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Evaluation of Gd-EOB-DTPA Uptake in a Perfused
and Isolated Mouse Liver Model

Correlation Between Magnetic Resonance Imaging
and Monochromatic Quantitative Computed Tomography

Jérôme Segers, PhD,* Géraldine Le Duc, PhD,† Catherine Laumonier, PhD,*
Irène Troprès, PhD,†‡ Luce Vander Elst, PhD,* and Robert N. Muller, PhD*

Objectives: The aim of this work was to quantitatively evaluate the
pharmacokinetic pattern of Gd-EOB-DTPA in a model of isolated
and perfused mouse liver by using magnetic resonance imaging
(MRI) and monochromatic quantitative computed tomography
(MQCT).
Materials and Methods: For MQCT, perfusions were realized with
the gallbladder spared; for MRI, with gallbladder spared, severed, or
clamped. Inductively coupled plasma (ICP) was performed at the
end of the imaging protocols.
Results: MQCT, MRI, and ICP showed that perfused mice livers
with spared gallbladder can be divided in 2 groups depending on
their uptake profile of the contrast agent. Livers with severed
gallbladders behave as the group internalizing more contrast agent,
whereas Gd-EOB-DTPA uptake looks impaired in the case of a
clamped gallbladder.
Conclusions: For the first time, MQCT and MRI have been per-
formed in parallel to investigate the same physiological problem.
The existence of 2 liver groups seems to be the result of some
instability of the protocol likely to be related to surgery.
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Gd-EOB-DTPA (Primovist, Schering AG, Berlin, Ger-
many) is a paramagnetic complex designed as a hepa-

totropic magnetic resonance imaging (MRI) contrast agent
(CA) excreted by the biliary route. Its synthesis and
physicochemical characterization have been extensively
described.1–3 Gd-EOB-DTPA enters into the hepatocytes
through the organic anion transporter (OATP) system
located on the membrane, which is involved in the hepa-
tocellular uptake of bilirubin. Once inside the hepatocytes,
Gd-EOB-DTPA is transported through the cell in a non-
metabolized form to the bile canaliculi by the glutathione-
S-transferase transporter.4 – 6 Gd-EOB-DTPA has proved to
be useful to evaluate liver functions and dysfunctions such as
hepatitis, as well as to evidence both liver metastasis and
hepatocellular carcinoma.7–14 The possibility to detect tumors
within the liver is increased because undifferentiated neoplas-
tic cells, which lack anion-transport and phagocytic func-
tions, cannot extract Gd-EOB-DTPA from the blood.9,10 In
the case of hepatitis, the level of liver enhancement is de-
creased and the washout phase is prolonged.12

Contrast-enhanced MRI is recognized as a powerful
tool for the assessment of functional parameters. However,
the quantitative interpretation of the CA effect on image
intensity is not straightforward because the MR signal is a
complex function of CA characteristics (eg, in situ relaxivi-
ties, magnetic susceptibility, concentration, biodistribution)
as well as of experimental parameters (eg, magnetic field,
echo time, repetition time).5 MRI CAs contribute to both T1

and T2 relaxation processes and can thus induce opposite
effects on the contrast. For these reasons, CA concentration is
difficult to obtain from image intensity measurements. There-
fore, quantitative evaluation of gadolinium-based systems is
usually carried out by inductively coupled plasma atomic
emission spectrometry (ICP-AES) or high-performance liq-
uid chromatography (HPLC) at the expense of spatial reso-
lution, real-time follow up, and a large number of animals. In
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computed x-ray tomography (CT) as well as in micro-CT, the
direct relationship between the Hounsfield units (HU) and the
local concentration of the agent is a great advantage. Never-
theless, high accuracy measurements are not achievable as a
result of the relatively low concentration of gadolinium and
the broad energy spectrum of x-ray tubes that induce beam-
hardening effects and also scattered radiation. In the partic-
ular case of micro-CT, a high spatial resolution is possible at
the expense of temporal resolution. Among CT methods,
an alternative technique called monochromatic quantitative
computed tomography (MQCT)15,16 has recently been imple-
mented and highlighted as a complementary tool to other
imaging techniques in the field of preclinical research.17–20

As a result of the monochromaticity of the synchrotron beam,
this technique allows for nondestructive, real-time, and ab-
solute quantitative in vivo measurements of Gd concentration
with a fair spatial resolution of 350 �m.19,21

The aim of this study was to evaluate the pharmacoki-
netic pattern of Gd-EOB-DTPA in a model of isolated and
perfused mouse livers by both the MRI and MQCT tech-
niques and to cross-correlate the results.

MATERIALS AND METHODS
Perfusion Protocol

Three protocols of liver perfusion were carried out: the
gallbladder was spared, severed, or clamped. Severing and
clamping were performed once the liver was perfused and
isolated. The perfusion protocol was adapted to mice from a
protocol previously established on rats.22–26 Hepatic perfu-
sion consists of the administration to the liver of a blood-
substituting solution, maintained at body temperature in
water-jacketed chambers and delivered through a thermo-
stated umbilical line at constant flow, sufficient to provide
correct nutrition and oxygenation to the tissue. The perfusion
medium was a phosphate-free Krebs-Henseleit (KH) solution
buffered with bicarbonate and containing (in mM) NaCl
(118.0), KCl (4.7), CaCl2 (3.0), MgSO4 (1.2), Na2EDTA
(0.5), NaHCO3 (25.0), and D-Glucose (5.5) (Sigma-Aldrich,
Bornem, Belgium). The perfusion buffer was saturated by
carbogene (O2: 95%, CO2: 5%), providing optimum oxygen-
ation and ensuring a constant pH value at 7.40 by formation
of a bicarbonate buffer system. The perfusion buffer solution
entered the liver by the portal vein and was ejected by the
severed sus-hepatic vein. A peristaltic pump (7521-10; Cole-
Parmer Instruments, Chicago, IL) was used for this purpose
supplied with 2 heads equipped with Masterflex tubes (Cole-
Parmer Instruments). One head provides the perfusate to the
liver at the chosen flow rate while the other recovers it at
twice the flow rate.

Mice (males Balb/cByJIco, 5–6 weeks old, Charles
River, L’Arbresle, France, for MQCT and B&K Universal
Limited Hull, U.K., for MRI) were anesthetized by an intra-

peritoneal injection of 50 mg/kg sodium pentobarbital (Nem-
butal; CEVA, Brussels, Belgium). A median laparotomy was
performed to expose the organs. Intestines and stomach were
moved to the right side and hepatic lobes were delicately
moved over the animal’s thorax to allow access to the portal
vein. A loose ligature carried out with surgical thread
(Ethilon 5-0; Johnson & Johnson Intl., Brussels, Belgium)
was then prepared around the portal vein downstream from
the collateral vein near the hilum. Heparin (125 UI; Leo
Pharmaceutical Products, Zaventem, Belgium) was injected
in the inferior vena cava to avoid formation of intrahepatic
microthrombi. One minute later, a 24-G catheter (Angiocath
0.7 � 19 mm; Becton-Dickinson, France) was inserted in the
portal vein and the ligature was immediately tightened. At
this moment, the perfusion flow was set to 14 mL/min to
gently eject blood from the hepatic sinusoids. Special care
was taken to avoid entry of air bubbles in the liver. The vena
cava was immediately severed to avoid increase of blood
pressure in the organ, and the liver was delicately excised and
transferred into the perfusion tube. To compensate for the
lack of hemoglobin in the perfusion solution, perfusion flow
was brought to 28 mL/min once the preparation was finished.
At this moment, the liver was introduced in a 25-mm o.d.
tube. Livers were perfused for 1 hour, with the first 30
minutes in a recirculating mode followed by 30 minutes in a
nonrecirculating mode as a rinsing step for elimination of the
contrast agent from the perfusion circuit. All operative pro-
cedures related to animal care strictly conformed to the
Guidelines of the French Government (licenses A 38 185 10
02 and 38 03 24) and fulfilled the requirements of the
Committee of Ethics of our institutions.

Contrast Agent Protocol
Gd-EOB-DTPA (250 mM, ie, 39.25 g Gd/L, Primovist;

Schering AG, Berlin, Germany) was used as hepatotropic
contrast agent. The r1 relaxivity values of Gd-EOB-DTPA at
0.47 T (20 MHz) are 8.7 mM�1 � s�1 in plasma and 16.6
mM�1 � s�1 in rat liver tissue at 37°C.8

The 250 mM Gd-EOB-DTPA solution was directly
administered through the 120-mL perfusion medium as fol-
lows: 125 and 250 �L for MQCT experiments (final concen-
trations of 0.26 and 0.52 mM of perfusion medium) and 250
�L for MRI experiments (final concentration of 0.52 mM of
perfusion medium).

Monochromatic Quantitative Computed
Tomography Setup

A detailed description of the synchrotron instrumenta-
tion at the Biomedical Beamline of the ESRF (European
Synchrotron Radiation Facility, Grenoble, France) was pub-
lished in 1999.19 Briefly, an electron beam is produced by
a linear accelerator followed by a synchrotron booster and
injected in a storage ring operated at 6 GeV and 200 mA.
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A 21-pole wiggler (high magnetic field insertion device) with
a maximum magnetic field of 1.4 T is used to enhance the
x-ray beam intensity and the spectral range. The x-ray flux
delivered by the ESRF ring exceeds the flux from a tungsten-
anode x-ray tube by 5 orders of magnitude. This high inten-
sity, associated with the tunability of the source, allows
monochromatic beams to be generated in a wide range of
energy. For the present experiment, the monochromator used
a single bent Laue silicon crystal. Two monochromatic beams
of 200-eV bandwidth and separated by 200 eV were created
by a lead splitter. These beams (one above and one below the
K edge) were deflected upward at a mean angle of 4.51° at
50.239 keV (Gd K-edge value) according to Bragg’s law.
They crossed at the center of the sample, after which they
diverged and were recorded simultaneously on the dual line
of the detector. The fan-shaped x-ray beam was 0.8 mm high
and 120 mm wide. The attenuation profiles were measured
with a cryogenically cooled, high-purity germanium detector
made with 2 rows of 432 pixels of 0.35-mm width each and
working in integration mode (Eurisys Mesure, Lingolsheim,
France). The 2 lines allowed simultaneous measuring x-ray
transmission of the sample at both energies. The digitized
electronics provide a very large dynamic range. Two trans-
lation motors (horizontal and vertical, respectively) were
used to preposition the sample and for multislice imaging.
The acquisition was performed during a 360° rotation of the
sample around the axis perpendicular to the beam. The time
necessary to acquire the data corresponding to one slice (ie, to
record 1440 projections) was approximately 24 seconds.
Each perfused liver was inserted in a vertical Plexiglas tube,
fixed on the motor unit, and then positioned at the beam-
crossing point. Tubes filled with Gd-EOB-DTPA water solu-
tions were taped and used as a reference for quantitative
measurement during each beam time period. In chronologic
order, for each experimental run, the solutions contained,
respectively, 1.26 mg/mL (8 mM), 0.31 mg/mL (2 mM), and
0.47 mg/mL (3 mM) of Gd.

MQCT experiments were performed with a dual-energy
subtraction technique. This technique uses the sharp rise in
the photoelectric component of the attenuation coefficient of
Gd at the binding energy of the K electron (K-edge value �
50.239 keV, ��/� � 14.73 cm2/g). Two images obtained
with monochromatic x-ray beams are simultaneously ac-
quired, just below and above the K-edge of the contrast agent.
The attenuation coefficient of Gd drastically increases when
the absorption edge at 50.239 KeV is crossed, whereas the
attenuation coefficients of cortical bone and brain tissue are
comparatively not affected. The logarithmically subtracted
image is derived from 2 cross-sectional images calculated
(after correction for the nonuniform intensity distribution)
from the numerous projections measured at small angular
intervals. This is done thanks to a filtered backprojection
algorithm running under an IDL (Interactive Data Language;

RSI, Paris, France) software called the SNARK89 filtered
backprojection algorithm.27 The intensity scale of the sub-
traction image is proportional to the absorption as a result of
Gd-labeled contrast agent16 as explained below:

��ln(I/I0)� � ln(Ib/I0) � ln(Ia/I0) �

�(�/�)a � (�/�)b� �Gd�XGd � �(�/�) �Gd�XGd (1)

where I0 is the beam intensity before the sample, I is the beam
intensity after the sample (with Ib and Ia, respectively, below
and above the K edge), (�/�) is the mass absorption coeffi-
cient at a given energy (in cm2/g) (with (�/�)b and (�/�)a,
respectively, below and above the K edge), �Gd the density
(in g/mL), and XGd the thickness (in cm) of traversed con-
trast agent.

The absolute concentration of Gd (g Gd/mL) is calcu-
lated by dividing the logarithmic difference in intensity value
of ��ln(I/I0)� by the known step of the mass absorption
coefficient at the K edge (�(�/�) � 14.73 cm2/g) because the
XGd disappears in the integration procedure of the filtered
backprojection algorithm. Therefore, subtracted images are
Gd concentration maps. Such a concept has already been
applied with success in clinical intravenous coronarogra-
phy.28 On the other hand, preclinical tomography experi-
ments using dedicated software allowed the measurement of
the absolute tissular concentration of the contrast agent from
regions of interest (ROI) selected in the images. Using Gd
phantoms, the minimal concentration detectable with the
K-edge approach was estimated to be approximately 81
�g/mL of Gd.

Magnetic Resonance Imaging
Images were acquired on a 4.7-Tesla Avance 200

system (Bruker, Karlsruhe, Germany) equipped with a verti-
cal magnet. T1-weighted spin-echo sequences were used
(NS � 3, slice thickness � 2.5 mm, interslice thickness �
4.2 mm, field of view �FOV� � 5 cm, matrix 256 � 256,
TR � 300 ms, TE � 12 ms, NA � 2, total imaging time �
2 minutes 36 seconds). The spatial resolution was 0.2 mm.
Livers, introduced in a 25-mm o.d. tube, were positioned at
the isocenter of the magnet in a birdcage radiofrequency
resonator. A tube containing 2 mM Gd-EOB-DTPA in aque-
ous gel (4% agar gel) was used as a reference for quantitative
measurement. Before the administration of Gd-EOB-DTPA,
fine-tuning and shimming of the field were performed on the
proton-free induction decay of the sample. These settings
remained unchanged for the rest of the experiment.

Imaging Protocols
MQCT: After acquisition of the precontrast image, the

250 mM Primovist solution was administered through the 120
mL perfusion medium at 2 different doses: 0.26 mM (n � 3)
and 0.52 mM (n � 5). Images were then collected every
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minute during a 5-minute period and every 5 minutes during
the subsequent 25-minute period. The rinsing period with
open circuit began immediately after the acquisition of the
last image in the recirculating mode and washout images
were collected every 5 minutes during the remaining 30
minutes of the protocol.

MRI: MRI experiments were performed in the optimal
case obtained in MQCT, ie, 0.52 mM of Gd-EOB-DTPA.
Note that the protocols of severed and clamped gallbladder
were carried out as a result of the findings with the spared
gallbladder. After acquisition of the precontrast image, the
Primovist solution was administered through the perfusion
medium (n � 10 livers for control perfusion, n � 4 for
perfusion with severed gallbladder, and n � 5 for clamped
gallbladder). Eight images were collected in the recirculating
mode (at 2, 5, 8, 11, 15, 20, 25, and 30 minutes). The open
circuit rinsing period began after the acquisition of the last
image in recirculating mode and 6 images were collected
every 5 minutes during the 30-minute rinsing period. These
times correspond to the mean of the data acquisition period
and are those reported in the graphs.

T1 and T2 Measurements
The same imaging system was used to estimate T1 and

T2 values of the liver tissue after Gd-EOB-DTPA adminis-
tration (n � 4). T1 was estimated at 4.7 T (200 MHz) using
an inversion-recovery sequence. Sequence parameters were
TR � 2500 and 1500 ms, respectively, for precontrast and
final images, TE � 7.1 ms, FOV � 5 cm, slice thickness �
1.5 mm, and matrix 64 � 64. For the precontrast image, TI
ranged between 12.5 and 1500 ms and for the final image
from 12.5 to 500 ms. T1 was obtained by fitting with the
following equation:

St � S0 �1 � �1 � cos��e
�

TI

T1� (2)

where St and S0 are the signal intensities measured at a given
inversion time (TI) and after 5 T1, respectively, and � is the
flip angle.

T2 was estimated through a spin-echo sequence (TR �
1000 ms, TE � 6.7 ms, NE � 24, FOV � 5 cm, slice
thickness � 1.5 mm, matrix 64 � 64) and the following
formula:

St � S0�e
�

TE

T2� (3)

Inductively Coupled Plasma Measurements
At the end of the MRI experiments, excised and

perfused livers with spared gallbladder (n � 8), with
severed gallbladder (n � 4), and with clamped gallbladder
(n � 1) were dehydrated at 60°C in an incubator for 24 hours.

The samples were digested and mineralized in a 3:1 vol/vol
mixture of nitric acid (65%; Merck, Darmstadt, Germany)/
hydrogen peroxide (30% in water; Janssen Clinica, Beerse,
Belgium) by microwave treatment (Milestone; Analis,
Namur, Belgium). Gd content was then determined by induc-
tively coupled plasma atomic emission spectrometry (ICP-
AES) (Jobin Yvon JY70	, Longjumeau, France). The same
procedure was followed for the determination of Gd-EOB-
DTPA concentrations in the livers used for the relaxivity
measurements (n � 4).

Data Analysis
For both imaging techniques, image analyses were

performed using circular regions of interest (ROIs) of approx-
imately 0.25 cm2 drawn in the liver, in the reference as well
as in the perfusion medium, and carried over along all images
of a given liver.

In the case of MRI, the signal was expressed as follows:

RE �

Ii

Iref,i

�
I0

Iref,0

I0

Iref,0

� 100 (4)

where RE is the relative enhancement expressed as a percent-
age, I0 and Iref,0 are, respectively, the image intensities mea-
sured in the liver and in the reference before CA administra-
tion, and Ii and Iref,i are, respectively, the signal intensities in
the liver and in the reference after CA administration.

MQCT images directly reflect the Gd concentration
expressed in mg Gd/mL, as explained in the MQCT section
(see previously).

Statistics
Data are given as the mean 
 standard error of mean

(SEM). The comparison between groups was performed with
the paired t test and was considered to be significant at P �
0.05 and highly significant at P � 0.01.

RESULTS

Reference Samples
For MQCT, the concentrations obtained for the refer-

ence tubes were checked to be close to nominal values for
each beam time period and during the whole duration of the
experiment (1.34 
 0.03 instead of 1.26 mg/mL �8 mM�;
0.30 
 0.01 instead of 0.31 mg/mL �2 mM�; 0.53 
 0.01
instead of 0.47 mg/mL �3 mM�). The ICP measurement gave
a concentration equal to 7.71 mM (1.21 mg/mL) of Gd for the
most concentrated reference.

For MRI, the signal intensity of the 2 mM Gd reference
taped outside the perfusion tube was stable from mice to
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mice, and small individual variations were taken into account
in the RE calculation (see “Data Analysis” section).

Monochromatic Quantitative Computed
Tomography

As expected, livers were not visible in the absence of
contrast agent (control period) but became distinguishable
at concentrations of 0.26 (not shown) and 0.52 mM after
10 minutes of perfusion (Fig. 1). It clearly appears that
liver intensity increases during the contrast agent accumu-
lation, reaches a plateau, and slightly decreases during the
rinsing period.

Figure 2 highlights the quantitative results obtained
after image analysis. At the highest dose (0.52 mM), 2 groups
of mice are distinguishable toward the accumulation kinetic
curve of Gd-EOB-DTPA. Although expected, it is worth
mentioning that the curve obtained at the lowest dose exhibits
the smallest evolution.

At both doses, the kinetic curves of Gd-EOB-DTPA
show the same characteristics and are divided into 2 distinct
phases: an uptake phase followed by the clearance of the
contrast agent. After a few minutes of an initial stationary
phase in which contrast agent administration had no effect on
images, a significant contrast uptake appeared characterized
by a slope depending on the contrast agent concentration.
Elimination of the CA started 35 minutes after the beginning
of the experiment (5 minutes after the rinsing) as a plateau
followed by the decrease of CA concentration in the liver. It
has to be mentioned that because of the dead volume of the
perfusion line and the flow defined by the peristaltic pump,
evolution of the contrast appears shifted as compared with the
times of administration and washout of the contrast agent.

MRI: Perfusion With Gallbladder Spared (Same
Protocol as Monochromatic Quantitative
Computed Tomography)

Contrary to the situation encountered in MQCT, livers
are always visible in MRI even without contrast agent

(Fig. 3). The signal intensity of the liver (Fig. 4) increased
drastically 5 minutes after contrast administration and started
to decrease 10 minutes later. It continued decreasing for 10
minutes after the onset of the rinsing period and then in-
creased again.

As seen in MQCT, 2 clear trends were also observed in
MRI with regard to the accumulation and elimination of
Gd-EOB-DTPA by the excised and perfused mouse liver in
the case of spared gallbladder (in Fig. 4, respectively, group
1 � Œ and group 2 � �). The first group exhibited a larger
contrast evolution than the second one, in which signal
intensities decrease later and less rapidly. Although quanti-
tatively different, these 2 behaviors have a similar signature
characterized by 3 distinct phases. The first phase is a signif-
icant contrast uptake, apparently at the same rate for the 2
groups. The increase of signal intensity is caused by a T1

effect resulting from the accumulation of the CA. Maximal
signal intensity was slightly higher in the second group than
in the first one. The subsequent phase takes place from the
eighth to the 40th minute of perfusion. It is characterized by
a decrease of intensity, slower in the second group than in the
first one. This decrease of signal intensity is caused by the
well-known T2 effect resulting from a too high concentration
of CA accumulated by the liver. Finally, the clearance of the
contrast agent is characterized by a restoring of the signal
intensity; this is the return to a T1 effect resulting from the
progressive elimination of Gd-EOB-DTPA.

FIGURE 1. Monochromatic quantitative computed tomogra-
phy kinetic study of a representative mouse liver perfused at a
concentration of 0.52 mM. The white circular area is the 1.26
mg/mL (8 mM) Gd-EOB-DTPA reference solution. Circular
artifacts observed in the pictures do not interfere with the
signal evolution of the chosen region of interest.

FIGURE 2. Curves representing the average of each group.
The 2 groups of livers perfused with 0.52 mM of contrast
agent are represented with Œ (n � 2) and with � (n � 3),
whereas livers perfused with 0.26 mM are represented with
• (n � 3). �, statistically significant with regard to the other
groups; ��, highly significant with regard to the other
groups.
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As mentioned in the MQCT section, the evolution of
the contrast is also shifted here with respect to the timing of
the perfusion sequence.

MRI: Liver Perfusion With Gallbladder Severed
and Clamped

Two complementary experiments were performed with
MRI to understand the behaviors described here. In these
experiments, the gallbladder was severed or clamped at the
end of the surgery protocol.

Figure 4 shows the average kinetic curves of Gd-EOB-
DTPA in all livers investigated by MRI, ie, livers of the 2
groups described previously and those with severed and
clamped gallbladder. Livers with severed gallbladder follow
the same behavior as livers of the first group, namely an
earlier and more rapid decrease of signal intensity as com-
pared with the second group.

By comparison, a lower increase of signal intensity
shows that contrast agent accumulation is impaired in livers
with clamped gallbladder. The final signal intensity in these
livers returned to values close to those for the spared and
severed gallbladder groups.

The characteristics of the clamped gallbladder group
kinetic curve were different from those of the 3 other groups.
After the same initial stationary phase, signal intensity in-
creased to reach a maximum after 15 minutes of perfusion.
After this maximum, the last phase was characterized by a
slow and regular decrease of signal intensity until the end of
the experiment.

Inductively Coupled Plasma
At the end of the MRI experiments, ICP measurements

were performed to reflect the contrast agent concentration in
the last image. It confirmed the presence of 2 distinct groups

FIGURE 3. Magnetic resonance im-
aging kinetic study of a represen-
tative liver perfused with 0.52 mM
Gd-EOB-DTPA. White circular area
is the 2 mM Gd-EOB-DTPA refer-
ence solution.
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with respect to the amount of contrast agent accumulated by
hepatic cells and confirmed that the first and severed
gallbladder groups had the same behavior. Results were, in
mM Gd, 4.51 
 0.29, 9.88 
 1.39, and 9.31 
 1.69 and 0.15,
respectively, for the second group, first group, livers with sev-
ered gallbladder, and those with clamped gallbladder (Fig. 5).

These results show that contrast agent concentration
is twice as high in the first and severed gallbladder groups
than in the second group, although MRI signal intensity
remained higher in the latter than in the former. Livers
with clamped gallbladder seemed to be unable to accumu-
late Gd-EOB-DTPA.

T1 and T2 Measurements in Liver Tissue at 4.7 T
T2 decreases during the uptake of Gd-EOB-DTPA,

confirming the loss of signal during the accumulation
phase of the contrast agent. T1 values are given in Table 1.
The evolution of T1 during perfusion cannot be determined

because an image-per-inversion time must be acquired
to extrapolate T1. From T1, T2, and Gd concentration
estimated by ICP in the final image, in situ relaxivities r1

and r2 were found to be 4.05 
 0.23 and 9.43 
 1.52
seconds�1M�1L, respectively.

Knowing the transverse and longitudinal relaxation
times and the parameters of the image acquisition, intensity
can be calculated according to the following equation:

I � e
�

TE

T2�1 � e
�

TR

T1� (5)

Diamagnetic values were those measured in the pre-
contrast image. Diamagnetic R1 and R2 were considered as
constant throughout the perfusion.

Simulated curves shown that, despite the approxima-
tions and a lighter effect, 2 groups are distinguishable and
several characteristics are encountered: strong increase of the
contrast during the first minutes of the perfusion followed by
a decrease and, finally, a restoring of the initial intensity
during the rinsing period.

DISCUSSION
The experiments performed show 2 main features: 1)

the kinetic curves obtained in MQCT and MRI are different;

FIGURE 4. Relative enhancement
expressed in percentage (RE %) as a
function of time obtained on mag-
netic resonance images. The con-
trast agent concentration in the per-
fusion medium was 0.52 mM. As
shown by monochromatic quanti-
tative computed tomography, 2
behaviors appear in the case of per-
fusion with spared gallbladder. �,
statistically significant regarding the
others groups; 	, statistically signif-
icant regarding group 2; 		, highly
significant regarding group 2.

FIGURE 5. Final concentration of Gd-EOB-DTPA in livers as
estimated by inductively coupled plasma. �, statistically signif-
icant regarding the others groups, except group 1 and the
severed gallbladder group that are statistically identical.

TABLE 1. T1 (in ms) in the Precontrast Image and in the
Final Image of the Perfusion

Precontrast Final

Mouse 1 399 43
Mouse 2 275 61
Mouse 3 337 50
Mouse 4 361 43
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and 2) the behavior of livers toward the pharmacokinetics of
Gd-EOB-DTPA can be separated into 2 distinct groups.

MQCT directly and unambiguously reflects the contrast
agent concentration. As shown from the experimental data,
the CA constantly accumulates in the liver during its delivery
by the perfusion medium and is slowly eliminated during the
rinsing period. Gd-EOB-DTPA concentrations in the liver
were larger in organs perfused with the highest dose of
contrast media. From the pharmacokinetic curves, 2 distinct
behaviors clearly appear characterizing one group of livers
(group 1) that accumulates more contrast agent than the other
(group 2).

MRI and ICP quantitatively confirmed the MQCT data.
However, in MRI, the signal intensity does not directly reflect
the contrast agent concentration because of its multiparamet-
ric nature. After 10 minutes of perfusion, signal intensities
began to decrease despite the continuing delivery of the
contrast agent, a well-known paradoxic decrease resulting
from the strong T2 and T2

* effects induced by a high concen-
tration of the paramagnetic CA. As shown by ICP, the livers
that had accumulated more contrast agent were livers in
group 1, and those which had accumulated a smaller amount
of contrast agent belong to group 2. Thus, MRI curves are
inverted in comparison to MQCT curves.

Such groups do not exist in the case of rat liver
perfusion.22,23 To understand these 2 behaviors, perfusion of
liver with severed and clamped gallbladder was performed.
MRI and ICP revealed that the severed gallbladder behaved
as the group taking up the highest concentration of Gd-EOB-
DTPA and that the uptake was impaired in the case of
clamped gallbladder. Impairment of contrast agent uptake in
the clamped gallbladder arises from the fact that clamping
significantly reduces the flux from liver to gallbladder, a
process that induces inhibition of the uptake of Gd-EOB-
DTPA by the anion organic transporter, which is a canal and
thus energy-independent.

Although the reduced uptake in the group with clamped
gallbladder is significantly larger than the one observed for
the second group in the previous experiments, it can be
suggested that the difference observed in the MQCT and MRI
experiments between groups 1 and 2 results from a degrada-
tion (less drastic, however) of the physiological status of the
liver during the experiments.

The existence of the 2 distinct groups probably comes
from the perfusion protocol itself. The liver of a mouse is a
small organ. When it is in the perfusion solution, flux gen-
erated by the peristaltic pump caused movements of the liver
lobes. These motions could alter the circulation of the Krebs
solution into the vasculature of the liver by clamping several
vessels. At the same time, bile formation and excretion into
the bile are altered by the same phenomenon.

Finally, there are some limitations of the perfusion
model. These evaluations have been performed in healthy

animals and not in tumor-bearing or diseased livers. Although
Gd-EOB-DTPA has proved to be used for the evaluation of
such pathologies, the model does not take account of the
competition with endogenous bilirubin for hepatocyte uptake,
which is not present in this perfusion model. Eventually,
bilirubin is an important clinical factor that significantly alters
the pharmacokinetic behavior of an anionic-mediated agent
like EOB. Furthermore, the experiments have been performed
on a perfused organ and not in an intact animal. They implied
animal anesthesia we have performed by intraperitoneal in-
jection of Nembutal, which belongs to the pentobarbital
family. These compounds are known to alter cytochrome
P-450 metabolism profiles in the liver and may alter the
uptake and the clearance of Gd-EOB-DTPA. In fact, P-450 is
the main cytochrome for drug detoxification. Gd-EOB-DTPA
is not metabolized in the liver and so does not interact with
cytochromes. We can conclude that anesthesia with Nembu-
tal did not alter the pharmacokinetic of Gd-EOB-DTPA in
our model of isolated and perfused mouse liver.

CONCLUSION
For the first time, MQCT and MRI have been per-

formed to investigate the same pharmacokinetic problem.
MRI is an ideal technique for diagnostics,10,11 but the com-
plex relationships between the contrast agent concentration
and signal intensity makes it difficult to quantitatively follow
pharmacokinetics. Contrarily, MQCT is a nearly real-time
nondestructive and absolute procedure of quantification. ICP,
a destructive analytic method, confirmed what was observed
by MQCT. Kinetic curves in MQCT are easy to extrapolate,
because it is possible to estimate the concentration of contrast
agent, which is directly reflected by signal intensity. So the
modality of accumulation of the contrast media can be fol-
lowed in “real time.” Finally, 2 groups of livers were iden-
tified in this protocol, but the physiological causes remain
unclear. The existence of these 2 groups seems to arise from
the instability of the perfusion protocol. Therefore, the iso-
lated and perfused mouse liver model does not appear as
a favorable system to be used in protocols for the study of
the pharmacokinetics of a new contrast agent (or other drug)
by the liver.

This pilot study has confirmed the validity of both
approaches for the evaluation of the uptake of a hepatotropic
contrast agent by the isolated and perfused mouse liver.
Although less conveniently accessible, MQCT is the most
direct approach to the quantitative measurement of the con-
centration of the contrast agent. This study has additionally
demonstrated the peculiarity of the model of the isolated and
perfused mouse liver which, contrary to the equivalent protocol
carried out on rats, appears to be unstable, leading to an abnor-
mal behavior characterized by an impaired uptake function.
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