therefore, 
it was not surprising that both sinusoidal uptake and 
canalicular efflux of RSV were blocked by CsA. In the 
original PET imaging study of RSV, the change in sinu-
soidal uptake clearance and biliary efflux clearance of 
RSV in the presence of CsA was calculated as −25.29% 
(ranging from 6% to −48%) and − 51.6% (ranging from 
−30% to −67%) based on data from all subjects (1). A 
much larger inhibitory effect on sinusoidal uptake 
clearance (decreases by 70.0%) was estimated in this 
study, which might be due to the different modeling 
strategies applied (empirical compartment analysis vs. 
mechanistic modeling analysis). However, given that 
CsA showed low IC50 values for OATPs and its high 
unbound hepatic exposure level, the prediction of in 
vivo inhibitory effects of CsA in the present study could 
represent the true DDI magnitude observed in the PET 
imaging study of RSV.

One limitation of the modeling reported here is 
that the complete pharmacokinetic dataset (e.g., 
blood, liver, and gallbladder) was available only from 
single subject. More hepatic disposition data are 
required to confirm and refine model prediction 
of hepatobiliary profiles in future studies. However, 
given that similar liver and gallbladder concentration 
profiles were observed between the selected subject 
and other participants in the study (n = 5) and there 
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was relatively low variability in blood concentration 
profiles (coefficient of variation (CV) < 30% for both 
AUC and Cmax, except that CV was 41% for Cmax 
under the DDI condition), the hepatobiliary dispo-
sition of [11C]RSV in the selected subject appeared 
to be representative of the entire participant popu-
lation. Another limitation is that since imaging can-
not directly measure RSV metabolites in the liver, 
the assumption that no hepatic metabolism of RSV 
occurred during the imaging period was based on the 
quantification of RSV metabolites in the plasma (1).

CONCLUSIONS

The present study highlights the inadequate predictive 
performance of hepatobiliary disposition of RSV when 
PBPK models were trained with only systemic exposure 
data by comparing the predicted hepatobiliary profiles 
with clinical observations. Accordingly, a new approach 
was proposed to estimate hepatobiliary clearances via 
fitting a mechanistic liver model used in PBPK mod-
eling to the liver and the gallbladder pharmacokinetic 
profiles obtained by PET imaging. In the future, the 
optimized hepatobiliary clearances data could be 
used to refine PBPK models of RSV. Furthermore, the 
approach may be extended to other transporter sub-
strates, for which tissue exposure data are available.
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