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Abstract

Objectives Changes in the expression of hepatocyte mem-
brane transporters in advanced fibrosis decrease the hepatic
transport function of organic anions. The aim of our study was
to assess if these changes can be evaluated with pharmacoki-
netic analysis of the hepatobiliary transport of the MR contrast
agent gadoxetate.

Methods Dynamic gadoxetate-enhanced MRI was performed
in 17 rats with advanced fibrosis and 8 normal rats. After
deconvolution, hepatocyte three-compartmental analysis was
performed to calculate the hepatocyte influx, biliary efflux and
sinusoidal backflux rates. The expression of Oatplal, Mrp2
and Mrp3 organic anion membrane transporters was assessed
with reverse transcription polymerase chain reaction.

Results In the rats with advanced fibrosis, the influx and
efflux rates of gadoxetate decreased and the backflux rate
increased significantly (p=0.003, 0.041 and 0.010, respec-
tively). Significant correlations were found between influx
and Oatplal expression (r=0.78, p<0.001), biliary efflux
and Mrp2 (r=0.50, p=0.016) and sinusoidal backflux and
Mrp3 (r=0.61, p=0.002).

Conclusion These results show that changes in the bidirec-
tional organic anion hepatocyte transport function in rats with
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advanced liver fibrosis can be assessed with compartmental
analysis of gadoxetate-enhanced MRI.
Key Points
* Expression of hepatocyte transporters is modified in rats
with advanced liver fibrosis.
* Kinetic parameters at gadoxetate-enhanced MRI are
correlated with hepatocyte transporter expression.
* Hepatocyte transport function can be assessed with
compartmental analysis of gadoxetate-enhanced MRI.
» Compartmental analysis of gadoxetate-enhanced MRI might
provide biomarkers in advanced liver fibrosis.

Keywords Hepatocyte transport function - Expression of
membrane transporter - Compartmental modeling -
Gadoxetate-enhanced MRI - Rat liver fibrosis

Introduction

Assessing liver function, and more particularly transport func-
tion and biliary elimination, is decisive in determining thera-
peutic effects and toxicity of drugs using this elimination path-
way [1]. Furthermore, assessment of liver function is critical
in determining the prognosis in patients with advanced chron-
ic liver diseases or undergoing extensive liver surgery [2].
Among hepatocyte transport systems, the organic anion trans-
port system allows elimination of a wide variety of endoge-
nous substances and xenobiotics [3, 4].

Organic anions pass through the sinusoidal membrane of
the hepatocytes using organic anion transporting polypeptides
(Oatplal inrats). The organic anions are excreted into the bile
through the multidrug resistance protein transporters Mrp2.
Sinusoidal backflux occurs through Mrp3 and through the
bidirectional Oatplal transporters [5, 6]. The expression of
hepatocyte membrane transporters is modified in liver
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diseases. In liver fibrosis and cirrhosis, decreases in Oatplal
and Mrp2 as well as an increase in Mrp3 expression are
observed [4].

The hepatocyte transport of organic anions can be
approached by compartmental or non-compartmental analysis
of contrast agent kinetics at 9MTe-iminodiacetic (IDA) scin-
tigraphy, [7, 8]. It has been reported that the hepatocyte influx
(k1), efflux (k3,) and backflux (k;,) rates can be assessed with
compartmental analysis at **™Tc-IDA scintigraphy [7-9].
However, this nuclear medicine method is limited by low
spatial and temporal resolution.

More recently, MRI enhanced with hepatobiliary contrast
agents has been proposed to assess liver function. These
hepatobiliary contrast agents include gadoxetic and gadobenic
acid which use similar hepatocyte membrane transporters but
differ in their hepatic uptake, which is 50 % for gadoxetic acid
and 5 % for gadobenic acid [5]. Because of its high hepatocyte
uptake, gadoxetic acid has been more extensively studied than
gadobenic acid for liver function assessment [10—15].
However, pharmacokinetic assessment with gadoxetate-
enhanced MRI has been limited to hepatocyte influx only,
without analysis of the efflux and backflux functions.

The aim of this study was to investigate the feasibility of
studying bidirectional changes in the organic anion transport
function in liver fibrosis with compartmental analysis of
gadoxetate-enhanced MRI.

Material and methods
Animal model and MRI study

All experimental procedures were approved by the animal
ethics committee of our institution. The study was carried
out on MRI data acquired in a previously reported study in
which the animal model and MRI acquisitions were described
[14]. Briefly, 8-week-old male Wistar rats (280-330 g) were
injected intraperitoneally twice a week with carbon tetrachlo-
ride (CCly, 0.1 ml/100 g diluted to 50 % in olive oil) over 8
(n=9 rats) or 12 weeks (n=last 12 rats) to induce advanced
liver fibrosis. Indeed, in the CCl4-induced rat fibrosis model,
it is known that fibrosis develops progressively with severe
bridging fibrosis (F3) after 57 weeks and cirrhosis (F4) after
8-9 weeks after administration. After 10-20 weeks,
micronodular cirrhosis, portal hypertension and ascites appear
progressively. Timing for those lesions will largely vary de-
pending on species, strain, dose, route and frequency of ad-
ministration [16]. Four rats died during fibrosis induction.
MRI was performed in 17 rats 2 days after the last CCly in-
jection. MRI was also performed in eight normal rats used as
controls.

The rats were anaesthetised with isoflurane inhalation and a
catheter was placed in the tail vein. Imaging was carried out

with a 7 T PharmaScan small animal scanner (Bruker,
Ettlingen, Germany) and a transmitter/receiver birdcage coil.
The rats were placed in the supine position. Respiratory-
triggered T,-weighted anatomical images of the liver were
acquired with a RARE sequence (effective TE =23 ms,
TR = 3,000 ms, RARE factor 4, 0.5% 0.5 mm? in-plane reso-
lution). Dynamic gadoxetate-enhanced MRI was performed
with a FLASH sequence (TE=2.16 ms, TR =20.5 ms, flip
angle =25°, partial Fourier 6/8, 80 x 80 pixels,
0.75 x 0.75 mm? in-plane resolution, two transverse 2-mm
thick slices, acquisition time=1.23 s and 3,500 repetitions,
total acquisition time 72 min). Two saturation bands were
placed above and beneath the liver sections. After I min image
acquisition, the rats were manually injected with 1 ml/kg with
a 1:10 dilution of gadoxetate (Primovist®, Bayer Healthcare,
Berlin, Germany) through the implanted catheter. The two
transverse slices were positioned in the upper and lower
halves of the liver.

Image processing and deconvolution operation

Only the lowest liver section, passing through the right hepatic
lobe and the portal vein, was used for image analysis. To
obtain images without interpolation or filtering, image recon-
struction from raw data was performed with Matlab
(Mathworks, Natick, MA, USA) and their complex compo-
nents were averaged over four acquisitions to reduce the noise.
Regions of interest (ROIs) were put in the liver parenchyma
and in the portal vein by an observer (C.G. with 4 years of
experience in small-animal MRI) who was blinded to the his-
topathological results. The ROIs in the portal vein covered the
whole venous section but avoided the vessel borders. The
ROIs were adjusted manually as needed. The ROIs in the right
liver lobe covered a large area of parenchyma devoid of large
vessels (Fig. 1).

Fig. 1 Transverse MR image of a rat as acquired during the dynamic
study showing the regions of interest (ROIs) in right liver parenchyma
(LP) and portal vein (PV)
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Relative concentration curves [10, 17] in the ROIs were
calculated as:

C(tp)=In <S(t’p))

So(p)

where C(t,p) is the relative tracer concentration at time t in
pixel p, So(p) is the mean image intensity in voxel p obtained
from the unenhanced images, and S(t,p) is the measured im-
age intensity at time t.

As gadoxetate uptake in hepatocytes is affected by hepatic
perfusion [10], deconvolution was performed. The response
function of the liver can be mathematically expressed as the
convolution between the tissue impulse response h(t) and the
vascular input function x(t):

y(t) = h(h@x(t) (2)

where @ denotes the convolution operator, y(t) the parenchy-
mal enhancement-over-time curve or hepatic response func-
tion, x(t) the portal venous enhancement-over-time curve or
portal venous input function and h(t) the liver impulse re-
sponse. Deconvolution was performed with the truncated sin-
gular value decomposition method [10] using truncation of
singular values below 10 % of the maximum value.

(1)

Compartmental analysis

Least-square fittings were carried out with Matlab rou-
tines. To express h(t) with kinetic indices kjj;, we
modelled the liver with a three-compartment hepatocyte
model composed of sinusoidal and extravascular spaces,
hepatocytes and intrahepatic bile ducts [7]. The sinusoi-
dal and extravascular spaces were grouped together be-
cause the sinusoidal endothelium contains fenestrae of
100-200 nm in the normal liver, allowing for free ac-
cess of solutes and macromolecules into the extravascu-
lar space [18]. Gadoxetate exchange between these com-
partments is governed by the hepatocyte influx rate (ko
in min™), the biliary efflux (k;, in min™") and the sinu-
soidal backflux (k;, in min™'). Moreover, venous and
bile outflows occur at rates of ko; and k3, respectively
(Fig. 2).

The liver impulse response h(t) can be decomposed into
two impulse functions:

h(t) = he(t) +hy(t) (3)

where he(t) and h,,(t) represent the gadoxetate fractions in the
extracellular and cellular compartment respectively.
According to van Beers et al. [19]:

he(t) = et = ewiT (4)
where MTT is the extracellular mean transit time.

The model was simplified by assuming that h,, (t) could be
neglected (h, (t)~h (t)) because MTT is short relative to the
mean residence time of the contrast agent within the liver.
Indeed, reported MTTs of small-molecular weight agents
(gadoterate in rabbits) were < 10 s, whereas hepatic half-life
times of small-molecular weight agents (mebrofenin in rats)
were around 10 min [19, 20].

With the three-compartmental model, h (t) can be
expressed as (see Appendix):

koikso Lk
h(t) = ko — o (kaatki)t
(® > ks + ki ks
koikso ot (5)
k3o + kio—ks

By assuming k; =k3; [7, 8]:

R(Y = oy ety S g (6
12 12

To take into account the relative volume difference be-
tween the hepatocytes and the bile ducts within the hepatic
non-vascular/extravascular pool, volume correction factors of
0.99 and 0.01, respectively, were added [21], so that the im-
pulse response h(t) was expressed as:

ko1k
h(t) = 0.99k;, (1M> o (katki)t
kis

kark
+0.01 %e*kzzt (7)

12

The influx ki, the efflux ks, and the backflux k;, rates
were measured by fitting the deconvoluted curve with the

ks, Intrahepatic ks

Hepatocytes —

bile ducts

PIF Sinusoidal and o
_P—®-— extravascular
spaces Ky,

k01

Fig. 2 The hepatocyte three-compartment model representing
gadoxetate exchanges between sinusoidal and extravascular spaces,
hepatocytes and intrahepatic bile ducts. The hepatocyte influx rate (k,;),
the biliary efflux rate (ks,) and the sinusoidal backflux rate (k) are
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above model. Lower and upper bounds were included in the
fitting procedure to keep the rates physiologically relevant (for
k> lower and upper bounds were 0.01 and 5 min™' respective-
ly, and for k3, and ki, lower and upper bounds were 0.0001
and 2 min™, respectively) [7].

Histology and transporter analysis

After imaging, the rats were sacrificed by intraperitoneal in-
jection of pentobarbital and the livers were resected. The right
liver lobe was fixed in formaldehyde and embedded in paraf-
fin. Slices were stained with Sirius red and fibrosis was staged
according to the METAVIR score from FO to F4 by a pathol-
ogist (VP) with 23 years’ experience in liver pathology [22].
Expressions of Oatplal, Mrp2 and Mrp3 transporters were
assessed on additional liver samples collected for reverse tran-
scription polymerase chain reaction (RT-PCR), as described
previously [14]. The expression of the transporters was com-
pared with that of beta-glucuronidase to normalize the expres-
sion levels of the target genes (expressed in %).

Statistical analysis and correlations

Results are expressed as mean = standard deviation.
Comparisons between control rats and rats with advanced fi-
brosis were performed with two-sample Student’s tests.
Pearson correlation coefficients were calculated to assess the
relationship between the kinetic rates and the expression of the
corresponding hepatocyte transporters (k,; and Oatplal, ks,
and Mrp2, and ki, and Mpr3, respectively).

The analysis was performed in 15 rats with advanced liver
fibrosis and eight normal rats. The results of two additional
rats with advanced liver fibrosis were excluded from the anal-
ysis because RT-PCR yielded very high, aberrant Mrp3 values
(one greater order of magnitude than that of the other fibrotic
rats). P-values <0.05 were considered statistically significant.

Results

Regarding the METAVIR scores, the livers of the control an-
imals (n=8) were F0O, whereas those of the CCly-injected
animals were F3 (n=2) or F4 (n=13). The influx and efflux
rates ky; and k3, decreased significantly in rats with advanced
liver fibrosis relative to control rats (1.58+0.76 min' vs.
2.62+0.52 min"", p=0.003 and 0.03 £ 0.01 min™' vs. 0.04 +
0.01 min'l, p=0.041, respectively), whereas the backflux rate
ki, increased significantly (0.23 +0.10 min! vs. 0.11+
0.08 min™’, p=0.010) (Figs. 3 and 4). In parallel, RT-PCR
showed significant decreases in Oatplal (2.40+1.92 % vs.
526+1.95 %, p=0.007) and Mrp2 transporter expression
(2.7942.57 % vs. 6.83 +1.65 %, p<0.001) and a significant
increase in Mrp3 expression (0.24 £0.12 % vs. 0.05 £ 0.02 %,
p<0.001) in rats with advanced liver fibrosis versus control
rats.

Significant correlations were found between k,; and
Oatplal expression (r=0.78, p<0.001), k3, and Mrp2
(r=0.50, p=0.016), and k;, and Mrp3 (r=0.61, p=0.002)
(Fig. 5).

Discussion

In our rat model of advanced liver fibrosis, we observed com-
plex changes in the hepatocyte transport of the organic anion
gadoxetate. There was not only a significant decrease in he-
patocyte influx (k,;), but also in biliary efflux (ks;), and a
significant increase in sinusoidal backflux (k;,). These kinetic
changes can be explained by changes in the expression of the
different hepatocyte membrane transporters, as shown by the
significant correlations between the kinetic rates and the ex-
pression of the corresponding transporters. Indeed, in liver
fibrosis, we observed, as previously reported, not only a de-
crease in Oatpla, a bidirectional transporter at the sinusoidal
membrane of the hepatocyte, but also a decrease in the biliary

Fig. 3 Deconvoluted curves of a Control rat b Ratwith liver fibrosis
control rat (A) and a rat with a _—
advanced liver fibrosis (B, light 100
grey: deconvoluted curve, bold: 9 = 9%
fitted curve). Influx (ky) and T w kp1=2.53 min'! S kz1=1.53 min'!
efflux (ks3,) rates are decreased in = - k12=0.10 min-! S 70 k12=0.29 min'!
the rat with liver fibrosis versus g k32=0.04 min1 &0 - k32=0.03 min1
the control rat, whereas the 60 =
backflux rate (ki,) is increased 4§ 50 x 9w
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Fig. 4 Box plots of pharmacokinetic parameters (A, k»;; B, k3, and C,
ki») in control rats and rats with advanced fibrosis. The influx and efflux
rates kp; and ks, are significantly decreased in rats with advanced liver
fibrosis relative to those in control rats, whereas the backflux ki, is

transporter Mrp2, and an increase in Mrp3, a sinusoidal
backflux transporter of gadoxetate [4]. The diminished num-
ber of hepatocytes in advanced fibrosis might also partially
explain the decrease in k1 and k3, but not the increase in k.

With compartmental modelling, we thus showed here that
the changes in hepatocyte transporter expression in liver fibro-
sis have a synergistic role in shifting the bidirectional hepatic
transport route for gadoxetate from the hepatobiliary direction
toward the hepatosinusoidal direction via Mrp3, which is up-
regulated. This shift in gadoxetate transport has also been
suggested previously in congenital deficiency of Mrp2 expres-
sion [6]. The combined changes in hepatocyte rates under-
score the importance of the backflux transport pathway in
hepatic clearance [23, 24].

It should be noted that k;, was larger than k3, in our study.
These results differ from those obtained with *™Tc-IDA in
patients by Araikum et al. [8]. Indeed, mean k;, was smaller
than mean k3, in the Araikum study. These differences might
be explained by species differences, but the fact that we
neglected ko, might also have artificially increased ki,
Therefore, the rate constant values in our study should be
regarded as relative rather than absolute measurements.

-
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significantly increased. Lines in boxes represent medians, lower and
upper limits of boxes represent 25th and 75th percentiles, and whiskers
represent 10th and 90th percentiles. Outliers are shown as individual
points

However, our findings that the backflux measured with
gadoxetate-enhanced MR imaging increased and the biliary
efflux decreased in advanced fibrosis remain valid.

Several studies have suggested using dynamic gadoxetate-
enhanced MR imaging to obtain biomarkers of hepatic func-
tion in liver fibrosis [10-14]. However, these studies were
limited by the fact that only hepatic uptake extraction was
calculated. Here, we show that a complete description of he-
patic transport dysfunction in hepatic fibrosis can be obtained
with a bidirectional hepatocyte compartmental model. Indeed,
this model not only allows calculation of the hepatocyte in-
flux, but also the efflux and backflux, reflecting the true in-
trinsic hepatic clearance capacity [9]. Assessing liver function
with gadoxetate-enhanced MR imaging in patients with liver
fibrosis or cirrhosis may be useful not only to predict disease
prognosis, but also to evaluate the efficacy and toxicity of
drugs using the hepatic anion transporter system [6, 9]. In
contrast to the dynamic MR imaging method developed here,
static MR signal intensity measurements during the
hepatobiliary phase after gadoxetic acid injection have been
proposed to assess enhancement ratios or changes in T1 relax-
ation times between pre- and post-contrast images as

*
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indicators of fibrosis or liver function [25-27]. However, these
static methods do not allow precise measurement of the
changes in membrane transport function during chronic liver
diseases.

Some limitations of our study should be taken into
account. First, deconvolution is sensitive to noise and
even if we increased the signal-to-noise ratio by averaging
our data and using a truncated singular value decomposi-
tion, oscillations remained in the liver impulse curve after
deconvolution and were a limiting factor for the accuracy
of the fitted parameters. Combining the dual-input one-
compartmental Materne—Van Beers perfusion model [28]
with the current three-compartmental hepatocyte model
would be an alternative approach without the need for
deconvolution. However, with this complete dual-input
three-compartmental hepatobiliary model, eight parame-
ters (arterial and portal venous flows, transit times (time
delays) between arterial or portal venous and liver ROIs,
hepatic venous outflow rate, and hepatocyte influx, efflux
and backflux rates) would have to be fitted. This high
number of variables may potentially lead to aberrant so-
lutions, non-convergence and local minima. In particular,
the results may be particularly sensitive to the arterial and
portal venous time delays [29].

Second, the vascular ROIs in our study were segmented
manually, which could lead to significant variability.
Automatic or semiautomatic segmentation [30, 31] might be
a beneficial way of decreasing this variability, although a good
correlation between manual and automatic iliac arterial input
functions was observed in Sanz-Requena et al. [30].

Third, we used saturation bands above and beneath the
liver sections to avoid inflow effects. The drawback of
this method is related to the fact that if may affect the
signal concentration relationship in blood and stationary
tissue differently. This again underscores the fact that rate
constants in our study should be considered as relative
values. An alternative to the use of saturation bands
would be the use of non-slice-selective 90° or 180° prep-
aration pulses and spoiler gradients [19].

Fourth, we did not take the differences in relaxivity of
gadoxetate between blood and hepatocytes into account. It
should be noted that the relaxivity of gadoxetate was reported
tobe 11.2 L/mmol - s in blood and 16.6 L/mmol - s in the liver
at0.47 T [32]. However, the relaxivities are known to decrease
at increasing field strength. Shen et al. have recently reported
that the r; relaxivity of gadoxetate are 7.2 L/mmol -s at 1.5 T
and 4.9 L/mmol - s at 7 T [33]. The corresponding relaxivities
in liver have not been reported, but the differences in
relaxivity between blood and liver are also expected to de-
crease at higher field strengths. This is suggested by the results
of Rohrer et al. showing that the differences in relaxivity be-
tween several contrast agents related to their protein binding
decrease at increasing field strength [34].

Fifth, because in our experimental protocol fibrosis was
induced by CCl4 injections for 8 or 12 weeks, only rats with
advanced liver fibrosis were included in the study. It remains
to be shown in future studies if compartmental modelling of
gadoxetate transport is also useful to stage less advanced (F1 —
F2) fibrosis.

It is concluded that the changes in hepatic anion transport
function in rats with advanced liver fibrosis, namely decreased
hepatocyte influx and biliary efflux, as well as increased sinu-
soidal backflux, can be assessed with a three-compartmental
hepatocyte model at gadoxetate-enhanced MR imaging.

These kinetic parameters, which reflect the hepatic bidirec-
tional transport function and are correlated with hepatocyte
transporter expression, are potential predictive and prognostic
biomarkers in liver fibrosis and cirrhosis.
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Appendix

By assuming linear tracer kinetics to describe uptake and elim-
ination of gadoxetate in hepatocytes [12], kinetic indexes can
be derived by the linear system theory such as:

dxJ(t)
dt

= Ajix'(t) + Bjiu'(t) (1.1)

The xi(t), j» i=1...n with n the number of compart-
ments, describe the time t evolution of gadoxetate in
each compartment. A;; is the flow into and out of each
compartment, u'(t) are the input control functions for
each compartment and B;; the matrix describing the
method of control application. By integrating Eq. 1.3
with x'(0)=0 for all i as initial conditions:

t
X (t) = eNitxi(0) + / drei B ui(1) (1.2)
0

Here, h(t) can be decomposed as the sum of the evolution
of the gadotexate concentration into two compartments (hepa-
tocytes and intra-hepatic bile ducts):

h(t) = x'(t) + x*(t) (1.3)

@ Springer



1810

Eur Radiol (2017) 27:1804-1811
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k3 —kst_ (ka2 +ki)t ) }
e 3 —e 32 12 t_T
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(1.5)

ko1ksz - -
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