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ORIGINAL ARTICLE

Quantification of Gd-BOPTA Uptake and Biliary Excretion
From Dynamic Magnetic Resonance Imaging in Rat Livers

Model Validation With '°3Gd-BOPTA

Corinne Planchamp, PhD,* Catherine M. Pastor, MD, PhD,* Luc Balant, PhD, 7
Christoph D. Becker, MD,* Frangois Terrier, MD,* and Marianne Gex-Fabry, PhD7

Objectives: We sought to develop and validate a pharmacokinetic
model allowing description of the magnetic resonance (MR) signal
intensity induced by the hepatobiliary contrast agent Gd-BOPTA
and to quantify the overall Gd-BOPTA transport in rat liver.
Materials and Methods: MR signal intensity was recorded during
the perfusion of rat livers with Gd-DTPA, an extracellular contrast
agent, and Gd-BOPTA, a hepatobiliary contrast agent. Similar
experiments were conducted with '**Gd-labeled contrast agents for
quantitative measurement in liver, bile and perfusate.

Results: A complete 6-compartment, 8 parameter open model was
first developed to describe the pharmacokinetics of the compound
based on the radioactivity data analysis. Because perfusate and bile
data were not available in MRI experiments, a reduced model
(6-compartment, 5 parameters) was considered for the MRI data.
The performance of the reduced model was tested using the radio-
activity data. The reduced model successfully described the contrast
agent amount in the liver and correctly predicted amounts in bile and
perfusate.

Conclusions: Pharmacokinetic modeling of MR signal intensity
induced by Gd-BOPTA permits quantification of Gd-BOPTA up-
take and biliary excretion in rat livers.

Key Words: MRI, contrast agent, liver, Gd-BOPTA,
pharmacokinetic model

(Invest Radiol 2005;40: 705-714)

adobenate dimeglumine (Gd-BOPTA/Dimeg, MultiHance,
Bracco Imaging, Italy) is a newly commercialized mag-
netic resonance imaging (MRI) contrast agent that combines
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the properties of a conventional extracellular contrast agent
such as gadopentetate dimeglumine (Gd-DTPA/Dimeg, Mag-
nevist, Schering, Germany) with those of a hepatobiliary
contrast agent that enters into hepatocytes with subsequent
biliary excretion. This feature enables Gd-BOPTA/Dimeg to
be used similarly to Gd-DTPA/Dimeg to detect hypervascular
regions in the postinjection phase and to improve the detec-
tion and characterization of hepatic diseases in the delayed
hepatobiliary phase.'*

Gadobenate ion (Gd-BOPTA), the moiety of gado-
benate dimeglumine responsible for the signal enhancement,
is partially taken up into hepatocytes and excreted without
biotransformation.>® In rats, approximately 50% of the in-
jected dose (0.1 to 0.5 mmol/kg) is excreted into bile, with the
remaining fraction being excreted into urine.® In contrast,
only 2—4% of the dose (0.005 to 0.2 mmol/kg) is excreted
into bile in humans.” Experimental evidences exist that Gd-
BOPTA enters into rat hepatocytes through a transporter
belonging to the organic anion transporting polypeptide fam-
ily (Oatps) localized on the sinusoidal membrane of hepato-
cytes.> 1% After its intracellular transport, Gd-BOPTA is
eliminated into bile through the ATP-dependent multidrug
resistance-associated protein 2 (Mrp2) at the canalicular
membrane of hepatocytes.' !

Compartmental pharmacokinetic analysis of MRI data
obtained after injection of extracellular contrast agents has
previously been developed to measure the perfusion of organs
such as heart'>'* and liver,"”'® and to assess the perme-
ability of tissues such as blood-brain barrier.'” ' Contrast-
enhanced MRI pharmacokinetic analysis has emerged as a
promising technique in oncology for tumor staging, response
to treatment, and development of effective antitumoral
drugs.?>** In these analyses, compartmental models assess
the distribution of extracellular contrast agents between blood
and interstitial space.”>*® To our knowledge, no compart-
mental pharmacokinetic analysis of MR signal intensity has
yet been reported when MRI is performed with hepatobiliary
contrast agents that enter into hepatocytes and are eliminated
by the bile.

In the isolated perfused rat liver, we previously dem-
onstrated that the increase in MR signal intensity during
Gd-BOPTA perfusion could be recorded over time, with
direct visualization of the absence of Gd-BOPTA entry into
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hepatocytes when livers were coperfused with bromosulfoph-
thalein (pharmacological inhibition).'® We also showed that
Gd-BOPTA-induced signal intensity enhancement remained
similar in mild cirrhotic and normal rats but significantly
decreased in severe cirrhosis.?’” Moreover, in a hollow-fiber
bioreactor containing freshly isolated rat hepatocytes, we
showed that the transport of Gd-BOPTA into hepatocytes can
be successfully described by compartmental pharmacokinetic
analysis of the MR signal intensity, supporting the hypothesis
of a transporter-mediated uptake.”® The aim of the present
study was to extend such a pharmacokinetic model to de-
scribe the overall Gd-BOPTA transport in perfused in situ rat
livers by recording MR signal intensity over time. The mod-
eling process integrated information from both extracellular
Gd-DTPA and hepatobiliary Gd-BOPTA. Since MR signal
intensity did not provide direct quantification of hepatic amount
of contrast agent, model development considered additional data
obtained from '**Gd-labeled Gd-DTPA and Gd-BOPTA that
assessed the exact amounts of contrast agents in liver as well as
in bile and perfusate.

MATERIALS AND METHODS

Chemicals

Gd-BOPTA/Dimeg and Gd-DTPA/Dimeg are com-
mercially available. '>GdCl; (1 GBg/mL) was obtained
from Gamma-Service Isotopen und Strahlentechnik GmbH
(Leipzig, Germany). All other chemicals were of analytical
grade. '>>Gd-labeled Gd-DTPA and Gd-BOPTA were ob-
tained by adding '>*GdCl, to the commercially available 0.5
M solutions (1 MBg/mL) that contain a slight excess of
ligand DTPA and BOPTA. Contrast agents were diluted in
Krebs-Henseleit-bicarbonate (KHB) solution to obtain a 500
uM concentration in the perfusion solution.

Animals

Before liver perfusion, 7 Sprague-Dawley rats (Charles
River, I’ Arbreste, France, 300—450 g) were anesthetized with
pentobarbital (50 mg/kg ip). The protocol was approved by
the animal welfare committee of the University of Geneva
and the veterinary office and followed the guidelines for the
care and use of laboratory animals.

Liver Perfusion

Livers were perfused in situ as previously described.?’
Briefly, the abdominal cavity was opened and the portal vein
was cannulated with a G16 catheter (outer diameter: 1.8 mm)
introduced into the portal vein up to 2-3 mm from the liver.
A ligature was placed around the inferior vena cava above the
left renal vein. After cannulation of the portal vein, the
abdominal vena cava was transected and KHB solution was
pumped without delay into the portal vein. The flow rate was
slowly increased over the course of 1 minute up to 30
mL/min. In a second step, the chest was opened and a second
cannula (G14) inserted through the right atrium into the
thoracic inferior vena cava and secured with a ligature.
Finally, the ligature around the abdominal inferior vena cava
was tightened. The KHB solution was perfused to the liver
through the portal catheter and eliminated by the catheter
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placed in the thoracic inferior vena cava. When livers were
perfused with '>>Gd-labeled contrast agents, the common bile
duct was cannulated with a PE 10 catheter.

To evidence the extracellular diffusion space, each liver
was perfused with KHB solution + Gd-DTPA (30 minutes),
followed by KHB solution for washing (15 minutes). To
study the hepatocyte entry of Gd-BOPTA, the same liver was
perfused with KHB solution + Gd-BOPTA (30 minutes),
followed by KHB solution for washing (30 minutes). In each
liver, Gd-DTPA was perfused before Gd-BOPTA. Because a
steady-state was rapidly reached with Gd-DTPA and to limit
the use of radioactivity, Gd-DTPA was only perfused during
15 minutes in the radioactivity experiments. During perfu-
sion, the liver viability was assessed by monitoring portal
vein pressure (Hewlett Packard 78353B, Palo Alto, CA).
Under these conditions, the perfusion of both contrast agents
modified neither the hepatic O, consumption nor the portal
pressure.'°

The entire perfusion system consisted of reservoir for
perfusion solution, pump, heating circulator, oxygenator, fil-
ter, bubble trap, temperature probe and perfusate collector.
The livers were perfused with a nonrecirculating solution
during the entire protocol. The perfusate was equilibrated in
the oxygenator with a mixture of 95% 0O,—5% CO, (2.5
L/min). The temperature was measured continuously with a
thermocouple thermometer (Extech Instruments Co, no
422315, Waltham, MA), the temperature probe being placed
upstream from the portal vein catheter.

Radioactivity Experiments

A gamma scintillation probe with a sodium chloride
crystal (thickness 2.5 cm, diameter 2.5 cm, Canberra Eurisys,
France) and a lead collimator (thickness 1 cm, opening
diameter 0.8 cm) were placed 1 cm over the liver (n = 3).
Counts were summarized every 20 seconds with a multichan-
nel analyzer. Homogenous uptake of the radioactivity into the
liver was checked in preliminary studies: similar results were
obtained when the probe was positioned at various locations
over the liver. Bile and outflow perfusate samples were
collected every 5 minutes, weighted and the radioactivity was
determined by a Packard Cobra Auto-Gamma counter (Can-
berra Packard, Schlieren, Switzerland). At the end of each
experiment, portal vein, thoracic inferior vena cava and bile
duct were clamped and the liver was removed and weighted.
To translate probe counts into contrast agent amounts, the
total radioactivity in the whole liver was measured with a
dose calibrator (Isomed 2000, MED Nuklear-Medizintechnik,
Dresden, Germany) and related to the last count measured by
the probe. In each experiment, the amount of contrast agent
perfused was totally recovered in perfusate, liver, and bile
and confirmed that each experiment was correctly conducted.

MRI Experiments

Livers in the carcass were inserted into a wrist coil
(n = 4). Because of MR incompatibility, all material con-
taining metal (heating circulator, O,-CO, tank and the pump)
was installed in an adjacent room. MRI was performed on a
1.5-T Eclipse MR system (Philips Medical System, Cleve-
land, OH). An axial image was obtained using a fast-gradient
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echo T1 weighted MR sequence (FAST) preceded by a 90°
saturation pulse with the following parameters: inversion
time (29 milliseconds); repetition time (6.8 milliseconds);
echo time (3 milliseconds); flip angle (90°); matrix 256 X
256; 1 image/8 seconds; FOV 14 cm; 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 in the liver was
normalized to muscle signal intensity. For each liver, the
region of interest remained constant during the entire exper-
iment, but could vary between livers.

Pharmacokinetic Model, Implementation, and
Evaluation

We previously showed that a 2-compartment model
adequately described signal intensity-time curves obtained
during Gd-DTPA and Gd-BOPTA perfusion in a hollow-fiber
bioreactor containing isolated hepatocytes.”® In the present
study, a compartmental modeling approach was employed to
describe the kinetics of '*Gd-labeled Gd-DTPA and Gd-
BOPTA in the isolated perfused livers, amounts of contrast
agent being also measured in perfusate and bile. Conse-
quently, a model with 4 compartments was used as a starting
point (Fig. 1, compartments 1 to 4). Compartments 1 and 2
described the liver: compartment 1 depicted the amount of
contrast agent in extracellular space A,(t) and compartment 2
the amount in hepatocytes A,(t). Compartment 3 represented

1 ky, 2 Kog 6
liver > liver — liver
-«
extracellular k cellular deep
space 21 space space

i ko, /
Kes

FIGURE 1. Pharmacokinetic model. Entry of contrast agents
into the perfused rat liver was modeled as a zero-order infu-
sion rate K;,. A model with 4 compartments was first consid-
ered (gray compartments). Compartments 1 and 2 de-
scribed the liver: compartment 1 depicted the amount of
contrast agent in extracellular space and compartment 2 the
amount in hepatocytes. Compartment 3 represented the
amount of contrast agent in the outflow perfusate and com-
partment 4 the amount of contrast agent in bile. Extension
of the model was necessary to successfully describe the data:
compartment 5 illustrated the in-homogeneity of the perfu-
sion solution at the beginning and end of perfusion of con-
trast agents, and compartment 6 depicted the trapping of
contrast agent in a secondary hepatocyte-associated space.
First-order rate constants k;; are defined with respect to com-
partment of origin i and compartment of convergence j.

perfusate

W | <+«—
~
o
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the amount of contrast agent in the outflow perfusate A,(t)
and compartment 4 the amount of contrast agent in bile A,(t).
Extension of the model was necessary to successfully de-
scribe data in the isolated perfused liver. It proceeded in 2
steps: compartment 5, with amount of contrast agent As(t),
reflected the in-homogeneity of the perfusion solution at the
beginning and end of perfusion of contrast agent (mixing of
KHB with contrast agent solution in the perfusion system),
and compartment 6 depicted amount of contrast agent in a
secondary hepatocyte-associated space Ag(t). Entry of con-
trast agent into the system was modeled as a zero-order
infusion rate K;,, over a time period 7. First-order rate con-
stants k;; were defined with respect to the compartment of
origin i and the compartment of convergence j. The amount
versus time profiles of both Gd-DTPA and Gd-BOPTA were
simultaneously modeled. Because they shared the same ac-
cess to the system and extracellular space, ks; and k,; were
considered identical. The possibility that Gd-DTPA entered
into the cellular compartment 2 with a rate constant k,, that
differed from Gd-BOPTA was considered.

This complete 6-compartment model was first devel-
oped for radioactivity data. Because perfusate and bile data
were not available in the MRI experiments, the complete
model had too many parameters to be fully reconciled with
MRI data of the liver and a reduced 6-compartment model
was thus used. To validate the reduced model used for the
MRI data, the reduced model was applied to the radioactivity
data of the perfused liver ignoring bile and perfusate data.
Validation through parameters proceeded by comparison of
estimates from the reduced and complete models. Validation
through predictions considered predicted amounts of contrast
agent in bile and perfusate with respect to experimental data
from radioactivity experiments. Mean prediction error was
calculated from the differences between observed and pre-
dicted amounts.

The model was implemented in the NONMEM soft-
ware (version V, University of California, San Francisco,
CA). Originally developed for population pharmacokinetics,
ie, analysis of interindividual variability on the basis of sparse
data in large patient populations, NONMEM offers a flexible
programming environment. In particular, it can integrate
data obtained from different substances (Gd-DTPA and Gd-
BOPTA) in different samples (liver, perfusate and bile) with
specific error models. Subroutines ADVAN6 and TRANSI
were used for model description.

Parameter estimation proceeded by minimizing an ob-
jective function that is a statistical measure of the overall
distance between the model and the data. To identify the best
model during the development phase, statistical comparison
of models was based on a likelihood ratio test, ie, a X2 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 (ie, x> > 6.6). In addition, standard
errors of parameter estimates and correlations between them
were considered. Graphical assessment of the goodness of fit
was performed through analysis of residuals (ie, differences
between measured and predicted amounts). The absence of
bias was also checked (no significant bias if the 95% confi-
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dence interval of the residuals comprised 0). When 2 models
performed similarly, the simplest model was selected (prin-
ciple of parsimony).

Modeling Radioactivity Data
Observed amounts in perfusate, bile and liver were
modeled as follows:

Aperfusate(t)obs = A3(t)pred . (1 + el) (1)
Abile(t)obs = A4(t)pred : (1 + 62) (2)

Aliver(t)obs = Al(t)pred + AZ(t)pred + A6(t)pred + €3

[
+ \"Al(t)pred + AZ(t)pred + A6(t)pred ‘€& (3)

where €|, €,, €5, and €, are random residual errors assumed to
be normally distributed with mean 0 and corresponding
variances o7, 03, 03, and o73. Various models of errors were
applied and the most suitable in terms of objective function
and residuals were chosen. For cumulative amounts in per-
fusate and bile, proportional errors were selected (€, and €, in
eq 1 and 2). For amount in the liver, a mixed error model was
considered that included both an additive term (&5 in eq 3)
and a term taking into account that error of radioactivity
measurements is proportional to the square root of counts (e,
in eq 3). In addition to the rate constants describing the
model, error variances o3, 03, 03, and o7 were estimated.

Modeling MRI Data

Because the signal intensity and not the amount of
contrast agent was analyzed with MRI data, the relationship
between signal intensity and amount of contrast agent was
considered. Similarly to the equation developed for the hol-
low fiber bioreactor containing rat hepatocytes,® the average
signal intensity (indicated as SI) in the region of interest in
the liver was:

SI(t)pred =5y + g Ai(t) + 2 Ayt) + g Ag(t) (D)

where s, is baseline signal, g;, g,, and g, are tissue-specific
constants of proportionality depending on native relaxation
rate and relaxivity.>® As a first approximation, a single pro-
portionality constant (g = g, = g, = g,) was assumed and
equation 4 was rewritten as:

SI(Opes = 50 + 2AD) + AsD) + AD] (5
To include the possibility of signal saturation, an alter-
native hyperbolic signal intensity model was considered:
L IO A T AG]- ASAT,
“[A1) + A + AD] + ASATy,
(6)

where ASATS5, is the amount of contrast agent leading to half
maximum signal enhancement.

SI(t)pred =8
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Observed signal intensity SI(t),,, was modeled as:

Sl(t)obs = SI(t)pred : (1 + 6) (7)

where SI(t),,.q 1s the predicted signal intensity according to
equation 5 or 6 and € is a proportional error assumed to be
normally distributed with mean 0 and variance o 2. In addi-
tion to rate constants, the saturation parameter ASATSj,, the
proportionality constant g and error variance o were esti-
mated. S, was a fixed parameter determined prior to modeling
for each experiment, considering the mean signal intensity
preceding the start of perfusion.

RESULTS

Radioactivity Data

During the perfusion of 500 uM Gd-DTPA (450 mL,
225 wmoles) the hepatic amount of contrast agent rapidly
increased toward steady-state (1.5-1.7 umoles) and Gd-
DTPA was completely washed out during the subsequent
KHB perfusion (Fig. 2). No Gd-DTPA was excreted into bile,
no Gd-DTPA remained in the liver, and 225 pwmoles (100%
of the perfused dose) were recovered in the perfusate after
perfusion and washing. During the perfusion of 500 uM
Gd-BOPTA (900 mL, 450 umoles), the contrast agent
amount in the liver increased as much as 10—12 wmoles.
After perfusion and washing of Gd-BOPTA, 1.7-2.8 umoles
(0.5% of the perfused dose) remained in the liver, 18-22
umoles were excreted into bile (4.5% of the perfused dose),
and 426-428 umoles (95% of the perfused dose) were
recovered in the perfusate.

Gd-DTPA KHB Gd-BOPTA KHB
I 4 ’ I
25 7
exp 1
O g g exp 3
20 7 0o o
o o
o © A A exp 2
0 °
157
El
€
=
2 J
£ 10
<
O
5
0 s

time [min]

FIGURE 2. Radioactivity detection: amount of contrast agent
in liver and bile during the perfusion of 500 uM Gd-DTPA
(15 minutes, 450 mL, 225 umoles), KHB solution (15 min-
utes), 500 uM Gd-BOPTA (30 minutes, 900 mL, 450
umoles), and KHB (30 minutes). Liver, continuous line; bile,
symbols. Exp 1, exp 2, and exp 3 refer to 3 different liver
perfusions.
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a) 4-compartment complete model
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b) 5-compartment complete model
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¢) 6-compartment model: complete 8-parameter model
12Gr_{-l’)TPA Buffer Gd-BOPTA Buffer 55 Gd-DTPA Buffer Gd-BOPTA Buffer 450 Gd-DTPA Buffer  Gd-BOPTA Buffer
7 400 N
5 A0 + observed liver 20 s 350 cp.3
= — predicted liver 300
é . 15 250
s 200
S 10 + observed bile o + observed perfusate
S 5 — )
— predicted bile . predicted perfusate
s
2 5
O ;
0 0 i 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
time [min] time [min] time [min]
15 5 15
& 1 10
& -, 5
g 0s " Nl & " % 5
2 & Tttt o PP 0 4
é-ns S0 20 3 40" ,';‘ 0 0PI 100 1020 30°40 50 60 70 80 90 100 s| 10 20 30 40 50 60 70 8 90 100
2 . B i 3
2 . 25
7 -10
5 -15
d) 6-compartment model: reduced 5-parameter model
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FIGURE 3. Radioactivity detection: observed and model-predicted amount of contrast agent in liver, bile and perfusate during
the perfusion of Gd-BOPTA, Gd-DTPA acting as an indicator of the extracellular distribution. a, Predictions from the 4-com-
partment complete model. b, Predictions from the 5-compartment complete model. ¢, Predictions from the complete 6-com-
partment 8-parameter model. d, Predictions from the reduced 6-compartment 5-parameter model on the basis of liver
data only. For clarity, the result of a single experiment (exp 1) is shown but all other experiments performed similarly. cp,
compartment.
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Compartmental analysis of the data was first performed
with a 4-compartment model (Fig. 3a) to represent extracel-
lular volume of the liver (compartment 1), intracellular vol-
ume of the liver (compartment 2), perfusate (compartment 3),
and bile (compartment 4). This model did not successfully
describe the data (objective function: —134). Predicted in-
crease and decrease of contrast agent amounts into compart-
ment 1 was too rapid to describe the amounts observed, as
reflected by large residuals at 0, 15, 30, and 60 minutes.
Moreover, the amount of Gd-BOPTA in bile and perfusate
were respectively under- and over-estimated. The fits were
improved by addition of a compartment (Fig. 3b) that de-
picted the in-homogeneity of the perfusion solution at the
beginning and end of perfusion of contrast agent (compart-
ment 5). With this additional compartment, the range of
residuals in the liver and perfusate decreased as well as the
objective function (—268). Nevertheless, the fits of the
amounts of Gd-BOPTA in liver, bile and perfusate were still
unsatisfactory. The addition of a secondary cellular compart-
ment (compartment 6) with access to bile improved the fits of
liver, bile and perfusate. The range of residuals decreased,
their distribution was homogenous and the objective function
diminished (—616; Fig. 3c).

Estimated rate constants are summarized in Table 1.
For Gd-DTPA, the best fit was obtained with a minor unidi-
rectional exchange with the cellular compartment 2 (k,,(D)).
This model was significantly better than without access to
compartment 2 (likelihood ratio test of objective functions,
P < 0.01). In contrast, Gd-BOPTA had a much higher
distribution to cellular compartments with k,,(B) more than
100 times higher than k,,(D). Hence, a 6-compartment model
with 8 rate constants was the simplest model that successfully
described the experimental data.

The precision of all estimates was adequate, with stan-
dard errors <10% in the 3 experiments except for k,;(B)
(standard errors <25%) and k,4(B) (standard errors <15%).
Between-experiment variability was low for all parameters
except for k,,(B) that displayed 3-fold variability. Coeffi-
cients of variation of the residual error were <0.2% and 15%
for perfusate and bile, respectively, for the 3 experiments.
Taking into account the mixed error in the liver (eq 3),
standard deviations of the residual error were <0.1 wmoles
and <0.5 umoles when amounts in the liver were 0 and 11
umoles, respectively.

As illustrated in Figure 3c, predictions in extracellular
compartment 1 were similar for Gd-DTPA and Gd-BOPTA
as postulated in the model. Steady-state was rapidly reached
and contrast agents were totally eliminated during washing.
Amount of Gd-BOPTA in cellular compartment 2 reached
steady-state more slowly than in compartment 1 and was
completely eliminated during washing. In contrast, the
amount in cellular compartment 6 continuously increased
during Gd-BOPTA perfusion and slowly decreased during
washing, without returning to baseline level over the 90-
minute observation period.

MRI Data

During Gd-DTPA perfusion, signal intensity in the
liver increased toward steady-state (0.3—0.8 over baseline)
and rapidly returned to baseline value during the washout
period (Fig. 4). The signal intensity was much higher when
livers were perfused with Gd-BOPTA (1.7-3.3). In contrast
to Gd-DTPA perfusion, the signal intensity did not return to
baseline value during the washout period.

The complete 6-compartment model with 8 rate con-
stants developed for the radioactivity data was not compatible

TABLE 1.

Rate Constants Estimated From Fitting Radioactivity and MRI Data With the 6-Compartment Model

Ks; (D and B) Kk,; (D and B) ky2(D) k>(B) k,,(B) K,6(B) Kk,4(B) Ks4(B) ASAT;,
(min~") (min~") (min~") (min~") (min~") (min™") (min~") (min~')  (pmmoles)
Radioactivity data
Complete model
Exp 1 1.5 10.0 0.005 0.8 0.11 0.09 0.12 0.043 —
Exp 2 1.7 9.3 0.009 1.1 0.28 0.14 0.07 0.043 —
Exp 3 1.8 10.1 0.006 0.8 0.09 0.12 0.09 0.040 —
Mean *= SD 1.7+0.2 9804 0.007 0002 09*=0.1 0.16=*0.10 0.11 =0.02 0.09 =0.02 0.042 = 0.001 —
Reduced model
Exp 1 1.6 9.4 — 0.55 — 0.007 0.09 — —
Exp 2 24 8.5 — 0.54 — 0.008 0.09 — —
Exp 3 1.6 9.3 — 0.57 — 0.007 0.07 — —
Mean *= SD 1.8 =04 9.1+0.5 — 0.55 = 0.01 — 0.007 = 0.001 0.08 + 0.01 — —
MRI data
Reduced model
Exp 4 1.1 10.0 — 0.4 — 0.007 0.08 — 11
Exp 5 0.7 9.6 — 0.5 — 0.002 0.05 — 9
Exp 6 2.5 10.9 — 2.5 — 0.002 0.10 — 17
Exp 7 1.3 10.6 — 0.9 — 0.003 0.08 — 14
Mean = SD 1.4 +0.7 103 = 0.6 — 1.1+1.0 — 0.004 = 0.002 0.08 = 0.02 — 13x3

D refers to Gd-DTPA and B to Gd-BOPTA. Gd-DTPA and Gd-BOPTA shared the same access to the system and extracellular space; therefore, ks, and k,; were considered
identical. Gd-DTPA was allowed to enter into the cellular compartment 2 with a rate constant k,, that differed from Gd-BOPTA.
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FIGURE 4. MR signal intensity (arbitrary unit) in liver during
the perfusion of 500 uM Gd-DTPA (30 minutes), KHB solu-
tion (15 minutes), 500 uM Gd-BOPTA (30 minutes), and
KHB (30 minutes). Experiments in 4 different livers are illus-
trated (exp 4 to exp 7). Background signal was subtracted
from the data.

with MRI data, as expected from the absence of perfusate and
bile data in these experiments. ks;(D and B), k;5(D and B),
k;,(B), ky4(B), and k,4(B) were fully identifiable contrary to
k,;(B), k¢s(B) and k,,(D) which were thus set to 0 (Table 1).
It was not possible to determine the proportionality constant
g relating signal intensity to amount from MRI data. Thus, g
was calculated a priori for each experiment according to
equation 5, considering signal intensity over baseline at
Gd-DTPA steady-state, amount in extracellular liver volume
being estimated from average extracellular volume (25%
of total liver volume, ie, 3 mL) and concentration perfused
(500 uM).

Gd-DTPA  KHB __ Gd-BOPTA | KHB

saturation —y,

+ observed liver

signal intensity
W

— predicted liver

0 20 40 60 80 100 120
time [min]
FIGURE 5. Observed and model-predicted MR signal inten-
sity (arbitrary unit) in liver during the perfusion of Gd-DTPA
and Gd-BOPTA. Model that included a saturation term in
the equation relating signal intensity to amount of contrast
agent (eq 6) adequately fitted the experimental data, in con-
trast to the same model that considered a linear relationship
between signal intensity and amount of contrast agent (eq
5). For clarity, the result of a single experiment (exp 7) is
shown but the other experiments performed similarly.
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As seen in Figure 5, the data were successfully de-
scribed when signal saturation was considered (eq 6) but not
when considering a linear relationship between signal inten-
sity and amount of contrast agent (eq 5). The precision of the
parameter estimates was adequate, with standard errors
<10% for all parameters in the 4 experiments. Between-
experiment variability was large for all parameters except for
k;5(D and B). Residual error on signal intensity was <4%.

The reduced model estimated similar rate constants
from MRI data than the complete model from radioactivity
data, except for k,4(B) that was about 25 times lower in the
MRI experiments. The model predicted Gd-BOPTA amounts
in bile (18—40 umoles) close to those obtained with radio-
activity experiments (18—22 umoles), except for experiment
6 in which bile amount was most likely overestimated (105
pmoles). The parameters obtained from experiment 6 were
unexpectedly different from the 3 others (Fig. 4).

Validation of the Reduced Model With
Radioactivity Data

As a validation exercise, the reduced model developed
for MRI data was applied retrospectively to the radioactivity
data of the liver, while ignoring bile and perfusate data. The
model successfully described the liver data as indicated by
the absence of any significant bias in the residuals (Fig. 3d).
Estimated rate constants are summarized in Table 1. The
precision of estimates was adequate, with standard errors
<10% for all parameters. Between-experiment variability
was low for all parameters. Standard deviations of the resid-
ual error were <0.1 wmoles and <0.6 wmoles when amounts
in the liver were 0 and 11 umoles, respectively.

Validation through parameters proceeded by compari-
son of estimates from the reduced and complete models. The
reduced model provided similar rate constants as the com-
plete model except for k;,(B) that was about 40% lower and
k,¢(B) that was about 15 times lower in the reduced model.
The estimated rate constants were largely similar to those
obtained from fitting the MRI data with the same reduced
model (Table 1). The difference between the complete and
reduced models was reflected by different kinetic profiles of
compartments 2 and 6 (Fig. 3¢ and d). After 30-minute
perfusion with Gd-BOPTA, predicted amounts of contrast
agent in the extracellular (compartment 1) and cellular (com-
partments 2 + 6) spaces were similar in the 2 models (13%
and 87% respectively). However, the distribution between
compartments 2 and 6 changed, from 31% and 56% respec-
tively in the complete model, to 77% and 10% in the reduced
model.

Validation through predictions considered predicted
amounts of contrast agent in bile and perfusate with respect to
experimental data from radioactivity experiments. The model
allowed good prediction of Gd-BOPTA amount in bile and
perfusate (Fig. 3d). Gd-BOPTA amount in bile was slightly
overestimated (mean prediction error for the 3 preparations:
—1.8 wmoles) whereas Gd-BOPTA amount in perfusate was
slightly underestimated (mean prediction error for the 3
preparations: +1.7 umoles). These prediction errors were
nevertheless small relative to total amount (<17% and 0.4%
for bile and perfusate, respectively).
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DISCUSSION

Qualitative differences in the behaviors of Gd-DTPA
and Gd-BOPTA in the rat liver were observed with both
radioactivity detection and MRI. The radioactivity and the
signal intensity in the liver rapidly increased toward steady-
state during perfusion of Gd-DTPA and returned to baseline
during perfusion with KHB, showing extracellular distribu-
tion and subsequent complete elimination of the contrast
agent. In contrast, the amount of contrast agent and the signal
intensity continuously increased during the 30-minute perfu-
sion of Gd-BOPTA indicating that, in addition to its extra-
cellular distribution, Gd-BOPTA entered into hepatocytes. Its
hepatic elimination was slow and incomplete over the ob-
served washing period. Radioactivity experiments showed
that no Gd-DTPA was extracted by the liver, in contrast to
Gd-BOPTA that had a 5% extraction. The difference with
the 50% excretion observed in vivo®'? is due to the absence
of recirculation in the single-pass perfused livers as perfor-
med here.

We developed a pharmacokinetic model to analyze MR
signal intensity as a function of time and quantify Gd-
BOPTA transport in the liver, through physiologically rele-
vant parameters reflecting bile excretion and potential bi-
directional transport through transporters of the sinusoidal
membrane. We first modeled together extracellular and hepa-
tobiliary contrast agents and analyzed MR signal intensity as
well as radioactivity measurements that included bile and
perfusate amounts not available with MRI. Then, because
model parameters are to be unambiguously and precisely
estimated, a reduced form of the model was used for the MR
signal, the performance of which was being investigated with
respect to the complete model. A third aspect was the con-
sideration of the relationship between the MR signal intensity
and the contrast agent amounts. Signal in a region of interest
was modeled as a sum of contributions from extracellular and
hepatocyte-associated compartments, while taking into ac-
count background signal and possible signal saturation with
increasing amounts of contrast agent in the liver.

A 6-compartment model with 8 rate constants was the
simplest model that successfully described radioactivity data.
Low standard errors of parameter estimates indicated that the
model was fully identified from the experimental data. For
Gd-DTPA the best fit was obtained with unidirectional ex-
change from the extracellular compartment toward a com-
partment postulated to reflect liver cells. However, the cor-
responding rate constant was more than 100 times lower than
for Gd-BOPTA, suggesting a low level of cell trapping or
tissue binding. A similar low trapping level was observed
with isolated hepatocytes in suspension®! and in a hollow-
fiber bioreactor.”® In contrast, a high amount of Gd-BOPTA
distributed into hepatocytes with reverse transfer supposed to
reflect Gd-BOPTA efflux through the sinusoidal membrane
back to the perfusate, consistent with a bidirectional transport
through Oatps*** or with the efflux of Gd-BOPTA through
Mrp3 or Mrp4®* since Gd-BOPTA is a Mrp substrate.'"!?
From a first intracellular compartment (compartment 2), Gd-
BOPTA was excreted into bile and transferred to a secondary
hepatocyte-associated compartment (compartment 6). No re-
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verse transfer was observed during the time course of the
experiment. The fit significantly improved with the addition
of this compartment. Although the perfusion of Gd-DTPA
before Gd-BOPTA allows discrimination of the extracellular
and intracellular volumes of the liver, the biologic relevance
of the secondary cellular compartment is more difficult to
interpret. Compartment 6 may only be mathematically dis-
tinct from compartment 2 or may have biologic relevance, eg,
reflecting Gd-BOPTA trapping inside hepatocytes or Gd-
BOPTA presence in bile canaliculi or both phenomena.
Intracellular trapping could be explained by Gd-BOPTA
binding to intracellular structures or by Gd-BOPTA changes
in conformation in some specific cellular space that delay
Gd-BOPTA biliary excretion. The biologic relevance of this
compartment 6 will be improved by the use of the pharma-
cokinetic model in different experimental conditions, such as
competition/inhibition studies. Nevertheless, such an addi-
tional cell-associated compartment has been described in the
literature regarding pharmacokinetic modeling in the isolated
perfused rat liver. Geng et al*>> described an additional “deep
pool” within the hepatocyte reflecting the fact that bromosul-
fophthalein-glutathione distributed in 2 separate spaces in the
hepatocyte. Proost et al*® raised different hypotheses for an
additional “liver storage” compartment of dibromosulfophta-
lein, such as binding to cytosolic proteins, uptake into mito-
chondria or transport vesicles.

In the absence of perfusate and bile data, a reduced
number of rate constants were identifiable from MR signal
intensity of the liver, leading to a reduced form of the model.
However, estimated rate constants were largely similar to the
ones obtained from the complete model and radioactivity
data. The amount of Gd-BOPTA remaining after the washing
period was similarly localized in the “trapping” compartment.
Predictions of contrast agent amounts in perfusate and bile
were consistent with the radioactivity experiments. For vali-
dation, the performance of the reduced model was tested with
the radioactivity data of the liver, ignoring bile and perfusate
data. The reduced model successfully fitted the radioactivity
data of the liver, it provided largely similar parameter esti-
mates as the complete model and allowed prediction of
contrast agent amounts in perfusate and bile (prediction errors
<20%). Nevertheless, there was a larger interexperiment
variability of raw data (Fig. 4) and pharmacokinetic param-
eters with MR than with radioactivity. This poor reproduc-
ibility of MRI data has already been identified as a real
difficulty when performing pharmacokinetic modeling.®”>°

Converting signal intensity to contrast agent amount or
concentration is not obvious and has been explored by nu-
merous groups.”>*** For instance, Gd-DTPA and Gd-
BOPTA have similar relaxivities in protein-free buffer, but
Gd-BOPTA has a higher relaxivity in protein-containing
solutions than Gd-DTPA.***' Hence, the relaxivity in the
liver extracellular fluid, and in the hepatocyte spaces may be
different. In the present study however, a single proportion-
ality constant relating signal intensity to contrast agent
amount in liver compartments was compatible with mean
signal intensity in a region of interest, as previously de-
scribed.?® Thus, MRI may not be able to define the inner
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compartment of the liver. In addition, parallel analysis of
MRI and radioactivity data supported a signal saturation at
high contrast agent concentration rather than a saturation of
Gd-BOPTA transport, the radioactivity data being compatible
with linear processes. We used a FAST sequence because it
has a high signal intensity sensitivity for the low contrast
agent concentrations used in this study.**** However, with
this sequence, the range of contrast agent amount along
which the signal intensity linearly increases is short and
signal intensity rapidly saturates. This is the reason why an
equation of saturation was integrated in the model.

In conclusion, we developed a compartmental pharma-
cokinetic model that successfully described the MR signal
intensity recorded over time during perfusion of Gd-BOPTA
and quantified the transport of Gd-BOPTA in rat liver. Per-
fusion of Gd-DTPA prior to Gd-BOPTA allowed distinction
of the extracellular and intracellular components. By analyz-
ing similar experiments performed with radiolabeled contrast
agents and radioactivity measurements in liver, bile and
perfusate we strengthen the physiological relevance of the
pharmacokinetic model and provide quantification of Gd-
BOPTA uptake and prediction of biliary excretion. The
proposed model is also expected to provide useful informa-
tion on the modification of the overall Gd-BOPTA transport
that can occur in pathologic conditions.
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