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ORIGINAL ARTICLE

Model-Based Analysis of Gd-BOPTA-Induced MR Signal
Intensity Changes in Cirrhotic Rat Livers

Corinne Planchamp, PhD,* Marianne Gex-Fabry, PhD,† Christoph D. Becker, MD,‡
and Catherine M. Pastor, MD, PhD*

Objective: To quantify the hepatic transport of the hepatobiliary
contrast agent gadobenate dimeglumine (Gd-BOPTA) in rats with
biliary cirrhosis of various severity degrees from magnetic reso-
nance (MR) signal intensities using a population pharmacokinetic
approach.
Materials and Methods: MR signal intensity was recorded during
the Gd-BOPTA perfusion of normal and cirrhotic isolated rat livers.
Similar experiments were conducted with 153Gd-labeled Gd-
BOPTA to quantify Gd-BOPTA content in liver, bile, and perfusate.
All experimental data were analyzed together according to a popu-
lation pharmacokinetic approach.
Results: A 6-compartment model developed from the radioactivity
data adequately fit all MRI data when 4 image parameters were
added to describe the relationship between the amount of contrast
agent and the signal intensity. The model showed that entry of
Gd-BOPTA into hepatocytes was decreased in cirrhotic livers when
compared to normal livers.
Conclusions: Although the MR signal intensity is similar in normal
and cirrhotic livers, the population pharmacokinetic approach de-
veloped in this study shows a decreased entry of Gd-BOPTA into
cirrhotic hepatocytes.

Key Words: MRI, contrast agent, Gd-BOPTA, population
pharmacokinetic modeling, liver cirrhosis

(Invest Radiol 2007;42: 513–521)

Gadobenate dimeglumine (Gd-BOPTA) is a hepatobiliary
magnetic resonance imaging (MRI) contrast agent sim-

ilar to the extracellular contrast agent gadopentetate dimeglu-
mine (Gd-DTPA), but with a lipophilic moiety that enables
uptake by hepatocytes and excretion into bile. Thus, in

addition to the detection of hypervascular lesions in the
postinjection phase similar to other extracellular contrast
agents, it may improve the characterization of hepatic lesions
in the delayed hepatobiliary phase.1–5 Gd-BOPTA enters into
rat hepatocytes through a transporter belonging to the organic
anion transporting polypeptide family (Oatps)6–8 and is ex-
creted unchanged into bile through the ATP-dependent mul-
tidrug resistance-associated protein 2 (Mrp2).9–12

In cirrhosis induced by a chronic bile duct ligation
(BDL), the expression of rat Oatp1, Oatp2, and Mrp2 is
down-regulated.13,14 In this model, we previously observed
that the decreased expression of hepatic transporters was not
associated with changes in Gd-BOPTA-induced signal inten-
sity enhancement.14 The MR signal intensity was similar
during Gd-BOPTA perfusion in mild cirrhotic and normal
livers. We then hypothesized that the concomitant diminution
in uptake and biliary excretion of Gd-BOPTA might result in
a sustained concentration within cirrhotic hepatocytes.

We previously quantified Gd-BOPTA uptake and bili-
ary excretion from dynamic MRI in normal rat livers with a
compartmental pharmacokinetic model validated with 153Gd-
BOPTA.15 A 6-compartment, 8-rate constants open model
was considered to describe the pharmacokinetics of 153Gd-
labeled Gd-BOPTA. Because perfusate and bile data were not
available in MRI experiments, a reduced form of the model
(6-compartment, 5-rate constants) was considered for the
MRI data. This was the first pharmacokinetic analysis of MR
signal intensities reported with a hepatobiliary contrast agent
that enters into hepatocytes and is eliminated by bile.

In the present study, we extended the pharmacokinetic
analysis of Gd-BOPTA hepatic transport in perfused livers
isolated from rats with biliary cirrhosis of various severity
degrees. Data obtained from normal and cirrhotic rats with
radioactivity and MRI detection were analyzed together ac-
cording to an approach of population pharmacokinetics.16

With this approach, each experiment contributes to estimate
mean population parameters and variabilities of these param-
eters, whereas parameter estimates for each experiment gain
from knowledge accumulated from the entire population.
Population pharmacokinetics is often used during drug de-
velopment to evaluate the source of interindividual variability
on the basis of sparse data in large patient populations. In the
MRI field, it has recently been used to assess Gd-DTPA
kinetics in tumors.17,18 Here, this approach allowed us to
analyze MRI experiments together with radioactivity exper-
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iments in normal and cirrhotic rats in a single model. Inter-
pretation of MRI signal kinetics benefited from the more
complete information obtained with radioactivity data. Fi-
nally, individual parameter estimates were analyzed to study
Gd-BOPTA transport in cirrhotic rat livers.

MATERIALS AND METHODS

Chemicals
Gd-BOPTA (MultiHance, Bracco Imaging, Italy) and

Gd-DTPA (Magnevist, Schering, Germany) are commercially
available. 153GdCl3 (1 GBq/mL) was obtained from Gamma-
Service Isotopen und Strahlentechnik GmbH (Leipzig, Ger-
many). All other chemicals were of analytical grade.

153Gd-labeled Gd-DTPA and Gd-BOPTA were ob-
tained by adding 153GdCl3 (1 MBq/mL) to the commercially
available 0.5 M solutions that contain a slight excess of
ligand DTPA and BOPTA. Contrast agents were diluted in
Krebs–Henseleit-bicarbonate (KHB) solution to obtain a 500
�M concentration in the perfusion solution.

Animals and Liver Perfusion
Before surgery for perfusion experiments, Sprague-

Dawley rats (Charles River, l’Arbreste, France; 300–450 g)
were anesthetized with pentobarbital (50 mg/kg intraperitoneal
�IP�). The protocol was approved by the animal welfare com-
mittee of the University of Geneva and the veterinary office and
followed guidelines for the care and use of laboratory animals.

Livers were perfused in situ as previously described.15

To avoid liver injury, isolated livers were left in the dead rats
(another possibility is to isolate and explant the organ). When
livers were perfused in the Nuclear Medicine laboratory, the
common bile duct was cannulated with a PE 10 catheter to
collect bile samples (bile collection was impossible for ex-
periments made with the MR scanner). During perfusion, the
liver viability was assessed by monitoring portal vein pres-

sure (Hewlett Packard 78353B, Palo Alto, CA). We previ-
ously showed that the portal pressure and the hepatic O2
consumption remained constant during the perfusion of both
contrast agents.8

Experimental Protocols
Biliary cirrhosis was induced by chronic ligation of the

bile duct. After laparotomy (2–3% isoflurane anesthesia), rats
had a double ligation of the common bile duct with section
between the 2 ligatures. For MRI experiments, rats recovered
from surgery and were perfused 15 (BDL-15, n � 5), 30
(BDL-30, n � 4), and 60 (BDL-60, n � 4) days later (Fig.
1A). An additional group of rats had BDL 1–2 hours before
perfusion (BDL-1, n � 4) while 4 normal rats were perfused.
To evidence the extracellular diffusion space, each liver was
perfused with KHB solution � Gd-DTPA (500 �M), fol-
lowed by KHB solution for washing. To study the hepatocyte
entry of Gd-BOPTA (500 �M), the same liver was perfused
with KHB solution � Gd-BOPTA, followed by KHB solu-
tion for washing. In each liver, Gd-DTPA was perfused
before Gd-BOPTA. For radioactivity experiments, normal (n �
3) and BDL (n � 7) rats were perfused with 153Gd-labeled
Gd-DTPA (500 �M) and 153Gd-labeled Gd-BOPTA (500
�M). In addition, we perfused normal livers with a solution
containing Gd-BOPTA perfusion � bromosulfophthalein
(500 �M), which is a pharmacological inhibitor of Oatps
transporters (Fig. 1B).

Radioactivity Experiments
A gamma-scintillation probe with a lead collimator was

placed 1 cm over the liver and radioactivity was measured
continuously during the perfusion of 153Gd-labeled Gd-
DTPA (500 �M) and 153Gd-labeled Gd-BOPTA (500 �M).15

Bile and outflow perfusate samples were collected every 5
minutes, weighted, and the radioactivity was determined by a
Packard Cobra Auto-Gamma counter (Canberra Packard,

FIGURE 1. Experimental protocol
in: (A) normal and cirrhotic livers;
and (B) normal livers with pharma-
cological inhibition. Biliary cirrhosis
was induced by bile duct ligation
and livers were perfused 15 (BDL-
15), 30 (BDL-30), and 60 (BDL-60)
days later. An additional group of
rats had BDL at the time of perfu-
sion (BDL-1). Livers were perfused
with either 153Gd-labeled Gd-DTPA
and 153Gd-labeled Gd-BOPTA with
radioactivity detection (radio) or
with Gd-DTPA and Gd-BOPTA in
the MRI room (MRI). Available sam-
ples are indicated in brackets (l �
liver, p � perfusate, b � bile). In
(B), normal livers rats were perfused
with Gd-BOPTA � bromosulfoph-
thalein (BSP).
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Switzerland). At the end of each experiment, portal vein,
thoracic inferior vena cava, and bile duct were clamped and
the liver was removed, weighted, and radioactivity was mea-
sured with a dose calibrator (Isomed 2000, MED Nuklear-
Medizintechnik, Germany). In each experiment, the amount
of contrast agent perfused was totally recovered in perfusate,
liver, and bile, confirming that each experiment was correctly
conducted.

MRI Experiments
Perfused livers were inserted into a wrist coil.15 MRI

was performed on a 1.5 T Eclipse MR system (Philips
Medical System, Cleveland, OH). An axial image was ob-
tained using a fast-gradient echo T1 weighted MR sequence
preceded by a 90° saturation pulse with the following param-
eters: inversion time, 29 milliseconds; repetition time, 6.8
milliseconds; echo time, 3 milliseconds; flip angle, 90°;
matrix, 256 � 256; 1 image/8 seconds; field of view (FOV),
14 cm; and slice thickness, 7 mm. Mean signal intensity was
measured in a region of interest drawn on the short axis view
of the liver to encompass a hepatic lobe. The signal intensity
measured during Gd-DTPA (500 �M) and Gd-BOPTA (500
�M) perfusion in the liver was normalized to muscle signal
intensity. For each liver, the region of interest remained constant
during the entire experiment, but could vary between livers.

Pharmacokinetic Modeling
Structural Pharmacokinetic Model

We previously showed that a 6-compartment 8-rate
constants structural model adequately described the pharma-
cokinetics of 153Gd-labeled Gd-DTPA and 153Gd-labeled
Gd-BOPTA in perfused livers isolated from normal rats.15 As
shown in Figure 2, compartments 2, 4, and 5 of the liver
depict the amount of contrast agent in extracellular space
A2(t), into hepatocytes A4(t), and into a secondary hepato-
cyte-associated space A5(t). Compartment 3 represents the
amount of contrast agent in the outflow perfusate A3(t) and
compartment 6 represents the amount in bile A6(t). Compart-
ment 1, with amounts of contrast agent �A1(t)�, reflects the
in-homogeneity of the perfusion solution at the beginning and
end of perfusion (solution of contrast agent mixing in the
perfusion system or disappearing from the system). Entry of
contrast agent into the system is modeled as a zero-order
infusion rate kin over a time period �. First-order rate con-
stants kij are defined with respect to the compartment of
origin i and the compartment of convergence j. The amount
versus time profiles of Gd-DTPA (D) and Gd-BOPTA (B) are
modeled simultaneously. K12 and k23 of both contrast agents
are identical because they share the same access to the system
and extracellular space. Gd-DTPA enters into the cellular
compartment 4 with a rate constant k24(D) postulated to be
much smaller than the one of Gd-BOPTA, k24(B).

For radioactivity experiments, observed amounts in
perfusate, bile, and liver were modeled as previously de-
scribed,15 with k46 and k56 (rate constants for the transfer of
Gd-BOPTA from hepatocytes to bile) set to 0 for BDL
experiments. For MRI experiments, the relationship between
signal intensity and amount of contrast agent previously

described15 was modified to include the possibility of signal
saturation in each compartment:

SI(t)pred � s0 � g2

A2(t) � ASAT2

A2(t) � ASAT2

� g4

A4(t) � ASAT4

A4(t) � ASAT4

� g5

A5(t) � ASAT5

A5(t) � ASAT5

(1)

SI(t)pred is the model predicted average signal intensity
in the region of interest in the liver; s0 is baseline signal; g2,
g4, and g5 are tissue-specific constants of proportionality
depending on native relaxation rate and relaxivity17,19,20; and
ASAT2, ASAT4, and ASAT5 are the amounts of contrast
agent leading to half maximum signal enhancement for a
given compartment.

Population Pharmacokinetic Model
The population pharmacokinetic model estimates the

population average values of pharmacokinetic parameters,
between-experiments variabilities of these parameters, as
well as residual variability (discrepancy between model pre-

FIGURE 2. Pharmacokinetic model. Compartments 2, 4, and
5 of the liver depict the amount of contrast agent in extra-
cellular space A2(t), into hepatocytes A4(t), and into a sec-
ondary hepatocyte-associated space A5(t). Compartment 3
represents the amount of contrast agent in the outflow per-
fusate A3(t) and compartment 6 represents the amount in
bile A6(t). Compartment 1, with amounts of contrast agent
�A1(t)�, reflects the in-homogeneity of the perfusion solution
at the beginning and end of perfusion (solution of contrast
agent mixing in the perfusion system or disappearing from
the system). Entry of contrast agent into the system is mod-
eled as a zero-order infusion rate kin over a time period �.
First-order rate constants kij are defined with respect to the
compartment of origin i and the compartment of conver-
gence j. The amount versus time profiles of Gd-DTPA (D)
and Gd-BOPTA (B) are modeled simultaneously. K12 and k23
of both contrast agents are identical because they share the
same access to the system and extracellular space. Gd-DTPA
enters into cellular compartment 4 with a rate constant
k24(D) postulated to be much smaller than the one of Gd-
BOPTA k24(B).
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diction and observation).21 An exponential model described
between-experiments variabilities of parameters:

ki � k� � e�i (2)

ki is the estimate of any pharmacokinetic parameter for
a given experiment, k� represents the population mean esti-
mate for the complete set of experiments, and �i is the
individual variation from this mean value. �i are assumed
to be normally distributed with mean 0 and variance �2. In
addition to population values, individual parameters of the
different experiments were obtained according to a Bayes-
ian procedure.

Model Assessment
The structural pharmacokinetic model was described by

a set of differential equations implemented in the NONMEM
software (version V, University of California, San Francisco,
CA) that can integrate data of different nature (amounts with
radioactivity experiments and signal intensities with MRI),
obtained from different perfused substances (Gd-DTPA and
Gd-BOPTA), different types of samples (liver, perfusate, and
bile), and from different populations (normal and cirrhotic
rats), with missing data (no bile and perfusate with MRI).22

Subroutines ADVAN6 and TRANS1 were used for model
description. Parameters were estimated via a maximum like-
lihood approach, whereby an objective approach was mini-
mized using first-order linearization (FO method).

In a first step, optimization of the population model was
performed with the population of 10 normal and cirrhotic rats
from radioactivity experiments. Variability was introduced
step-by-step on each rate constants to obtain the best model
(except for k12 that reflected a property of the experimental
apparatus). Statistical comparison of models was based on a
likelihood ratio test withdraw; that is, a �2 test of the difference
of objective functions (the lower the value, the better the fit),
with P � 0.01 considered to represent a significantly better
fit.15 When 2 models performed similarly, the simplest model
was selected (principle of parsimony). In addition, standard
errors of parameter estimates and correlations between them
were considered. Graphical assessment of the goodness-of-fit
was performed by displaying observed and predicted amounts
of contrast agents or signal intensities at the population and
individual levels.

In a second step, MRI data were added to the previous
database, the rate constants, and variability terms being fixed
to the values obtained with radioactivity data. Effort was first
provided to optimize the relationship between signal intensity
and amount of contrast agent �Eq. (1), proportionality and
saturation constants�. Comparison of models proceeded as
outlined for radioactivity experiments.

MRI data from livers coperfused with Gd-BOPTA �
bromosulfophthalein were finally added to the database and
analyzed with the best model identified in the previous stages.

Statistical Analysis
Data are given as median (minimum–maximum). Com-

parison between the experimental groups was performed with
a Mann–Whitney U test (2 groups) or with a Kruskal–

Wallis analysis and Dunn’s multiple comparison test (�2
groups). P � 0.05 was considered significant.

RESULTS

Radioactivity Data
During the perfusion of 500 �M Gd-DTPA (total per-

fusion: 450 mL or 225 �mol) in normal livers, the hepatic
amount of contrast agent rapidly increased toward steady
state (1.5–1.7 �mol) and was completely washed out during
the subsequent KHB perfusion (Fig. 3). No Gd-DTPA was
excreted into bile. During the perfusion of 500 �M Gd-
BOPTA (total perfusion: 900 mL, 450 �mol), the contrast
agent amount in the liver increased up to 10–12 �mol. After
washing of Gd-BOPTA with KHB solution, 1.7–2.8 �mol
remained in the liver and 18–22 �mol were excreted into
bile. In BDL livers, hepatic amount of Gd-DTPA increased to
a higher amount (2.9–5.4 �mol in BDL-30 and 5.5–6.1 �mol
in BDL-60) than in normal livers and was slowly washed out
during KHB perfusion. During the perfusion of Gd-BOPTA,
the hepatic accumulation was higher in cirrhotic than in
normal livers (12–26 �mol in BDL-30 and 18–26 �mol in
BDL-60). After washing of Gd-BOPTA with KHB solution,
elevated amount of contrast agent (5–15 �mol in BDL-30 and
9–14 �mol in BDL-60) remained in the liver. No bile data
was available because of bile duct ligation. Cumulative
amount of Gd-BOPTA in perfusate at the end of experiment
was slightly higher in BDL-30 (433–444 �mol) and BDL-60
(435–440 �mol) than in normal livers (426–428 �mol).

The pharmacokinetic modeling started from a model
without between-experiments variability and proceeded with
the step-by-step introduction of variability on the different
rate constants, as summarized in Table 1. Variability terms
were retained if they were associated with a significant
decrease in the objective function and discarded if the objec-
tive function was not improved. The best population model
(model f) was obtained with variabilities on the rate constant
that describes the transfers: (1) from the extracellular space
into the perfusate (k23 for Gd-DTPA and Gd-BOPTA, 43%
variability); (2) from the extracellular space into hepatocytes
(k24 for Gd-BOPTA, 67% variability); (3) from hepatocytes
into perfusate (k42 for Gd-BOPTA, 18% variability); (4) from
hepatocytes into bile (k46 for Gd-BOPTA, 21% variability);
and (5) from perfusate into hepatocytes (tiny k24 for Gd-
DTPA, 39% variability). This model perfectly fit all the
radioactivity data (Fig. 3). The precision of all estimates was
adequate with standard errors �20% on rate constants and
�50% on variability.

MRI Data
For normal, BDL-1, BDL-15, and BDL-30 rats, the

hepatic signal intensity increased toward a steady state (0.37–
0.84 over baseline) during Gd-DTPA perfusion and rapidly
returned to baseline value during the washout period (Fig. 4).
However, the steady state was significantly higher in BDL-60
livers (0.71–0.85 over baseline, P � 0.05). The maximal
signal intensity was much higher when livers were perfused
with Gd-BOPTA (1.7–3.7) and in contrast to Gd-DTPA
perfusion, the signal intensity did not return to baseline value
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during the washout period. BDL-60 livers are different from
the other groups, the maximal signal intensity during Gd-
BOPTA perfusion being lower (1.2–1.3). This result contrasts
with the radioactivity data of the same experimental group.

The MRI data (n � 21 experiments) were added to the
radioactivity data in the NONMEM database and pharmaco-
kinetic analysis was performed with model f (Table 1). The
best fits were obtained when considering 4 image parameters
for the relationship between the signal intensity and the
amount of contrast agent �see Eq. (1)�. These parameters are
3 proportionality constants for each hepatic compartment (g2,
g4, and g5) and a unique signal saturation for the compartment
4 (ASAT4) (Table 2, model iii). No variability was added on
g2, g4, and g5 because they reflect tissue-specific constants of
proportionality depending on native relaxation rate and re-
laxivity, and consequently remain constant in all experimen-
tal groups.18,22 ASAT4 is a constant that depends on the MR
sequence. Figure 4 shows the good performance of the
model: (1) individual prediction overlaid the observed MRI

data (Fig. 4A); (2) the distribution of values was randomly
scattered around the unit line in the observed versus popula-
tion-predicted signal intensity plot, and; (3) values were
perfectly aligned on the unit line in the observed versus
individual-predicted signal intensity plot (Fig. 4B). The pre-
cision of the proportionality constants was adequate with
standard errors of the estimates �10% for g2, �35% for g4
and ASAT4, and �70% for g5.

Thus, the 6-compartment model developed from the
radioactivity data adequately fit all MRI data when 4 image
parameters were added to describe the relationship between
amount of contrast agent and signal intensity. In normal
livers, the model correctly predicted bile Gd-BOPTA accu-
mulation from MRI data (9–20 �mol vs. 18–22 �mol from
the radioactivity experiments), except for 1 experiment in
which bile amount was most likely overestimated (59 �mol).

The individual estimates of rate constants from exper-
imental groups in which both radioactivity and MRI experi-
ments were available (normal, BDL-30, and BDL-60 groups)

FIGURE 3. Radioactivity detection. Observed and model-predicted amount of contrast agent in liver, perfusate, and bile dur-
ing the perfusion of 500 �M Gd-DTPA (15 minutes, 450 mL, 225 �mol), KHB solution (15 minutes), 500 �M Gd-BOPTA (30
minutes, 900 mL, 450 �mol), and KHB (30 minutes) in livers isolated from normal rats (n � 3), rats that had a bile duct liga-
tion 30 days before hepatic perfusion (BDL-30, n � 3), and 60 days before perfusion (BDL-60 rats, n � 4). Predictions are cal-
culated from the model shown in Figure 2, according to a population approach with post hoc estimation of parameters corre-
sponding to individual experiments.
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were compared according to the origin of the data (radioac-
tivity vs. MRI) (Fig. 5). Values were largely similar for all
rate constants, reinforcing the fact that data from both types
of experiments can be analyzed together to study the effect of
cirrhosis on the hepatic transport of Gd-BOPTA.

Effect of Cirrhosis on Gd-BOPTA Transport
The transfer rates k23 (from the extracellular space into

the perfusate), k24 (Gd-BOPTA entry into hepatocytes), and
k42 (efflux back of Gd-BOPTA from hepatocytes to the
extracellular space) significantly differed between normal and
cirrhotic livers (Fig. 5). The amount of contrast agent in the
extracellular space increased with the severity of cirrhosis as
indicated by the progressive diminution of k23 for Gd-DTPA
and Gd-BOPTA in cirrhosis (P � 0.0011). The rate constant
was significantly different in BDL-60 livers (3.7 minutes	1)
than in normal rats (7.9 minutes	1). Entry of Gd-BOPTA into
the main hepatic compartment (k24 for Gd-BOPTA) also
significantly decreased in BDL-60 rats (0.089 minutes	1 vs.
0.51 minutes	1 in normal livers, P � 0.005). Gd-BOPTA
efflux from hepatocytes back to the extracellular space dif-
fered across groups (P � 0.005). BDL-1 livers had a higher
k42 (0.061 minutes	1) than normal livers (0.022 minutes	1),
whereas values were close to normal in BDL-15, BDL-30,
and BDL-60 livers (0.040, 0.031, and 0.030 minutes	1,
respectively). The unidirectional transfer rate of Gd-DTPA
from the extracellular space into hepatocytes did not change
between experimental groups and was 100 times lower than
that observed with Gd-BOPTA. In normal livers, k24 for
Gd-DTPA was 0.0065 minutes	1, whereas k24 for Gd-

BOPTA was 0.51 minutes	1. Of note, k46 for Gd-BOPTA
was irrelevant in BDL groups and was set to 0.

Effect of Pharmacological Inhibition With
Bromosulfophthalein

The pharmacological inhibition of bromosulfophthalein
on Gd-BOPTA entry into hepatocytes was studied in normal
livers in the MRI room. During Gd-DTPA perfusion, MR
signal intensity increased toward a steady state (0.3–0.5 over
baseline) and rapidly returned to baseline value during the
washout period (Fig. 6). A similar signal intensity versus time
profile was observed during the perfusion of Gd-BOPTA �
bromosulfophthalein.

Information from this group was added in the NON-
MEM database and analyzed with the model previously
developed. Data were adequately fitted by the model (Fig. 6)
and the pharmacokinetic modeling showed that Gd-BOPTA
entry into hepatocytes was reduced 10 times by bromosul-
fophthalein (k24 was 0.046 minutes	1 in Gd-BOPTA �
bromosulfophthalein livers and 0.520 minutes	1 in Gd-
BOPTA livers).

DISCUSSION
In the present work, we developed a population phar-

macokinetics approach to analyze MRI and radioactivity data
obtained after the perfusion of normal and cirrhotic livers
with MRI contrast agents. In a first stage, optimization of the
pharmacokinetic model was performed with radioactivity
experiments. Because experiments with radioactivity data

TABLE 1. Development of the Population Model With the Radioactivity Data (n � 10 Experiments With 3 Control Rats, 3
Rats That had a Bile Duct Ligation 30 Days Before Hepatic Perfusion (BDL-30) and 4 Rats With a Bile Duct Ligation 60 Days
Before Perfusion (BDL-60)

Model (a) (b) (c) (d) (e) (f) (g) (h)

Rate constants (min	1)

k12(D and B) 1.9 1.9 1.9 1.9 1.9 1.9 1.9 1.9

k23(D and B) 4.7 5.1 4.7 4.7 4.6 4.7 4.7 4.7

k24(B) 0.31 0.35 0.25 0.24 0.23 0.23 0.23 0.23

k42(B) 0.031 0.045 0.028 0.035 0.035 0.027 0.028 0.028

k24(D) 0.0089 0.013 0.011 0.011 0.011 0.011 0.011 0.011

k46(B) 0.081 0.090 0.074 0.074 0.074 0.076 0.076 0.076

k45(B) 0.013 0.026 0.015 0.016 0.016 0.014 0.015 0.015

k56(B) 0.0072 0.014 0.013 0.015 0.016 0.013 0.014 0.013

Variability (%)

k23(D and B) — 74 45 44 42 43 43 44

k24(B) — — 65 66 63 67 66 68

k42(B) — — — 47 52 18 18 19

k24(D) — — — — 36 39 37 37

k46(B) — — — — — 21 21 22

k45(B) — — — — — — 0 0

k56(B) — — — — — — — 0

OF 1080 662 344 298 289 253 253 253

P — �0.001 �0.001 �0.001 �0.001 �0.01 NS NS

Estimates corresponding to the best model (Model f) are highlighted.
K12(D and B) was not investigated for variability because it reflects an intrinsic property of the experimental system.
D indicates Gd-DTPA; B, Gd-BOPTA; OF, objective function; P � 0.01, a significant improvement of fit; NS, nonsignificant improvement.
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were fully controlled, they identified the major sources of
between-experiments variability. By allowing the rate con-
stants that describe major extra- and intracellular-associated
processes to display variability, we successfully described the
experiments performed in rats with different degrees of cir-
rhosis. The best model took into account variability on k23(D
and B), or transfer from the extracellular space into the
perfusate on k24(B), or Gd-BOPTA entry into hepatocytes
k42(B), or Gd-BOPTA efflux back to extracellular space and
k46(B), or Gd-BOPTA bile excretion. Variability also af-
fected the rate constant describing the minor exchange of
Gd-DTPA from the extracellular space into hepatocytes
�k24(D)�.

In a second stage, the relationship between MRI signal
and amounts of contrast agent in the liver compartments was
analyzed. The proportionality constant relating signal inten-

sity to contrast agent amount in hepatocytes (g4) was higher
than the one observed in the extracellular space (g2) in
accordance with higher relaxivity of Gd-BOPTA in protein-
rich hepatocytes than in extracellular space filled with KHB
solution.23–27 Proportionality constant for the second hepato-
cyte-associated compartment (g5) was small and difficult to
estimate, as indicated by a large standard error. Although
necessary to fit radioactivity data, this unidentified cell com-
partment might be of minor relevance for MRI images.
Finally, goodness-of-fit improved when considering satura-
tion of signal intensity with increasing amounts of contrast
agent in hepatocytes. Indeed, radioactivity and MRI detection
methods displayed qualitative differences in cirrhotic livers.
Although hepatic Gd-BOPTA amount was higher in cirrhotic
livers than in normal livers, according to radioactivity exper-
iments, MR signal intensity was similar or diminished in

FIGURE 4. MRI detection. A, Observed and model-predicted signal intensity during the perfusion of Gd-DTPA (500 �M), KHB
solution, Gd-BOPTA (500 �M), and KHB in livers isolated from normal rats (n � 4), from rats that had a bile duct ligation 1–2
hours before hepatic perfusion (BDL-1, n � 4), BDL-15 rats (n � 5), BDL-30 rats (n � 4), and BDL-60 rats (n � 4). Predictions
are calculated from the model shown in Figure 2, according to a population approach with post hoc estimation of parameters
corresponding to individual experiments. B, Observed versus model-predicted signal intensity at the level of the population
(left) and the individual experiments (right). The continuous line is the unit line.
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cirrhosis. Because radioactivity experiments assess the exact
amount of contrast agent in the liver, distortion of the signal
intensity with the MR sequence used was the most likely
explanation. For MRI experiments, we chose a fast-gradient
echo T1 weighted MR sequence because it has a high signal
intensity sensitivity for the low concentrations of contrast
agent expected to enter into rat hepatocytes.28,29 However,
with the sequence used, the range of contrast agent amount or
concentration along which the signal intensity linearly in-
creases is short, and the signal intensity rapidly saturates and
even declines due to the growing importance of T2 effect. In
clinical practice, such artifact may lead to erroneous image
interpretation. Integration of a saturation equation in the
model circumvented this difficulty.

Analyzing radioactivity and MRI data with a single
pharmacokinetic model represents a real advantage when
compared with our previous modeling of MRI data in normal
rats with an individual approach,15 in which the model

developed from radioactivity data had to be reduced for MRI
data, some rate constants being unidentifiable. The population
approach also allows investigating different experimental
conditions within a common framework, the interpretation of
each experiment gaining strength from information accumu-
lated from other experiments. The efficiency of the popula-
tion approach to handle heterogeneous MRI data was previ-
ously underlined by several authors (eg, for the assessment of
contrast agent kinetics in tumors).17,18

By modeling Gd-BOPTA transport in cirrhotic livers,
we showed an increased extracellular distribution, associated
with a decreased efflux to perfusate. A high extracellular
distribution of Gd-BOPTA has been previously described in
patients with cirrhosis.2 Moreover, cirrhosis was associated
with a decreased entry of Gd-BOPTA into hepatocytes, in
agreement with the reduced expression of Oatp transporters
in cirrhosis.13,14 Gd-BOPTA efflux back to the extracellular
space increased in BDL-1 but remained similar to normal in
BDL-60 rats. This observation might be explained by an early
increased expression of transporters located in the sinusoidal
membrane that mediate the efflux of Gd-BOPTA back to the
sinusoids. Such mechanism after acute bile duct ligation

FIGURE 5. Pharmacokinetic parameters k23(D and B), k24(B) and k42(B) in livers isolated from normal rats (n � 7), rats that
had a bile duct ligation 1–2 hours before hepatic perfusion (BDL-1, n � 4), BDL-15 rats (n � 5), BDL-30 rats (n � 7), and
BDL-60 rats (n � 8). The horizontal bar indicates the median, white symbols are MRI experiments, and black symbols are ra-
dioactivity experiments. P values refer to Kruskal–Wallis analysis and *to Dunn’s multiple comparison test (**P � 0.01, ***P �
0.001).

FIGURE 6. Observed and model-predicted signal intensity dur-
ing the perfusion of Gd-DTPA, KHB solution, Gd-BOPTA � bro-
mosulfophthalein, and KHB in livers isolated from normal
rats (n � 4). For clarity, the result of a single experiment
was shown but the results of the other experiments were
similar.

TABLE 2. Modeling of the Relationship Between Signal
Intensity and Amount of Contrast Agent (n � 21
Experiments With 4 Control Rats, 4 Rats That Had a Bile
Duct Ligation at the Time of Hepatic Perfusion �BDL-1�, 5
BDL-15 rats, 4 BDL-30 rats, and 4 BDL-60 Rats)

Model i ii iii iv

Image parameters

g2 0.23 ND 0.16 0.15

g4 0.38 ND 0.43 0.32

g5 0.46 ND 0.11 0.18

ASAT2 — ND — —

ASAT4 — ND 7.3 12

ASAT5 — ND — 2.5

OF 	1660 	1660 	2380 	2525

P — NS �0.001 �0.001

Estimates corresponding to the best model (Model iii) are highlighted. Although
Model iv was statistically better than Model iii, it was not identified as the best model
because individual fits were unsatisfactory.

P � 0.01 indicates a significant improvement of fit; NS, nonsignificant; ND, not
determined because calculation could not terminate; OF, objective function.
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might initially protect hepatocytes from high concentration of
toxic compounds, such as bile acids that also enter into
hepatocytes through Oatps. However, during chronic bile
duct ligation (BDL-15, BDL-30, and BDL-60), Gd-BOPTA
return back to the sinusoids remained within normal values.
Although entry of contrast agent into hepatocytes was lower
in cirrhotic than in normal livers, accumulation of Gd-
BOPTA was higher in cirrhotic livers because biliary excre-
tion was totally abolished. When livers were perfused with
Gd-BOPTA and bromosulfophthalein (a pharmacological in-
hibitor of Oatps transporters), the signal intensity remained
close to that obtained during Gd-DTPA perfusion. Pharma-
cokinetic modeling showed that Gd-BOPTA entry into hepa-
tocytes was reduced 10 times by bromosulfophthalein,
whereas other cellular processes were unaffected. Thus, bro-
mosulfophthalein only interferes with Gd-BOPTA uptake.

In conclusion, the population pharmacokinetic ap-
proach developed in this study allows for quantification of
Gd-BOPTA transport in livers measured by radioactivity and
MRI. The model evidences that entry of Gd-BOPTA into
hepatocytes is decreased in BDL-induced cirrhotic livers
when compared with normal livers, although MR signal
intensity is similar in normal and cirrhotic livers. Such a
model-based approach might help to better interpret liver
imaging with hepatobiliary contrast agents in patients with
cirrhosis for whom controversial observations are reported,
the signal intensity being either lower30 or higher2 than in
healthy volunteers.
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