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In the past, great achievements have been made by analysing
the drug plasma concentrations to understand their body
distribution. At that time, the estimation of liver concen-
trations was not available. "erefore, when conducting
pharmacokinetic studies, it was assumed that hepatocyte
concentrations approximate plasma concentrations, with
the drug equilibration across the sinusoidal membrane being
obtained by passive diffusion. With the discovery of hepa-
tocyte transporters that modify the transport rates across
hepatocyte membranes, this assumption is no longer valid.
"e activity of sinusoidal transporters can be much higher
than passive diffusion, increasing the hepatocyte concen-
trations over the plasma concentrations. Moreover, the drug
concentrations generated by the hepatocyte uptake clear-
ances are simultaneously modified by efflux clearances from
hepatocytes into bile canaliculi and back into sinusoids.
"us, depending on the relative hepatocyte influx and efflux
clearances, drug hepatocyte concentrations can exceed,
equal, or be lower than plasma concentrations. Liver im-
aging can now estimate liver concentrations following the
injection of hepatobiliary contrast agents and radiotracers.
However, how these concentrations are created is partially
unknown. For these reasons, we encouraged the submission
of basic, translational, and clinical studies that increase the
understanding of liver imaging with hepatobiliary contrast
media.

We included six original articles and one review in the
special issue. Two publications examined the pharmacoki-
netics of Gd-EOB-DTPA and Gd-BOPTA in rat livers.
Myung-Won You and colleagues measure the Gd-EOB-DTPA

vascular clearances in normal rats and rats with hepatectomy
(70% and 90%). "e serum Gd-EOB-DTPA concentrations
identified the decreased uptake function during hepatectomy,
and the authors propose this quantification as a new liver
function test. A review written by Catherine Pastor shows the
value of isolated and perfused rat livers to quantify the Gd-
BOPTA distribution into liver compartments. In the experi-
mental model, a gamma counter placed over rat livers detects
over time the concentrations of radiotracers. "e review
summarises the effects of liver temperature, hepatic perfusion,
and canalicular transporter deficiency on Gd-BOPTA hepa-
tocyte concentrations. A clinical study by Lukas Haider and
colleagues investigates whether the evolution of liver functions
can be predicted in patients with advanced liver fibrosis after
hepatitis C virus eradication. "ey show that liver MRI fol-
lowing the injection of Gd-EOB-DTPA may distinguish pa-
tients with high or low risk of liver decompensation. Such
prediction might initiate an individualised surveillance
strategy.

Four publications examine the pharmacokinetics of PET
radiotracers in rodents. Marco Taddio and colleagues de-
scribe the pharmacokinetic modelling of new PET radio-
tracers in mice and evidence how transporter inhibition by
cyclosporine decreases their liver clearance while increasing
the renal clearance. In rats, Fabien Caillé and colleagues
describe the labelling of metoclopramide and show that its
transporter-mediated plasma clearance into hepatocytes is
saturable and not modified by the P-glycoprotein inhibitor
tariquidar. "e P-glycoprotein canalicular transport of
metoclopramide is inhibited by tariquidar which controls its
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liver exposure. Besides metabolism, this study highlights the
role of hepatocyte transporters in the disposition of meto-
clopramide in rat livers. Given the increased interest in bile
acid PET imaging to assess the transport function of livers,
Stef De Lombaerde and colleagues explore in vitro the best
18F-labelled bile acids that are substrates of bile acid
transporters. In mice, they show how these labelled bile acids
can serve as PET biomarkers to analyse the hepatobiliary
transport of bile acids. Andrea Testa and colleagues dem-
onstrate the interactions of transporter inhibitors on the bile
acid analogue [18F]LCATD transport across hepatocytes and
suggest to use it in the early stage of drug development.

In summary, this special issue highlights the transport of
several hepatobiliary contrast agents and radiotracers across
hepatocytes. "e transport across organic anion trans-
porting polypeptide and multiple resistance-associated
protein 2 is evidenced by the MR contrast agents Gd-
BOPTA and Gd-EOB-DTPA. New labelled bile acids ex-
plore the transport across the Na+-dependent taurocholate
cotransporting polypeptide and the canalicular bile salt
export pump. Other transporters such as P-glycoprotein are
involved in the hepatocyte transport of drugs. "ese
transports are studied in normal livers and livers with
chronic disease. "e main relevant topics of the issue focus
on the hepatocyte concentrations induced by these transport
functions and the transporter-mediated drug-drug in-
teractions. Readers interested by the research topic can find
more information on the website of the Hepatocyte
Transporter Network led by Catherine Pastor (https://www.
unige.ch/hepatocyte-transporter-network/home/).
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,e bile acid analogue [18F]LCATD (LithoCholic Acid Triazole Derivative) is transported in vitro by hepatic uptake transporters
such as OATP1B1 and NTCP and efflux transporter BSEP. In this in vivo “proof of principle” study, we tested if [18F]LCATDmay be
used to evaluate drug-drug interactions (DDIs) caused by inhibition of liver transporters. Hepatic clearance of [18F]LCATD in rats was
significantlymodified upon coadministration of rifamycin SV or sodium fusidate, which are known to inhibit clinically relevant uptake
transporters (OATP1B1, NTCP) and canalicular hepatic transporters (BSEP) in humans. Treatment with rifamycin SV (total dose
62.5mg·Kg−1) reduced the maximum radioactivity of [18F]LCATD recorded in the liver from 14.2± 0.8% to 10.2± 0.9% and delayed
t_max by 90 seconds relative to control rats. AUCliver 0–5min, AUCbile 0–10min and hepatic uptake clearance CLuptake,in vivo of rifamycin SV
treated rats were significantly reduced, whereas AUCliver 0–30min was higher than in control rats. Administration of sodium fusidate
(30mg·Kg−1) inhibited the liver uptake of [18F]LCATD, although to a lesser extent, reducing the maximum radioactivity in the liver to
11.5± 0.3%.,ese preliminary results indicate that [18F]LCATDmay be a good candidate for future applications as an investigational
tracer to evaluate altered hepatobiliary excretion as a result of drug-induced inhibition of hepatic transporters.

1. Introduction

Hepatocytes perform most of the liver functions and are
responsible for the detoxification of exogenous substances,
including drug elimination through metabolism and/or
biliary excretion processes. Drugs that cannot passively
cross the lipid core of the hepatocyte membrane can be
actively transported into hepatocytes by uptake transporter
proteins. Within the hepatocyte, drugs may undergo
metabolism and their metabolites may be transported by

efflux transporters, either back into blood by basolateral
efflux transporters or excreted into bile by canalicular
transporters. Drugs and/or drug metabolites can competi-
tively inhibit hepatic transporters, leading to pharmacokinetic
interactions with coadministered drugs (or drug-drug-
interactions, DDIs) that may result in serious adverse effects
due to reduced drug clearance or intracellular accumulation
of these drugs or their metabolites in hepatocytes [1, 2].

With the aim to detect DDIs at an early stage of drug
development and increase the understanding of hepatobiliary
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transport and its perturbation by action of clinically used
drugs in vivo, considerable efforts have been dedicated to
develop PET tracers for the study of hepatic transporters
[3–5]. In this context, we previously described a lithocholic
acid derivative, [18F]LCATD (Figure 1), which is a promising
PET tracer to study the potential of clinically used drugs for
hepatic transporter-mediated DDIs and hepatotoxicity [6]. In
vitro studies confirmed that [18F]LCATD appears to be
a substrate of membrane uptake transporters OATP1B1 and
NTCP (while being a low affinity substrate of OATP1B3) and
is excreted into the bile via the efflux transporter BSEP. [18F]
LCATD is characterized by low passive permeability and, as
demonstrated by a preliminary imaging experiment in rats, it
rapidly accumulated into the liver to be then excreted ex-
clusively into the bile [6].

Here, we present the results of preclinical PET imaging
studies performed to assess the potential of [18F]LCATD to
image in vivo the effects of rifamycin SV and sodium fusidate
on hepatic uptake and biliary excretion when coadministered
via bolus injection. In vitro studies confirmed earlier that [18F]
LCATD acts as a probe for endogenous bile acid transport and
can be used for preclinical evaluation of drug interference at
the level of hepatic bile acid transporters function. Although in
vitro assays were performed in cells expressing human
OATP1B1, we chose the rat model for our investigations as the
human and the rat orthologs of OATP1B1 exhibit very similar
transport characteristics. Furthermore, rats have been used
extensively as animal models for studies on liver transporters
[3, 4, 7] and for the evaluation of transporters targeting PET
tracers, such as [11C]dehydropravastatin [8], [11C]rosuvastatin
[7], [11C-]telmisartan [9], [11C]N-acetyl leukotriene E4 [10],0
and (15R)- 16-m-[11C]tolyl-17,18,19,20-tetranorisocarbacyclin
methyl ester [11].

2. Materials and Methods

2.1. Chemicals and Radiotracer. For preclinical PET studies,
[18F]LCATD was synthesised as reported previously [6] (see
the Supplementary Materials for further details) and for-
mulated in 10% ethanol in PBS. Radiochemical purity was
>99% and specific activity >20GBq·µmol−1. Rifamycin SV

was purchased from Sigma Aldrich (UK) and dissolved in
10% ethanol in saline solution (20mg·mL−1). Sodium
fusidate was purchased from Sigma-Aldrich (UK) and was
formulated in saline solution (20mg·mL−1).

2.2. Animals. Female Sprague-Dawley (SD) rats (200–250 g)
were purchased fromHarlan (UK).,e animals were provided
with standard food and water at libitum in a temperature and
light-controlled environment. All animal experiments were
performed according to the Aberdeen University’s Code of
Practice on the Use of Animals in Research as well as the legal
requirements of the Animals (scientific procedures) Act 1986
and Home Office Code of Practice guidance. At the end of the
imaging experiments, animals were culled by cardiac puncture
(schedule 1 technique, exsanguination) while under anaes-
thesia, and then a terminal blood sample, liver, kidney, and
heart were collected.

2.3. PET/CT Imaging. PET scans were performed with
a preclinical PET/CT SEDECAL ARGUS scanner (SEDE-
CAL, Spain) housed in a temperature-controlled suite. ,e
scanner has two 11.8 cm diameter rings of photoswitch
detectors coupled to position-sensitive photomultiplier
tubes, giving a 4.8 cm axial and 7.5 cm transaxial field of view
(FOV). All animals were cannulated (Venisystem Butterfly,
Abbott Ireland) in the tail vein for tracer injection under
general anaesthesia with isoflurane (IsoFlo 100% w/w,
Abbott Laboratories Ltd) 2.5% (2 L·min−1 oxygen flow).
Animals were divided into three groups: control group
(administered with [18F]LCATD only, 3 animals), rifamycin
SV-treated group (3 animals) and fusidate-treated group
(3 animals). All the animals were scanned in supine position.
At the start of the scan, [18F]LCATD (5–15MBq per body)
was injected as a single bolus into the tail vein. Administered
radioactivity was measured as the net counts in the syringe
before and after the injection with an ionization chamber
(Capintec CRC-15PET; Ramsey, New Jersey). ,e mass
amount of [18F]LCATD administered per animal was esti-
mated to be between 0.2 and 1 nmol. For inhibition experi-
ments, rifamycin SV was administrated 45 minutes before the
start of the scan at a dose of 50mg·Kg−1 (intraperitoneally) and
at the time of the tracer injection at a dose of 12.5mg·Kg−1
(intravenously). For the in vivo assessment of the inhibitory
effect of sodium fusidate on the hepatobiliary transport of the
tracer, the drug was administrated at a dose of 20mg·Kg−1
(intraperitoneally) 30 minutes before the scan and at a dose of
10mg·Kg−1 (intravenously) after 15 minutes from the tracer
injection. Emission scans in 3D list-mode were acquired for
30 minutes (with a FOV encompassing part of the thorax
and the intestine) followed by a 5 minutes CT scan. PET
acquisitions were obtained with an energy window set to
250–700 keV and corrections for dead-time, activity decay,
attenuation, random, and scatter counts were applied (using the
manufacturer’ software).,e dynamic images were obtained
by sorting the list mode data into the following time frames:
6×10 s, 8× 30 s, 10× 60 s, and 3× 300 s, and images were
reconstructed with a FORE/2D-OSEM reconstruction algo-
rithm (provided by the manufacturer). Sampling at shorter
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Figure 1: Chemical structure of [18F]LCATD.
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intervals during early time-points enabled us to detect rapid
increments of tracer uptake in the liver and intestine. Longer
time frames at later time-points from the injection time re-
duced noise in the images and showed the amounts of uptake
characteristic for the specific PET tracer. A 5-minute PET
scan of the injection site at the end of the CT was obtained
to ensure successful intravenous injection. Cross calibration
between the ionization chamber and the PET scanner was
carried out by using a cylindrical phantom made of Perspex
with internal diameter of 43mm and length of 37mm. 10 to
20 minute PET scans of the phantom filled with an average
of about 4.20MBq of [18F]LCATD in 60 g of water were ac-
quired (average dead-time value 4%).

,e registered PETand CT images were transferred from
the scanner to a processing workstation, and subsequent
analysis was carried out using Pmod (Pmod Technologies,
CH) version 3.2. Regions of interest (ROIs) corresponding to
abdominal aorta, liver, and gastrointestinal tract were de-
fined via a combination of manual and threshold methods
(Supplementary Figure 1 and movie) using PMOD software
(PMOD Technologies). ,e stomach was included in the
gastrointestinal ROI to include the amount of bile that might
have refluxed from the duodenum into the stomach.

2.4. PostmortemBiodistribution of the Tracer. Samples of the
liver, heart, and kidney were collected at the end of the PET-
CT scan (after euthanasia) and homogenised with methanol
(80% in water, 5mL per gram of biological sample) by means
of a homogenizer. Samples were stored in preweighed plastic
vials. Terminal blood was collected by cardiac puncture just
before euthanasia. ,e activity of the homogenates and
blood samples was measured by means of a precalibrated
gamma counter as soon as possible after the PETexperiment.

2.5. Postmortem Metabolites Analysis. Analysis of metabo-
lites in the blood, liver, and bile (extracted from the in-
testine) was performed via radio-HPLC. Blood samples,
collected by cardiac puncture at the end of the PET-CTscan,
were treated with an equal volume of acetonitrile, centri-
fuged for 1 minute at 1000 rpm and the supernatant was
injected in radio-HPLC (Shimadzu Prominence HPLC
system equipped with a PDAUV detector and HERMLB500
activity detector and Phenomenex Luna C18 column, 5 μm,
100 Å, 250× 4.6mm, injection volume 20 µL, PBS/CH3CN
60 : 40, isocratic elution, flow: 1mL·min−1). Samples of the
liver and duodenumwere collected at the end of the PET-CT
scan (after euthanasia) homogenated with methanol (80% in
water, 5mL per gram of biological sample) by means of
a homogenizer and centrifuged for 1minute at 1000 rpm and
the supernatant was injected in radio-HPLC.

2.6. Data Analysis. Uptake hepatic clearance CLuptake,in vivo
was calculated by integration plots obtained applying the
Patlakmethod in Pmod (Pmod Technologies, CH) version 3.2,
limiting the linear fit to the uptake phase (0–3min) [3, 12].

Intrinsic biliary clearance of the radiotracer CLint,bile was
determined as proposed by Takashima et al. [11] by

quantification of the radiotracer in the liver and the intestine
(as amount of radiotracer excreted into the bile).

An ANOVA single-factor analysis (Microsoft Excel
2013) was used to check whether there were statistically
significant differences between AUC of blood, liver, and bile
of three groups (control, rifamycin, and fusidate treated
rats). For AUCliver, there was a statistically significant dif-
ference between groups, p � 0.01; for AUCblood, there were
no statistically significant differences between group means,
p � 0.7; for AUCbile, there was a statistically significant
difference between groups, p � 0.03.

Two-tailed Student’s t-test (Microsoft Excel 2013) with
equal variances was used to determine level of significance of
various PK parameters between control and drug-treated
animals at various time periods.

3. Results

3.1. Concentration Profiles of [18F]LCATD in Arterial Blood.
,e PET tracer concentration in arterial blood was derived
from the PET images by observing the activity of a clearly
visible portion of the abdominal aorta (Figure S4, Supple-
mentary Materials). ,e image-derived arterial concentra-
tion of the PET tracer is likely to be affected by errors due to
the small dimensions of the blood vessel in comparison to
the scanner’s spatial resolution. Indeed, contamination due
to spillover from other vicinal organs and partial volume
effects are expected to increase and reduce respectively (by
unknown amounts) the actual activity of the arterial blood.
However, most of these effects should be similar among
different animals, allowing the comparison between treated
and untreated groups.

,e blood time-activity curves (TAC) obtained for
control, rifamycin SV-treated and fusidate-treated animals
are reported in Figure 2(a). ,e blood concentration of the
tracer in rifamycin SV-treated animals was higher than
the PET tracer concentration measured in control rats, but
the differences between the relative TAC curves were not
significant (for clarity the standard deviation bars are not
shown in Figure 2(a)). ,e blood concentration of the tracer
in fusidate-treated animals was instead lower than the PETtracer
concentration measured in the blood of control rats, but again
the differences between the relative TACs were not significant.

3.2. Liver Uptake and Biliary Efflux of [18F]LCATD.
Coronal representative PET images of the liver of control,
rifamycin SV-treated, and fusidate-treated rats are reported in
Figure 3. Reduced exposure to radioactivity in the liver of
rifamycin SV-treated rats as well as delayed biliary excretion of
the tracer can be clearly observed, whereas no obvious differ-
ences can be noticed between control and fusidate-treated rats.

TAC for the liver of control, rifamycin-treated, and
fusidate-treated rats are shown in Figure 2(b). In control
rats, a maximum of 14.2± 0.8% of the injected dose was
found in the liver 150 seconds postinjection. Rapid washout
was observed, and after 30 minutes, the residual activity
measured in the liver was 1.04± 0.17% of the injected dose.
In rifamycin SV-treated rats, the maximum activity recorded
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in the liver was 10.2± 0.9% of the injected dose 225 seconds
postinjection. ,e washout phase was clearly delayed, and
after 30 minutes, the activity in the liver was 1.87± 0.13% of
the injected dose. Treatment with sodium fusidate reduced
the maximum activity registered in the liver to 11.5± 0.3% of
the injected dose 135 seconds after tracer injection.,e TAC
profile was similar to the one obtained for control rats, with
a fast washout that reduced the activity in the liver to 1.02±
0.02% of the injected dose after 30 minutes (Table 1).
Quantitative PET analysis showed that the activity found in
the liver 2 minutes after tracer injection in control, rifamycin
SV-treated, and fusidate-treated rats (Figure 2(d)) is sig-
nificantly different among the groups (p< 0.05). At this

time-point, 14.2± 0.8% of the injected activity was found in
the liver of control rats, while for the rifamycin SV-treated
and sodium fusidate-treated rats, the liver activity was re-
duced to 8.0± 0.6% and 11.4± 0.4% respectively.

,e area under the curve for the liver from 0 to 5minutes
(AUCliver 0–5min) for rifamycin SV-treated rats was signifi-
cantly lower than that of control rats, and the same observation
can be made for the AUCliver 0–5min of fusidate-treated rats,
while no statistically significant difference was found between
the liver AUCliver 0–30min of the three animal groups (Table 1).

In order to calculate the liver uptake clearance CLuptake,in vivo,
integration plots were obtained applying the Patlak method
in Pmod, limiting the linear fit to the uptake phase [3].
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Figure 2: (a) Time-activity profiles obtained from the images of the abdominal aorta of control, rifamycin SV-treated, and fusidate-treated
rats. No statistical significance of rifamycin-SV and fusidate-treated rats compared to the control was found at any point (error bars omitted
for clarity). (b) Time-activity profiles obtained from the images of the liver of control, rifamycin SV-treated, and fusidate-treated rats as
mean ±1 s.d., n � 3. (c) Time-activity profiles for the bile, obtained from the images of the gastrointestinal region of control, rifamycin SV-
treated, and fusidate-treated rats as mean ±1 s.d., n � 3. (d) Activity in the liver of control, rifamycin SV-treated, and fusidate-treated rats at
2 minutes postinjection determined noninvasively via PET imaging, as mean ±1 s.d., n � 3. Statistical significance of rifamycin-SV and
fusidate-treated rats compared to the control was assessed by two-tailed t-test assuming equal variances, ∗p< 0.05.
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In this study, the blood time-concentration input function
was derived from [18F]LCATD’s activity in the abdominal
aorta; therefore, CLuptake,in vivo values so calculated cannot
be compared with those obtained for different tracers from
literature, whose blood concentrations were determined by
measuring the activity of blood samples [3].,eCLuptake,in vivo
of rifamycin SV-treated and fusidate-treated rats were
significantly lower than the CLuptake,in vivo of control rats
(Table 1).

As shown by the bile TACs reported in Figure 2(c), the
radiotracer’s biliary excretion was delayed in rifamycin SV-
treated and fusidate-treated rats, while for control rats,
a straight line was observed between 0 and 200 seconds and
a plateau was observed in the case of the drug-treated rats.
,e area under the curve for the bile from 0 to 10 minutes

(AUCbile 0–10min) of rifamycin SV-treated rats was signifi-
cantly lower than the one obtained for control rats, whereas
no difference was found among control and fusidate-treated
rats. Differences in the intrinsic biliary clearance of the
radiotracer CLint,bile [3] were found not to be statistically
significant between control and rifamycin SV-treated rats,
whereas sodium fusidate treatment significantly increased
this value (Table 1).

3.3. PostmortemBiodistribution of the Tracer. Activity found
in the liver of control, rifamycin SV-treated, and fusidate-
treated animals 50 minutes postinjection was extremely low
(Figure 4), as expected from the fast clearance previously
observed for the tracer, and no statistically significant

(a)

2 min 4 min 8 min

4 min 8 min2 min

(b)

4 min 8 min2 min

(c)

0 % ID (mL) 30

Figure 3: Maximum intensity coronal projection of livers of a representative control (a), rifamycin SV-treated (b), and fusidate-treated
(c) rat at 2, 4, and 8 minutes postinjection.
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differences were found among the three experimental
groups. Neither rifamycin SV nor sodium fusidate signifi-
cantly affected the biodistribution of the tracer in kidneys 50
minutes postinjection, which was extremely low in all the
animal groups. In fact, the renal clearance of [18F]LCATD
appears negligible if compared with the biliary clearance, as
kidneys were not visible in the PET scan images, despite
being in the field of view. Both rifamycin SV and sodium
fusidate significantly increased the activity in the terminal
blood sample, and higher levels of radioactivity were found
in the heart of treated animals. ,is is consistent with
a reduced liver uptake and excretion, which are both ex-
pected to increase the PET tracer’s blood concentration.

4. Discussion

,e PET tracer [18F]LCATD is a bile acid analogue, closely
related to lithocholic acid, that can be used as a probe to
evaluate the inhibition of liver transporters. In vitro cell

uptake and membrane vesicle efflux assays using [3H]
LCATD demonstrated that this amphiphilic molecule can
hardly penetrate the cell membrane by passive diffusion,
whereas it is quickly taken up by cells expressing the
OATP1B1, NTCP transporters, and effluxed by means of
BSEP [6]. Involvement of other uptake transporters
(e.g., OATP2B1, OATP1A2, OAT2, and OAT7) and apical
transporters (such as MATE1, MRP2, BCRP, and MDR1/3)
could not be excluded. A preliminary in vivo PET study
showed that, after intravenous injection, [18F]LCATD se-
lectively accumulates in the liver [6], the sole organ in which
the murine homologs of such transporters are significantly
expressed.

Being [18F]LCATD a substrate of the pharmacologically
relevant hepatic transporter OATP1B1, as well as of
transporters that are normally involved in the uptake and
clearance of bile acids (such as NTCP and BSEP), if the
coadministration of a drug affects the biodistribution of
[18F]LCATD, then there are high chances that the drug
could cause DDIs or possibly drug induced hepatoxicity. As
a preclinical proof of concept, this study was focused on the
effects of the coadministration of two drugs known to inhibit
hepatic transporters, for example, rifamycin SV and sodium
fusidate, on the hepatobiliary distribution of [18F]LCATD.
Rifamycin SV has been widely used in vitro as a pharma-
cologically relevant transporter inhibitor [13–16], and we
have previously demonstrated that it could inhibit the up-
take of tritium-labelled LCATD in an OATP1B1 cell-based
assay [6]. We therefore anticipated that rifamycin SV could
represent a benchmark inhibitor for this imaging study. On
the other hand, sodium fusidate was selected as transporters
inhibitor for this study because of its involvement in clin-
ically relevant DDIs. Fusidate-induced hepatic transporters
inhibition has indeed been proposed as a possible cause of
myopathy including rhabdomyolysis upon coadministration
with statins [17, 18].

To date, a small number of bile acids derivatives la-
belled with gamma and positron emitting radioisotopes
have been developed with the aim of studying hep-
atobiliary and intestinal transport by means of SPECT and
PET imaging. [75Se]25-homotaurocholic acid (SeHCAT)
[19] was the first gamma-emitting bile acid derivative,
developed in 1979. [11C]Cholylsarcosine, an analogue of
the bile acid cholylglycine firstly reported in 2012 [20], has
been shown to be transported by bile acid transporters in

Table 1: Kinetic parameters for [18F]LCATD as mean ±1 s.d., n � 3.

Group t_max
(s)

Cmax,liver
(% ID·mL−1)

AUCliver 0–5min
(% ID·min·mL−1)

Kp liver

0−5min

AUCliver 0–30min
(% ID·min·mL−1)

AUCbile 0–10min
(% ID·min·mL−1)

CLuptake,in vivo
(mL·min−1·g−1)

CLint,bile
(mL·min−1·g−1)

Control 135 14.3± 0.9 58± 1 3.64± 0.09 110± 15 89± 1 2.09± 0.27 0.17± 0.03
Rifamycin
SV-treated 225 10.2± 0.9∗ 44± 4∗ 2.07± 0.17 139± 9 53± 3∗ 0.71± 0.05∗ 0.12± 0.03

Fusidate-
treated 135 11.5± 0.3∗ 48± 0.3∗ 2.451±

0.016 89± 11 93± 19 1.40± 0.13∗ 0.36± 0.03∗

Statistical significance of rifamycin-SV and fusidate-treated rats compared to the control was assessed by two-tailed t-test assuming equal variances, ∗p< 0.05.
tmax: time to maximum peak concentration; Cmax,liver: maximummeasured activity in the liver; AUCliver 0–5min: area under the curve for the liver from 0 to
5 minutes postinjection; Kp liver 0–5min: apparent liver-to-blood AUC0–5min ratio; AUCliver 0–30min: area under the curve for the liver from 0 to 30
minutes postinjection; AUCbile0–10min: area under the curve for the bile (as radioactivity measured in the gastrointestinal tract) from 0 to 10 minutes
postinjection; CLuptake,in vivo:in vivo uptake clearance; CLint,bile: intrinsic biliary clearance of the radiotracer.
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Figure 4: Activity in the liver, kidney, heart, and blood of control,
rifamycin SV-treated, and fusidate-treated rats at 50 minutes
postinjection as mean ±1 s.d., n � 3. Statistical significance of
rifamycin-SV and fusidate-treated rats compared to the control was
assessed by two-tailed t-test assuming equal variances, ∗p< 0.05.
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pigs [21] and proved to be a useful PET tracer to study
biliary secretion in healthy humans and patients with
cholestasis [22]. Soon after our first report of [18F]LCATD
as the first [18F]fluorine-labelled bile acid [6], another
derivative of cholic acid, 3β-[18F]fluorocholic acid ([18F]
FCA) was reported by De Lombaerde et al. [23] as
a promising probe to monitor altered hepatobilary
transport in vivo during drug development. Compared to
other PET tracers developed to study liver transporters
which are transported quite selectively by the OATPs and
MRP2 and BCRP [3, 4] bile acid-based tracers such as [18F]
LCATD, [18F]FCA and [11C]Cholylsarcosine are generally
handled by the same transporters involved in uptake and
efflux of endogenous bile acids (NTCP, OATP1B1,
OATP1B3, BSEP, and MRP2) [24–26], making them the
best candidates to study physiology and pathophysiology
of the hepatic bile acid transport in vivo [22, 23, 27].

As observed for the other bile acid-based [18F]fluorine-
labelled PET tracer [18F]FCA [23], [18F]LCATD reached
a peak concentration in the liver in a very short time
(t_max � 135 seconds) in untreated animals.

Treatment with rifamycin SV reduced the maximum
activity recorded in the liver from 14.2± 0.8% to 10.2± 1.0%
and delayed t_max by 90 seconds, indicating an inhibitory
effect of the drug on the transporters involved in the uptake
of [18F]LCATD. In rifamycin SV-treated rats the AUCliver

0–5min and the hepatic uptake clearance CLuptake,in vivo were
also significantly reduced as a consequence of the effect of
the drug on uptake transporters (Table 1). If compared with
the TAC obtained for control rats, rifamycin SV-treated rats
showed a less steep exponential decay during the phase
representing the excretion of the tracer from the hepato-
cytes. Consequently, the AUCliver 0–30min of rifamycin SV-
treated rats was higher than the AUCliver 0–30min of control
rats, while the AUCbile 0–10min of rifamycin SV-treated rats
was significantly lower than the AUCbile 0–10min of control
rats, suggesting an inhibitory effect on efflux transporters. It
is worth mentioning that although AUCliver 0–5min (which
describes the accumulation of the probe in the liver) and
CLuptake,in vivo (a kinetic parameter describing the transport
of probe substrate) are closely related, it is difficult to
correlate them based on available information. Since uptake
transporters are inhibited by rifamycin SV, it is expected that
this will increase plasma/blood concentrations of the PET
tracer, while decreasing accumulation in liver reflected in
a decrease of AUCliver. ,is is confirmed by the Kp liver
(tissue/plasma ratio) calculated for the three groups. Taken
together, this data are in accordance with the inhibitory
activity of rifamycin SV previously observed on both uptake
and canalicular transporters. In fact, rifamycin SV has been
shown to inhibit OATP1B1, OATP1B3, NTCP [16, 28], and
the ATP-dependent bile salt export pump (BSEP) [29, 30].
Inhibition of OATP1B1 and BSEP is expected to occur when
the serum-free concentration of rifamycin SV is higher than
its IC50 for these transporters. ,e reported IC50 values of
rifamycin SV for OATP1B1 and BSEP are, respectively,
0.2–0.4 µM [6, 16] and 6.3 µM [31], while a Ki value >63 µM
for NTCP has been reported [13]. ,e administered dose of
rifamycin SV was 62.5mg·Kg−1, and taking into account the

IC50 values indicated above, it is possible that rifamycin SV
plasma concentrations would be enough to inhibit
OATP1B1 and BSEP, whereas inhibition of NTCP may only
be partial. ,ese observations would be consistent with the
results of the PET imaging experiments. ,e administration
route of rifamycin SV and dose used in our protocol were
based on a previous study in which the structurally related
inhibitor rifampicin was used as hepatic transporters in-
hibitor in mice [32]. Inhibition of hepatic transport was seen
at a dose of 37.5mg·Kg−1 intraperitoneally and 9.37mg·Kg−1
intravenously [32]. ,is is in line with the observed in-
hibition of [18F]LCATD transport at the dose used in our
work (50mg·Kg−1 ip and 12.5mg·Kg−1 iv).

Postmortem analysis (50 minutes postinjection) of the
residual activity in liver, kidney, heart, and blood was also
consistent with the in vivo imaging results. In fact, a very low
residual tracer concentration was found in the liver in line
with the fast biliary clearance observed by PET imaging.
Very low activity was found in the kidneys (<0.1% of the
injected dose, comparable to other blood perfused organs
like the heart) and significant differences (p< 0.05) were
found between the tracer concentrations in the blood of
control and rifamycin-treated rats, as a result of the drug-
induced impaired hepatic clearance.

Although we could not detect [18F]LCATD or any
radiometabolite in blood and liver extracts, radio-HPLC
analysis of intestine extracts of two animals from the con-
trol group showed a twin peak matching [18F]LCATD that
accounted for over 90% of the activity (see Figure S1,
Supplementary Materials), suggesting that the tracer is at
least 90% metabolically stable 50min postinjection.

Coadministration of sodium fusidate (30mg·Kg−1) de-
creased the liver uptake of [18F]LCATD, although to a lesser
extent compared to rifamycin SV: the maximum activity
found in the liver was reduced from 14.2± 0.8% to 11.4±
0.3% but t_max was not delayed in this case. ,e lower
AUCliver 0–5min and AUCliver 0–30min of fusidate-treated rats
relative to control rats (although the latter was not signif-
icant) indicated that the hepatocytes had been exposed to
lower amounts of PET tracer, as a likely result of the uptake
inhibition. Interestingly, the AUCbile 0–10min of fusidate-
treated rats was higher than the AUCbile 0–10min of con-
trol rats, even though the difference was not statistically
significant. ,e CLint,bile was also higher than that of control
rats. Finally, significant differences were found between the
tracer’s concentrations in the terminal blood sample of
control and fusidate-treated rats. All these results suggest
that at the administrated dose, sodium fusidate inhibits the
liver uptake of the tracer but not the canalicular efflux, which
instead seems to be stimulated by the presence of the drug.
,is might be explained by considering that, in previous
studies [33], fusidic acid (0.3–300 µM) was shown to
stimulate the MRP2 transporter (canalicular efflux) in vitro,
as indicated by the increased efflux of LTC4 (leucotriene C4)
using MRP2 transfected membrane vesicles. Many bile acid
salts are known to be transported by MRP2 [34] and, being
[18F]LCATD a bile acid analogue, it is possible that its
MRP2-mediated excretion might have been stimulated by
fusidic acid administration. However, for the scope of this
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study, we did not assess the involvement of MRP2 in the
canalicular efflux of [18F]LCATD, and we recognise that
future work should explore this aspect in greater detail.

,e effect of sodium fusidate on the biliary transport has
been previously studied in vivo in rats, and an overall re-
duced biliary clearance of [3H]-cholyltaurine was observed
after administration of a 54mg·Kg−1 dose [35]. However, the
authors could not clarify if the effect was due to a reduced
liver uptake of cholyltaurine or caused by a reduced cana-
licular efflux (thus increasing the hepatocyte exposure to the
drug), or both. In a more recent study, sodium fusidate was
shown to inhibit the hepatic uptake of rosuvastatin, via
inhibition of OATP1B1 and OATP1B3, when orally ad-
ministered in rats at a dose of 250mg·Kg−1 [17].

In our study, the administered dose of sodium fusidate
was 30mg·Kg−1, which is comparable to the dose previously
used by Bode (54mg·Kg−1 ip) [35] to study the effect of
fusidate on cholyltaurine transport in the rat liver. Although
the actual plasma concentration could not be measured, the
administered dose of fusidate may be enough to inhibit
OATP1B1, BSEP, and NTCP. For these transporters, IC50
values of sodium fusidate have been reported to be in the
micromolar range: 1.6 to 35 µM for OATP1B1 [17, 18, 33],
3.8–11.5 μM for BSEP [31, 33], and 44 μM for NTCP [33].
,e higher CLint,bile observed for fusidate-treated rats could
be explained as the net effect of fusidic acid on BSEP in-
hibition and MRP2 stimulation. ,e significant differences
observed for fusidate-treated rats on AUCliver 0–5min, on the
radioactivity in the liver at 2 minutes postinjection and on
CLint,bile corroborate the hypothesis that [18F]LCATD, can
be used as a tracer to identify perturbation of hepatic uptake
and efflux transporters in vivo. However, in the case of
fusidic acid, further studies with transporter knock-out
rodent models may be necessary to unequivocally de-
lineate the net uptake and efflux inhibition and the stim-
ulation properties. Moreover, such knock-out rodent models
may help to understand the role of other efflux transporters
such as MATE1, BCRP, MRP2, and PgP in addition to BSEP
to the canalicular efflux of [18F]LCATD.

We can speculate that, if the objective of the experiment
is to determine whether a drug has potential for DDI,
continuous blood infusion of the investigational drug and/or
dose escalation may provide more conclusive information.
However, limitations due to altered tracer metabolism and
transporters expression induced by the administration of the
investigational drug, as well as reduced blood flow due to
anaesthetic procedures may need to be considered.

5. Conclusion

In conclusion, we have shown that hepatic clearance of the
PET tracer [18F]LCATD (which had been previously
characterized in vitro) (6)] is significantly modified in vivo,
in preclinical models (rat), by the coadministration of
rifamycin SV and sodium fusidate, which are known to
cause the inhibition of clinically relevant uptake and can-
alicular hepatic transporters.

Since [18F]LCATD can be easily prepared in a standard
fully automated radiosynthesis module [6] in any PET

radiochemistry laboratory (even in a non-PET-specialised
industrial environment) from commercially available
aqueous [18F]fluoride solutions, we anticipate that this tracer
could be advantageously used in the safety evaluation of
investigational drugs early in the drug development phase.
Moreover, the use of bile acid analogues such as [18F]
LCATD, which are transported by bile acid transporters
NTCP and BSEP, could be tested as diagnostic agents, in
alternative to the very short lived [11C]cholylsarcosine, for
imaging pathophysiological hepatic conditions in patients.
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We evaluated changes in relative liver enhancement (RLE) obtained by gadoxetic acid-enhanced MRI (GA-MRI) in the hep-
atobiliary phase and changes in splenic volume (SV) after hepatitis C virus (HCV) eradication as well as their predictive value for
the development of (further) hepatic decompensation during follow-up. /is retrospective study comprised 31 consecutive
patients with HCV-induced advanced chronic liver disease who underwent GA-MRI before and after successful interferon-free
treatment, as well as a cohort of 14 untreated chronic HCV-patients with paired GA-MRI. RLE increased by 66% (20%–94%;
P< 0.001) from pre- to posttreatment, while SV decreased by −16% (−28% to −8%; P< 0.001). However, SV increased in 16%
(5/31) of patients, the identical subjects who showed a decrease in RLE (GA-MRI-nonresponse). We observed an inverse
correlation between the changes in RLE and SV (ρ � − 0.608; P < 0.001). In the untreated patients, there was a decrease in RLE by
−11% (−25% to −3%; P � 0.019) and an increase in SV by 23% (7%–43%; P � 0.004) (both P< 0.001 versus treated patients).
Interestingly, GA-MRI-nonresponse was associated with a substantially increased risk of (further) hepatic decompensation 2 years
after the end of treatment: 80% versus 8%; P< 0.001. GA-MRI might distinguish between individuals at low and high risk of
(further) hepatic decompensation (GA-MRI-nonresponse) after HCV eradication. /is could allow for individualized
surveillance strategies.

1. Introduction

Chronic hepatitis C virus (HCV) infection affects about
80 million people worldwide [1]. Ongoing hepatic in-
flammation may lead to liver fibrosis, cirrhosis, and ulti-
mately portal hypertension, which may be complicated by
ascites, variceal bleeding, and hepatic encephalopathy.

Moreover, patients are at considerable risk for the devel-
opment of hepatocellular carcinoma (HCC) [2].

/e use of interferon- (IFN-) based therapies in patients
with advanced liver disease was limited due to adverse events
as well as its modest efficacy [3, 4]. In contrast, novel IFN-
free regimens are highly effective and generally well tolerated
[5–8]. Touting rates of sustained virologic response (SVR),
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which defines the cure of chronic hepatitis C (CHC), ex-
ceeding 95% [5–7], the focus of attention has now shifted to
the regression of HCV-induced liver fibrosis, cirrhosis, and
portal hypertension after treatment [9].

Monitoring patients who have achieved an SVR remains
amajor challenge in the post-HCV era [10]. In the absence of
well-established biomarkers for risk stratification, patients
who have achieved an SVR but had advanced liver fibrosis or
cirrhosis before treatment should undergo upper GI en-
doscopy to screen for varices in 1- to 3-year intervals and
have ultrasound (US) surveillance for HCC every 6 months
[10, 11]. However, the US has many limitations, resulting in
either false-positive or false-negative findings, and thus,
overtreatment or undertreatment of a substantial proportion
of patients [12].

Gadoxetic acid-enhanced MRI (GA-MRI) is considered
more sensitive for diagnosis of HCC [12]. Based upon its
unique pharmacokinetic properties, GA-MRI simulta-
neously gives morphologic and functional information
about the hepatobiliary system in patients with diffuse liver
diseases. /e RLE measured 20 minutes after GA admin-
istration, that is, in the hepatobiliary phase (HBP), has been
recently shown to correlate with liver function [13]. RLE
facilitates selecting patients for major liver resection likely
to develop liver failure postoperatively [14]. Likewise, the
RLE has been shown to be a predictor of graft survival after
liver transplantation [15]. RLE has been recently shown to
correlate with hepatic inflammation and fibrosis in non-
alcoholic steatohepatitis (NASH) [16]. /us, we hypothe-
sized that the RLE might identify patients who have
persistent hepatic inflammation and fibrosis, as well as
portal hypertension despite HCV eradication.

We therefore analyzed CHC patients with advanced
chronic liver disease who achieved an SVR on IFN-free
regimens and underwent GA-MRI both before and after
IFN-free treatment to evaluate its potential use as a non-
invasive tool for distinguishing between patients at low and
high risk of (further) hepatic decompensation during follow-
up. We used the change in relative liver enhancement (RLE)
derived from GA-MRI in the HBP and the change in splenic

volume (SV) as potential indicators of regression of hepatic
fibrosis and inflammation [16] and improvement of portal
hypertension, respectively [17, 18]. /e changes in RLE and
SV observed after HCV eradication were compared to the
course of untreated chronic HCV infection assessed by
paired GA-MRI.

2. Materials and Methods

2.1. Study Design and Population. /e Institutional Review
Board of our hospital approved the data collection method
and analysis and waived the necessity for informed consent
for this retrospective study. A query of our institutional
database yielded 4973 patients who underwent a standard-
ized 3.0 Tesla MRI (3.0 T-MRI) of the liver between June
2011 and April 2016. Our inclusion criteria were met by 31
patients with CHC in whomGA-MRI liver was performed in
the course of HCC surveillance both before and after IFN-
free treatment. All of these patients had a SVR./e exclusion
criteria are depicted in Figure 1. Patient characteristics are
shown in Table 1.

In addition, our study comprised a cohort of 14 un-
treated chronic HCV patients with paired GA-MRI.

2.2. MRI Protocol. All MRI examinations were performed
with a 3.0 T-MRI unit (TrioTrim, Siemens, Erlangen,
Germany). /e detailed MRI protocol including the ex-
amination parameters is shown in Table 2.

2.3. Clinical and Laboratory Parameters. Epidemiological
characteristics were assessed from patients’ medical history.
Pretreatment model for end-stage liver disease (MELD) and
Child-Pugh (CP) score was calculated based on laboratory
parameters and patients’ medical histories. Laboratory pa-
rameters were assessed using standard laboratory methods
and recorded at the time of the 1st (before antiviral therapy)
and the 2nd (after antiviral therapy) GA-MRI.

HCV genotype was determined using the VERSANT
HCVGenotype 2.0 Assay Line Probe Assay (LiPA) (Siemens

Liver MRI

Other contrast agents or
unenhanced MRI

Others

Not included

No baseline
MRI

No follow-up
MRI

Tx not
finished

LTX within
follow-up

118 6 3

2831

396959

9454028

4973

Gadoxetic acid-enhanced MRI

HCV and IFN-free therapy

Final study cohort

Figure 1: Between June 2011 and April 2016, 4973 patients underwent a standardized 3.0 Tesla MRI of the liver. Fifty-nine patients with
chronic hepatitis C virus (HCV) infection who were successfully treated with interferon- (IFN-) free regimens underwent a GA-MRI of the
liver in the course of hepatocellular carcinoma surveillance. Paired measurements were available in 31 patients (final study cohort); Tx:
treatment; LTX: liver transplantation.
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Healthcare Diagnostics, Tarrytown, NY, USA). HCV-RNA
was assessed using the Abbott RealTime HCV assay
(Abbott Molecular, Des Plaines, IL, USA) with a lower limit
of quantification and detection of 12 IU mL−1. SVR was
defined by undetectable HCV-RNA 12 weeks after the end of
antiviral therapy.

2.4. HCV �erapy. Patients were treated with sofosbuvir
(SOF) in combination with simeprevir (SMV), daclatasvir
(DCV), or ledipasvir (LDV), or the 3D regimen. SOF (Sovaldi
(Gilead, Cambridge, UK) 400mg once daily), SMV (Olysio
(Janssen, Beerse, Belgium) 150mg once daily), DCV
(Daklinza (Bristol-Myers Squibb, Uxbridge, UK) 60mg
once daily), SOF/LDV (Harvoni (Gilead, Cambridge, UK)
400mg/ 90mg once daily), and the 3D regimen (Viekirax
(AbbVie, Maidenhead, UK) 12.5mg ombitasvir, 75mg par-
itaprevir, and 50mg ritonavir once daily plus Exviera
(AbbVie, Maidenhead, UK) 250mg dasabuvir twice daily)
were either prescription drugs or provided by pharmaceutical
companies. Treatment durations ranged from 12 to 24 weeks.

2.5. Image Analysis. /e measurements of signal intensity
(SI) were performed on a commercially available picture
archiving and communication system workstation (IMPAX
EE R20 XV SU3, AGFA Healthcare, Mortsel, Belgium) by
three readers in consensus: a radiologist with more than 20
years of experience in abdominal MR imaging (Ba-
Ssalamah) and two radiologists in the 2nd-3rd year of
training (Haider and Güngören). All observers were blinded
to patients’ clinical histories and laboratory data, as well as
the time point. /e signal intensity of the liver parenchyma
was measured based on unenhanced and GA-enhanced im-
ages, obtained in the arterial, venous, transitional, as well as in
the HBP. Measurements were performed by positioning nine
separate circular regions of interest (ROIs), which were
a minimum of 1 cm in diameter in each Couinaud liver
segment including segments 4a and 4b. Regions of interest
were selected avoiding visible vascular and biliary structures
and the abdominal wall. RLE was calculated according to the
following formula: RLE� (SIpost− SIpre)/SIpre, where SIpre is
unenhanced signal intensity and SIpost is signal intensity
measured on GA-enhanced images in the HBP (16). SV was
measured using syngo.via (Siemens, Erlangen, Germany)
using the freehand volume of interest tool in the multimodal
reading mode. Changes in RLE and SV are expressed as
relative changes between baseline and follow-up MRI. Por-
tosystemic collaterals were graded by their maximum axial
diameter as absent, minor (<4mm), or major (≥4mm),
respectively.

2.6.GA-MRIResponse. GA-MRI response was defined by an
increase in RLE which was paralleled by a decrease in SV,
while patients with a decrease in RLE and an increase in SV
were referred to as GA-MRI nonresponders.

2.7. Clinical Events during Follow-Up. Patients were followed
for the development of (further) hepatic decompensation after
IFN-free treatment. (Further) hepatic decompensation was
defined by variceal (re)bleeding, incident ascites/worsening of
ascites (requirement of paracentesis), and incident hepatic
encephalopathy (HE)/worsening of HE (admission for grade
3/4 HE).

2.8. Statistical Analysis. Statistical analyses were performed
using IBM SPSS Statistics 24 (IBM, Armonk, NY, USA) and
GraphPad Prism 7 (GraphPad Software, La Jolla, CA, USA).

Categorical variables were presented as number (per-
centage) and scalable variables as median (interquartile
range).

Mann–Whitney U and Kruskal–Wallis tests were used for
group comparisons of continuous variables (i.e., comparison
of treatment-induced changes in RLE and SV between patients
with or without portosystemic collaterals). Intraindividual
comparisons were performed using the Wilcoxon matched-
pairs signed rank test (i.e., treatment-induced changes in SI,
RLE, and SV). Spearman’s correlation coefficient was calcu-
lated for correlation analyses (i.e., the correlation between the
time interval from pretreatment MRI to treatment initiation

Table 1: Patient characteristics at the time of pretreatment MRI as
well as treatment characteristics.
Age (years) 61 (53–66)
Age (female) (years) 59 (56–68)
Age (male) (years) 61 (52–63)

Sex
Male 24 (77%)
Female 7 (23%)

HCV genotype
1 24 (77%)
3 2 (7%)
4 5 (16%)

Cirrhosis 27 (87%)
CP stage A 19 (70%)∗
CP stage B 8 (30%)∗
MELD points 9 (8–11)∗
History of variceal bleeding 0 (0%)∗
Varices 14 (52%)∗
Small 10 (37%)∗
Large 4 (15%)∗

Platelet count (G× L−1) 104 (77–146)
Albumin (g× L−1) 39.6 (35.7–41.8)
Bilirubin (mg× dL−1) 0.92 (0.64–1.48)
Prothrombin time (%) 77 (64.3–86.3)
Treatment-experienced 22 (71%)
Treatment regimen
SOF/SMV 6 (19%)
SOF/DCV 19 (61%)
SOF/LDV 5 (16%)

Treatment duration
12 weeks 10 (32%)
16 weeks 5 (16%)
20 weeks 2 (6%)
24 weeks 14 (45%)

∗Referring only to patients with cirrhosis. HCV: hepatitis C virus; CP:
Child-Pugh score; MELD: model for end-stage liver disease; SOF: sofos-
buvir; SMV: simeprevir; DCV: daclatasvir; LDV: ledipasvir.
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and ΔRLE/ΔSV, the correlation between relative ΔRLE and
ΔSV in treated patients, and the correlation between changes
in platelet count/biochemical liver function tests and RLE/SV).

/e development of (further) hepatic decompensation
was analyzed using the Kaplan–Meier method; group
comparisons were performed by the logrank test.

P values< 0.05 were considered as statistically signifi-
cant. In case of multiple comparisons, P values were
corrected by the Bonferroni procedure (i.e., comparison of
pre- and posttreatment SI values on unenhanced and GA-
enhanced images, obtained in the arterial, venous, tran-
sitional, as well as in the HBP).

3. Results

3.1. Patient and Treatment Characteristics. /e majority of
patients (n � 19 of 31, 70%) had Child-Pugh (CP) A cir-
rhosis, with a median MELD of 9 (8–11) points. Fifty-two
percent of patients (n � 14) had esophageal varices (Table 1).

/e median time between pretreatment MRI and treatment
initiation was 11 (2–24) months. Posttreatment MRI was per-
formed at a median of 10 (6–13) months after the end of
treatment. /e median time between pre- and posttreatment

MRI was 20 (11–29) months. /ere was no correlation be-
tween the time interval from pretreatment MRI to treat-
ment initiation and ΔRLE (ρ � −0.135; P � 0.47) or ΔSV
(ρ � 0.063; P � 0.736), or treatment duration and ΔRLE
(ρ � 0.324; P � 0.075) or ΔSV (ρ � 0.089; P � 0.635).
Similarly, there was no correlation between the time
from end of treatment to posttreatment MRI and ΔRLE
(ρ � 0.03; P � 0.873) or ΔSV (ρ � −0.062; P � 0.739).

3.2. Changes in SI and RLE in Treated Patients. At both time
points (pre- and post-IFN-free therapy), the liver showed the
characteristic low SI on unenhanced scans with a gradual
increase after GA administration, peaking in the HBP
(Supplementary Figure 1).

In the HBP, SI posttreatment was statistically signifi-
cantly increased, when compared to pretreatment: 447
(339–525) versus 551 (456–667); P � 0.005. Furthermore,
there was a statistically significant SI increase in the tran-
sitional phase (434 (343–500) versus 511 (408–597);
P � 0.02). /e signal intensities in unenhanced scans (244
(219–270) versus 251 (220–278); P � 1), arterial scans (330
(277–374) versus 338 (279–382); P � 1), and venous images

Table 2: Imaging parameters.
MRI unit 3.0 Tesla, TrioTrim, Siemens, Erlangen, Germany

Coil Combined six-element phased-array abdominal coil
and fixed spine coil

Axial, three-dimensional breath-hold, T1-weighted,
gradient-echo sequences (T1-3D GRE), i.e., VIBE

FOV∗: 350–400× 350mm
FS: SPAIR
AF: 2

Sequence duration∗: 18–21 s
Section thickness∗: 1.7mm; gap: 0mm

TR∗: 2.67ms; TE: 0.97ms
FA: 13°

Contrast medium i.v. bolus injection of 0.025mmol/kg body weight
of gadoxetic acid at 1mL/s and 20mL saline flush

Imaging time points

Unenhanced
AP (immediately)

PVP (70 s)
TP (5min)

HBP (20min)

T1-weighted axial in-phase
TR∗: 130; TE: 2.46

FA: 70°
FOV: 640× 500

T1-weighted axial opposed-phase
TR∗: 131; TE: 3.69

FA: 70°
FOV∗: 320× 250

T2 HASTE
TR∗: 1600; TE: 100

FA: 150°
FOV∗: 512× 448

DWI

B 50–600 and ADC map
TR∗: 4404, TE: 73

FA: 90°
VOF∗: 384× 288

∗Individual adjustment depending on patient size and breath hold capability. FOV: field of view; FS: fat sat; SPAIR: spectral adiabatic inversion-recovery
technique; AF: acceleration factor; TR: repetition time; TE: echo time; FA: flip angle (anteroposterior phase direction); GRE: gradient-recalled echo; VIBE:
volumetric interpolated breath-hold examination; HBP: hepatobiliary phase; AP: arterial phase; PVP: portal venous phase; TP: transitional phase; HBP:
hepatobiliary phase; HASTE: half-fourier acquisition single-shot turbo spin-echo; DWI: diffusion-weighted images; ADC: apparent diffusion coefficient.
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(460 (384–522) versus 496 (426–588); P � 0.39) did not
change statistically significantly from pre- to posttreatment
(Supplementary Figure 1).

/e RLE increased statistically significantly from pre-
to posttreatment by 66% (20%–94%) in paired analysis
(P< 0.001). Twenty-six patients (84%) showed an increase
in RLE after antiviral therapy, whereas RLE decreased in 5
of 31 patients (Figures 2 and 3).

3.3. Changes in SV in Treated Patients. While RLE increased
after IFN-free treatment, there was a statistically significant
decrease in SV by −17% (−28% to −8%) in a paired analysis
(P< 0.001). However, SV increased in 5 of 31 patients (16%),
the identical patients who showed a decrease in RLE
(Figure 2).

We observed an inverse correlation of moderate strength
between ΔRLE and ΔSV (ρ � −0.608; P< 0.001; Figure 4).

3.4. Changes in RLE and SV according to the Presence of
Portosystemic Collaterals in Treated Patients. /e increase in
RLE was significantly lower in patients with portosystemic
collaterals indicating the presence of clinically significant
portal hypertension. We observed an increase in the RLE
after antiviral therapy by 83% (53% to 139%), 45% (−5% to
–70%), 10% (−2% to –81%) in patients without minor,
with minor, and major portosystemic collaterals, re-
spectively (P � 0.041; Supplementary Figure 2). Relative
decreases in spleen volume among patients were as fol-
lows: no portosystemic collaterals: −22% (−29% to −9%),
followed by patients with minor portosystemic collaterals:
−14% (−21% to 23%), and major portosystemic collaterals:

−2% (−23%–8%) (Figure 5). /e observed differences did
not attain statistical significance (P � 0.196).

/ere were no statistically significant correlations be-
tween changes in platelet count/biochemical liver function
tests and RLE/SV (Supplementary Table 1 and Supple-
mentary Figure 2).

3.5. Changes in RLE and SV in the Untreated Group. /e
median time between initial and follow-up MRI in the
untreated cohort was 11 (2–24) months. In contrast to
treated patients, we observed a decrease in RLE by −11%
(−25% to −3%; P � 0.019) and an increase in SV by 23%
(7%–43%; P � 0.004; Supplementary Figure 3).

3.6. Development of (Further) Hepatic Decompensation
according to GA-MRI Response to IFN-Free Treatment.
During a median posttreatment follow-up of 25.2 (17.9–
34.8) months, 6 patients developed (further) hepatic de-
compensation, with variceal bleeding (n � 1), ascites (n � 2),
or HE (n � 3) being the first events. Two patients underwent
liver transplantation, and one patient died after developing
further hepatic decompensation.

Interestingly, GA-MRI-nonresponse was associated with
a substantially increased risk of (further) hepatic de-
compensation 2 years after the end of treatment: 80% versus
8%; P< 0.001 (Figure 6).

4. Discussion

/e results of our study demonstrate that GA-MRI might be
able to distinguish between low and high risk individuals for
(further) hepatic decompensation (GA-MRI-nonresponse)
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Figure 2: Changes in (a) relative liver enhancement (RLE) and (b) spleen volume before and after antiviral therapy. Patients who had
a decrease in RLE were exactly the same patients who showed an increase in spleen volume.
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after HCV eradication. /us, GA-MRI may identify patients
with improving liver function (i.e., regression of liver fibrosis
and portal hypertension) and those with persistent liver
damage despite SVR to IFN-free therapies.

Overall, we observed a statistically significant negative
correlation of moderate strength between the relative change
in RLE, possibly indicative of hepatic inflammation and
fibrosis [16] and spleen volume, potentially indicative of
portal hypertension [17, 18]. /e majority (84%) of patients

showed an increase in RLE after HCV eradication, which
was accompanied by a decrease in SV [17, 18]. In contrast,
untreated controls showed contrary changes in RLE and SV,
which is in line with progressive liver disease due to CHC.

If confirmed by further studies evaluating liver histology
and/or hepatic venous pressure gradient (HVPG), GA-MRI
may serve as a clinically useful biomarker for monitoring
the improvement in liver function associated with regres-
sion of hepatic inflammation and possibly with regression of

MRI nonresponder

Ba
se

lin
e

Fo
llo

w
-u

p

MRI responder

Ba
se

lin
e

Fo
llo

w
-u

p

Figure 3: Pre- and posttherapy liver images unenhanced (A, C) and 20 minutes after gadoxetic acid administration in the hep-
atobiliary phase (B, D) in a 68-year-old male patient with a decrease in relative liver enhancement (RLE) from 56% to 34%. Note the
portosystemic collaterals (graded as major portosystemic collaterals) indicating clinically significant portal hypertension. (E–F) Pre-
and posttherapy images in a 50-year-old male patient without portosystemic collaterals who had an increase in RLE from 31% to 112%.
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HCV-induced hepatic fibrosis and portal hypertension after
successful HCV eradication with IFN-free regimens. It is
well known that liver fibrosis, and consequently, portal
hypertension drives the development of liver-related events
in patients with CHC. /erefore, it is essential to reassess
both variables after HCV eradication.

It is important to consider that clinically significant
portal hypertension may persist despite normalization
of liver function tests after HCV eradication, and patients
with clinically significant portal hypertension remain at
considerable risk for hepatic decompensation, even after
achieving SVR [19, 20]. Likewise, advanced liver fibrosis may
persist, and thus, patients also remain at significant risk for
HCC development. Regression of liver fibrosis and portal
hypertension can be evaluated with liver biopsy and HVPG
measurement, respectively [21, 22]. Since a decrease in
HVPG translates into a clinically meaningful benefit, it is
considered an acceptable surrogate endpoint for etiologic
therapies [23]. However, the use of liver biopsy and HVPG
measurement for monitoring of patients after HCV eradi-
cation is limited by its invasiveness. /us, the development
of noninvasive methods to distinguish between patients who
benefited from IFN-free therapy (i.e., resolved liver fibrosis
and portal hypertension) and patients who remain at
a considerable risk for liver-related events is of high clinical
relevance.

In the current study, RLE significantly increased from
pre- to posttreatment in paired analysis. /e observed dy-
namics of SV support these results. Our results are in line
with that of other clinical studies reporting that there is
a substantial variation in the regression of liver fibrosis and
portal hypertension after HCV eradication [21, 22, 24].

In a study [21] comprising 60 patients who underwent
HVPG measurement before and after antiviral therapy, the
authors observed very homogenous decreases in HVPG
in patients with subclinical portal hypertension (HVPG

5–9mmHg). However, in patients with clinically significant
portal hypertension (CSPH; HVPG≥ 10mmHg), changes in
HVPG were heterogeneous, and some patients even had an
increase in HVPG despite an SVR. /ese findings are again
in line with the results of the present study, since porto-
systemic collaterals only occur in patients with CSPH [23],
and patients with portosystemic collaterals showed lower
increases in RLE and a trend toward a less pronounced
decrease in SV.

Another recently published study evaluated transient
elastography (TE), the most commonly used noninvasive
method for the staging of liver fibrosis and for monitoring
liver disease regression after SVR, which was assessed by
paired HVPG measurements [24]. Interestingly, the di-
agnostic performance of TE was suboptimal in patients with
more advanced liver disease. /is emphasizes the need for
other noninvasive markers for risk stratification, for ex-
ample, GA-MRI [25].

Importantly, GA-MRI predicted the development of
(further) hepatic decompensation, which is a highly relevant
direct endpoint in patients with advanced chronic liver
disease [23]. Although the significance of this finding is
limited by the low number of events, GA-MRI non-
responders showed a substantially worse prognosis, with an
80% probability of having developed (further) hepatic de-
compensation 2 years after the end of treatment. In contrast,
GA-MRI responders had a more favorable prognosis.

Some limitations should be considered when inter-
preting the results of our study: firstly, due to the retro-
spective study design, we cannot exclude a selection bias. We
did not obtain liver biopsies or HVPG pre- and posttreat-
ment; however, the changes in RLE (surrogate of hepatic
inflammation and fibrosis) correlated well with the changes
in splenic volume (surrogate of portal hypertension).
Moreover, the results obtained in the untreated cohort
(showing decreases in RLE and increases in SV, which is in
line with the natural history of CHC) support the sensitivity
of GA-MRI for dynamic changes in chronic liver disease. Of
note, the time interval between the GA-MRI assessments
differed between treated and untreated patients. /us, we
abstained from direct comparisons between both groups.
Secondly, GA-MRI response to IFN-free treatments also
predicted clinical events. Sample size was rather small;
however, it was sufficient to attain statistically significant
results. Lastly, the median time between pretreatment MRI
and treatment initiation was rather long and showed sig-
nificant variability, 11 (2–24) months; however, there was no
correlation between this time interval and changes in RLE or
SV.

5. Conclusions

/is is the first study demonstrating that GA-MRI might
be able to distinguish between individuals at low and
high risk of (further) hepatic decompensation (GA-MRI-
nonresponse) after HCV eradication. /us, it might have
important prognostic implications. If confirmed by
larger prospective studies, GA-MRI might facilitate in-
dividualized post-SVR surveillance.
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Supplementary Materials

Supplementary 1. Figure 1: gadoxetic acid-enhanced liver
MRI at both time points (pre- and posttherapy) showed the
characteristic of low signal intensity in unenhanced scans
with a gradual increase over time to a peak in the hep-
atobiliary phase (HBP) 20 minutes after administration of
gadoxetic acid. A statistically significant difference between
pre- (baseline) and posttherapy (follow-up) signal intensity
was observed in the transitional phase (TP) and the HBP. All
P values are Bonferroni adjusted.

Supplementary 2. Figure 2: changes in (A) platelet count and
biochemical liver function tests, ((B) albumin, (C) bilirubin,
and (D) prothrombin time) after antiviral therapy.

Supplementary 3. Figure 3: comparison of relative changes in
(A) relative liver enhancement (RLE) and (B) spleen volume
between an untreated control group and treated patients.

Supplementary 4. Table 1: association between relative
changes in laboratory liver function tests and relative liver
enhancement (RLE)/spleen volume (SV).
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With recent advances in liver imaging, the estimation of liver concentrations is now possible following the injection of hep-
atobiliary contrast agents and radiotracers. However, how these images are generated remains partially unknown. Most ex-
periments that would be helpful to increase this understanding cannot be performed in vivo. For these reasons, we investigated the
liver distribution of the magnetic resonance (MR) contrast agent gadobenate dimeglumine (Gd-BOPTA, MultiHance®, Bracco
Imaging) in isolated perfused rat livers (IPRLs). In IPRL, we developed a new set up that quantifies simultaneously the Gd-BOPTA
compartment concentrations and the transfer rates between these compartments. Concentrations were measured either by MR
signal intensity or by count rates when the contrast agent was labelled by [153Gd]. With this experimental model, we show how the
Gd-BOPTA hepatocyte concentrations are modified by temperature and liver flow rates. We define new pharmacokinetic
parameters to quantify the canalicular transport of Gd-BOPTA. Finally, we present how transfer rates generate Gd-BOPTA
concentrations in rat liver compartments. %ese findings better explain how liver imaging with hepatobiliary radiotracers and
contrast agents is generated and improve the image interpretation by clinicians.

1. Introduction

In the past, great achievements were made by analysing the
drug plasma concentrations to understand their body dis-
tribution. At that time, the estimation of liver concentrations
was not available. %erefore, when conducting pharmaco-
kinetic studies, it was assumed that hepatocyte concentrations
approximate plasma concentrations, the drug equilibration
across the sinusoidal membrane being obtained by passive
diffusion. With the discovery of hepatocyte transporters that
modify the transport rates across the hepatocyte membranes,
this assumption is no longer valid. %e activity of sinusoidal
transporters can be much higher than passive diffusion, in-
creasing the hepatocyte concentrations over the plasma
concentrations. Moreover, the drug concentrations generated
by the hepatocyte uptake clearances are simultaneously
modified by efflux clearances from hepatocytes into bile

canaliculi and back into sinusoids. %us, depending on the
relative hepatocyte influx and efflux clearances, drug hepa-
tocyte concentrations can exceed, equal, or be lower than
plasma concentrations. Disconnection between the hepato-
cyte and plasma concentrations is even more unpredictable
when the expression and/or function of membrane trans-
porters are altered.

With recent advances in liver imaging, the estimation of
liver concentrations is now possible following the injection of
hepatobiliary contrast agents and radiotracers. To study more
specifically the activity of hepatocyte transporters in vivo,
radiotracers for positron emission tomography (PET) and
single-photon emission computed tomography (SPECT)
imaging and gadolinium complexes for magnetic resonance
imaging (MRI) can be injected before the image acquisition
[1–4]. However, how these images are generated remains
partially unknown. Moreover, most experiments that would
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be helpful to increase this understanding cannot be performed
in vivo. For these reasons, we investigated the liver distri-
bution of the magnetic resonance (MR) contrast agent
gadobenate dimeglumine (Gd-BOPTA, MultiHance®, Bracco
Imaging) in isolated perfused rat livers (IPRLs).

In contrast to cultured cells, IPRL maintains the liver
architecture and conserves the lobular distribution of drug
transporters and metabolising enzymes. All other cells that
may interfere with hepatocyte functions are present, and the
bile excretion is preserved. %us, IPRL simulates in vivo
conditions, while avoiding interferences with other organs.
In pharmacology, IPRLs are mainly used to measure
pharmacokinetic parameters of injected drug, such as the
liver extraction ratios, the synthesis of metabolites by he-
patocyte enzymes, and the bile excretion of drugs and their
metabolites. Several reviews described the various ways to
perfuse rodent livers and the numerous investigations that
can be performed with this experimental model [5–7].

In IPRL, we quantify simultaneously the Gd-BOPTA
concentrations in each liver compartment and the transfer
rates between these compartments. %e concentrations were
measured either by MR signal intensity or by count rates
when the contrast agent was labelled by [153Gd]. Although
numerous research teams have been using IPRL to measure
clearances from sinusoids to bile canaliculi as well as from
hepatocytes back to sinusoids, we are the first group that
combines these kinetic parameters with the quantification of
concentrations. In this review, we show how Gd-BOPTA
hepatocyte concentrations are modified by liver temperature
and liver flow rates. We define new pharmacokinetic pa-
rameters to quantify the multiple resistance-associated
protein 2 (Mrp2) function, and present how transfer rates
generate the Gd-BOPTA concentrations in rat liver com-
partments. %ese findings better explain how liver imaging
with hepatobiliary radiotracers and contrast agents is gen-
erated and improve the image interpretation by clinicians.

2. Methods

2.1. HowWe Perfuse Rat Livers? Following the anaesthesia of
male Sprague Dawley rats, we cannulate the portal vein, the
hepatic artery being too small to be perfused. A Krebs–
Henseleit bicarbonate (KHB) solution is pumped without
delay through the catheter, while the solution is discarded by
a vena cava transection following its liver distribution. Liver
flow rate is slowly increased over one min up to 30ml/min. In
a second step, the chest is opened and a second cannula is
inserted into the right atrium to collect solutions flowing from
the hepatic veins. Finally, the abdominal inferior vena cava is
ligated allowing all solutions perfused by the portal vein to be
eliminated by the hepatic veins. %e entire perfusion system
includes a reservoir, a pump, a heating circulator, a bubble
trap, a filter, and an oxygenator. Solutions of perfusion are
equilibrated with a mixture of 95% O2-5% CO2, allowing
normal liver functions during 120min. Livers are perfused
with the KHB buffer± contrast agents or radiotracers using
a non-recirculating system. %us, livers are perfused with
newly prepared solutions throughout the protocol. In each
experiment, the common bile duct is cannulated with a thin

catheter to collect bile samples andmeasure the bile flow rates.
Perfusate samples are also collected from the hepatic veins.

2.2. Properties of Gd-DTPA and Gd-BOPTA. Gadopentetate
dimeglumine (Magnevist®, Bayer Pharma, Gd-DTPA) is
a MRI contrast agent that diffuses exclusively into the ex-
tracellular space of the liver [8]. %e hepatocyte uptake and
bile excretion are negligible, and its overall body excretion
occurs by glomerular filtration. In contrast, following an
intravenous injection, Gd-BOPTA distributes into the ex-
tracellular space and enters into hepatocytes [9]. %is
contrast agent is highly soluble in water and exhibits a weak
plasma protein binding (<5%) that is efficient enough to
increase the MR signal intensity in plasma and tissues [10].
Gd-BOPTA is not metabolised in hepatocytes. In Xenopus
laevis oocytes, we show that the rat sinusoidal transporters of
Gd-BOPTA are the organic anion transporting polypeptides
1a1 (Oatp1a1), Oatp1a4, and Oatp1b2 [11] (Figure 1).
Following the study of de Haën et al. [12], we confirmed that
Gd-BOPTA is transported into bile canaliculi through the
multiple resistance-associated protein 2 (Mrp2) [11]. In liver
perfused from rats lacking Mrp2, no Gd-BOPTA is present
in bile samples.
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Mrp3?
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HCCLHV SINCLLIVER
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Figure 1: Gd-BOPTA transport across hepatocyte membranes. %e
MRI contrast agent distributes into sinusoids and interstitium before
entry into rat hepatocytes across the organic anion transporting
polypeptides (Oatp1a1/a4/b2). Once inside hepatocytes, Gd-BOPTA
exits into bile canaliculi (BC) across themultiple resistance-associated
protein 2 (Mrp2) or back into sinusoids across the sinusoidal
membrane. Gd-BOPTA liver concentrations are estimated by liver
MRI or quantified with a gamma counter when the molecule is la-
belled with 153Gd. Sinusoidal clearance to liver (SINCLLIVER, ml/min)
is [(CPV–CHV)× 30]/CPV, where CPV is the concentration (µM) in
portal vein and 30ml/min is the constant liver flow rates. %e
clearance from hepatocytes to bile canaliculi (HCCLBC, ml/min) is
(CBC× bile flow rates)/CHC, where CBC is the Gd-BOPTA concen-
tration in bile canaliculi and CHC is the Gd-BOPTA concentration in
hepatocytes. %e clearance from hepatocytes to interstitium
(HCCLINT, ml/min) is (CHV× 30)/CHC, where CHV is the Gd-BOPTA
concentration in the hepatic veins. %e Gd-BOPTA concentrations
(illustrated by the number of circles) increase from sinusoids, to
hepatocytes, and to bile canaliculi.
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2.3. Perfusion of Contrast Agents and Radiotracers. Over the
years, the perfusion protocol has been standardised to com-
pare the results in various experimental conditions. Gd-DTPA
is perfused during 10min at the beginning of the protocol to
quantify the liver concentrations generated by its distribution
into the extracellular space (Figure 2). %en, a KHB solution
rinses the liver from Gd-DTPA. Gd-BOPTA is perfused
during 30min to quantify its accumulation into the extra-
cellular space and hepatocytes. Livers are finally rinsed with
KHB solution during 30min. %us, two periods are distin-
guished: (1) the Gd-BOPTA perfusion period that evidences
how the contrast accumulates in the liver compartments, and
(2) the Gd-BOPTA rinse period that investigates how the
contrast leaves hepatocytes into bile canaliculi and back into
sinusoids. To quantify both contrast agents with the gamma
counter, we add 153GdCl3 to 0.5µMGd-BOPTA or Gd-DTPA
solutions (1MBq/ml). 153Gd-DTPA and 153Gd-BOPTA are
diluted in KHB solution to obtain 200μM solutions. Unla-
belled Gd-DTPA and Gd-BOPTA are used when imaging is
performed in theMRI room. In these last experiments, 500 µM
Gd-DTPA and Gd-BOPTA are perfused.

2.4. Quantification of Gd-BOPTA Concentrations in Livers
andHepatocytes. In livers perfused with unlabelled Gd-DTPA

and Gd-BOPTA, the only available parameter is the signal
intensity enhancement, similarly to clinical studies. Trans-
verse images are acquired in a 1.5 T MR system with a fast
gradient-echo T1-weightedMR sequence. A region of interest
is drawn on the short-axis view of the liver, excluding all large
vessels. %e region of interest remains constant during the
entire experiment. However, the MRI room is not a user-
friendly environment and sample collection is limited. To
overcome this disadvantage, we set up the IPRL in a labora-
tory dedicated to experiments with radioactivity. To quantify
the liver concentrations of 153Gd-DTPA and 153Gd-BOPTA,
a gamma counter that measures radioactivity online is placed
1 cm above rat liver (Figure 2). %e counter measures the
radioactivity in a region of interest inside the same liver lobe
in each experiment. To transform the radioactivity count rates
measured by the counter into 153Gd-BOPTA concentrations,
the radioactivity contained in the liver at the end of each
experiment is measured and related to the last count rates
detected by the counter. %e concentrations in the common
bile duct and the hepatic veins are measured every 5min in
a gamma counter. Concentrations are expressed in µM in the
great vessels, the bile duct, and the livers.

%e gamma counter placed over the liver lobe quantifies
simultaneously count rates originating from sinusoids,
interstitium, bile canaliculi, and hepatocytes. To estimate the
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Figure 2: Protocol of the isolated perfused rat livers. (a) A gamma counter detects online the count rates coming from a region of interest
(ROI) delineated within a rat liver lobe.%e system avoids traumatic collection of small biopsies over time. (b)We standardise the perfusion
protocol to compare results in various experimental conditions. Rat livers are perfused successively with Gd-DTPA that distributes into the
extracellular space and Gd-BOPTA that enters into hepatocytes after extracellular distribution. Between drug perfusions, Krebs–Henseleit
bicarbonate (KHB) solutions are perfused (rinse periods).
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153Gd-BOPTA concentrations in bile canaliculi, we multiply
the bile concentrations measured in the common bile duct
by 0.43%, which corresponds to the relative volume of bile
canaliculi according to Blouin et al. [13]. Knowing Gd-
BOPTA concentrations in bile canaliculi and extracellular
compartment (estimated by Gd-DTPA concentrations), we
subtract both values from the Gd-BOPTA total liver con-
centrations to obtain Gd-BOPTA concentrations in the
volume of hepatocytes within the region of interest. Finally,
because Gd-BOPTA concentrations originate from a 78%
volume of hepatocytes, we must increase the values to 100%
to obtain the true hepatocyte concentrations [13].

2.5. Transfer Rates across Hepatocyte Membranes. In IPRL,
we can easily measure the transfer rates across hepatocyte
transporters (Figure 1) [14]. Elimination from sinusoids
to livers (SINELIMRLIVER, nmol/min) is measured by
(CPV–CHV)× 30 (constant portal blood flow, ml/min), and
sinusoidal clearance to liver (SINCLLIVER, ml/min) is
SINELIMRLIVER/CPV, where CPV is the Gd-BOPTA con-
centration perfused via the portal vein and CHV is the
Gd-BOPTA concentrations measured in the hepatic veins.
%e transfer rates from hepatocytes to bile canaliculi or
interstitium are also measured. HCELIMRBC (nmol/min) is
CBC × bile flow rate, where CBC is the Gd-BOPTA concen-
tration in bile canaliculi. %e HCELIMRINT (nmol/min) is
CHV × liver flow rate, where CHV is the concentrations in
hepatic veins. %e HCCLBC (HCELIMRBC/CHC) and HCCLHV
(HCELIMRHV/CHC) are also calculated, where CHC is the
Gd-BOPTA concentration in hepatocytes.

2.6. Canalicular Transport Activity of Mrp2. To assess Mrp2
function, we calculate the Gd-BOPTA gradients between the
bile and hepatocyte concentrations over time (Figure 5(c)).
Another way to illustrate Gd-BOPTA canalicular transport
throughMrp2 is to plot its hepatocyte concentrations (x-axis)
and its bile concentrations (y-axis) (Figure 5(d)) [15]. To
analyse these nonlinear regression curves, we fit the experi-
mental values with the equation A+BX+CX2, where A is the
intercept on the y-axis, B is the slope of regression, andC is the
plateau at maximal concentrations. Finally, to understand
whether the canalicular fluid transport, the Gd-BOPTA bile
concentrations, or both interfere with the Gd-BOPTA ex-
cretion rates into bile, we plot the bile excretion rates (x-axis)
with the bile flow rates (y-axis), as previously published
(Figure 5(b)) [16]. For these investigations, we perfused rat
livers with the single-photon emission computed tomography
radiotracers 99mTc-DTPA (TechneScan DTPA®, b.e.imaging,
Schwyz, Switzerland) and Mebrofenin (99mTc-MEB, Chol-
etec®, Bracco Imaging) [17–19]. MEB is transported from
sinusoids into bile canaliculi by the same transporters as
Gd-BOPTA, but its extraction ratio is much higher (94%)
than that of Gd-BOPTA (8%). DTPA is labelled with 99mTc
(25mg, 7MBq), while MEB is labelled with 99mTc (40mg,
11MBq). DTPA and MEB are diluted to obtain 64 μM
concentrations. %us, we can compare the Mrp2 function of
one contrast agent and one radiotracer that display the same
hepatocyte transport but different pharmacokinetics.

3. Experimental Results

3.1. Gd-BOPTA Concentrations in Normal Livers. In the
initial study, we measure the liver signal intensity during the
perfusion of Gd-DTPA and Gd-BOPTA (Figure 3) [20]. Liver
enhancement with Gd-DTPA rapidly reaches a steady state,
while liver enhancement increases over the 30min perfusion
period (Figure 3(a)). During the rinse period, the signal in-
tensity does not return to baseline values as observed with
Gd-DTPA. Pharmacokinetic modelling estimates that the
half-lives of Gd-DTPA entry and exit are identical (1.3±
0.9min) and shorter than those observed with Gd-BOPTA
(4.8± 0.3min for entry and 17.5± 2.8min for exit). In-
terestingly, the coperfusion of the dye bromosulfophthalein
(BSP) with Gd-BOPTA prevents the contrast agent entry into
hepatocytes and the mean half-lives are similar to those
measured with Gd-DTPA (Figures 3(a)–3(c)). %is BSP in-
hibition of hepatocyte Gd-BOPTA uptake is the first drug-
drug interaction evidenced by liver imaging. Acute bile duct
ligation at the time of surgery does not interfere with Gd-
BOPTA uptake but slows down the decreased signal intensity
during the rinse period (Figure 3(a)). %ese MR results are
confirmed when we measure Gd concentrations by in-
ductively coupled plasma atomic emission spectrometry in
liver biopsies (Figure 3(b)). In the portal and hepatic veins, the
concentrations remain close to 500 µM at steady state.

%ese initial experiments demonstrate that contrast
agents can be successively imaged in IPRL. %e Gd-DTPA
perfusion estimates the signal intensity increase associated
with the extracellular volume distribution. According to its
fast and steady distribution, additional signal intensity ob-
served during Gd-BOPTA perfusion relates to the hepato-
cyte entry and the transfer into bile canaliculi. Because
contrast agents are perfused with a KHB containing no
protein, protein binding does not alter the Gd-BOPTA
entry. None of the contrast agents modifies the portal
pressure or the hepatic O2 consumption [20].

3.2. Gd-BOPTAConcentrations in Livers with Chronic Biliary
Cirrhosis. We then investigate the signal intensity en-
hancement during Gd-BOPTA perfusion in livers isolated
from rats that had a bile duct ligation (BDL) 15, 30, and 60
days before the liver isolation [21]. BDL induces a severe
hepatic injury that increases over time with a downregulation
of the Gd-BOPTA transporter expression. %e extracellular
space (assessed by Gd-DTPA imaging) significantly increases
with the disease severity. %e Gd-BOPTA-induced signal
intensity enhancements are similar in control rats, BDL-15
rats, and BDL-30 rats, but decrease significantly in severe
cirrhosis (BDL-60 rats). %us, Gd-BOPTA-induced signal
intensity enhancements cannot be related to the transporter
expression, emphasising the need for the simultaneous
quantification of hepatocyte concentrations and transfer rates
across membranes.

3.3. Role of Liver Temperature on Gd-BOPTA Liver
Concentrations. In these experiments, normal livers are
perfused with 153Gd-DTPA (200 µM) and 153Gd-BOPTA
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(200 µM) at 12, 25, 30, 36, and 38°C to collect samples in the
hepatic veins over time (Figure 4(b)) [22]. At the end of the
perfusion, liver biopsies are imaged byMRI.%e liver 153Gd-
DTPA and 153Gd-BOPTA concentrations are also measured
with a gamma counter (Figure 4(a)). A low amount of Gd-
BOPTA taken up by hepatocytes (3%) explains the high
Gd-BOPTA concentrations measured in hepatic veins
(Figure 4(b)). Nevertheless, the maximal Gd-BOPTA
concentrations (188± 5 µM) in hepatic veins are signifi-
cantly lower than those of Gd-DTPA (200± 1 µM). %e MR
images of liver biopsies show that the Gd-BOPTA accu-
mulation into hepatocytes declines with temperatures
(Figure 4(c)). At 12°C, Gd-BOPTA does not enter into
hepatocytes and behaves as Gd-DTPA. Temperature vari-
ation from 36 to 38°C significantly increases Gd-BOPTA

hepatocyte accumulation, suggesting that these body tem-
peratures may interfere with imaging in patients.

In these preliminary studies, we show that IPRL is an
interesting model to quantify liver concentrations of imaging
radiotracers and contrast agents and to assess their temper-
ature dependence. By substituting 153Gd in the Gd-BOPTA
molecule, we quantify accurately Gd-BOPTA liver concen-
trations. However, at that time, we collected liver biopsies for
this quantification and few data were available. In the following
studies, we place a gamma counter over the liver to record
online the accumulation of radiotracers in the livers (Figure 2).

3.4. Canalicular Transport of Gd-BOPTA and MEB across
Mrp2. Bile excretion of compounds is an important liver
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function. Primary bile forms at canalicular membrane of
adjacent hepatocytes and transports endogenous (bile salts
and bilirubin) as well as exogenous (imaging) compounds
[23, 24]. Most compounds that entered hepatocytes cross the
canalicular membrane by export pumps. %is primary bile is
then modified along ductules and ducts by absorptive and
secretory processes that take place in the cholangiocyte
epithelium [23].

In the IPRL, we investigate two new parameters to assess
Mrp2 transport function: the gradients between Gd-BOPTA
hepatocyte and bile concentrations over the perfusion period,
and a unique parameter named canalicular concentration ratio
(CCR) that represents the slope of the nonlinear regression
curve between hepatocyte and bile concentrations [15].

3.4.1. Changes of Bile Flow Rates with Hepatobiliary Com-
pounds. We show that Gd-DTPA perfusion does not modify
the bile flow rates (Figure 5(a)). %e contrast agent does not
enter into hepatocytes and has no bile excretion. Bile flow
rates do not change during MEB perfusion, but importantly
increase during Gd-BOPTA perfusion. %e choleretic effect
of Gd-BOPTA is linked to bile concentrations [25]. %e bile
flow rates return to basal values during the rinse period,
according to the gradual decrease of Gd-BOPTA hepatocyte
concentrations. To understand whether the canalicular fluid
transfer, the bile concentrations, or both interfere with drug
excretion rates into bile, we plot the drug bile excretion rates
(x-axis) and the bile flow rates (y-axis) as previously pub-
lished [16] (Figure 5(b)). %e regressions clearly show that
the bile excretion rates of MEB are driven by the bile
concentrations, while the Gd-BOPTA bile excretion rates
increase according to both bile concentrations and fluid
transfer.

3.4.2. Canalicular Transport Activity across Mrp2. %e Gd-
BOPTA and MEB gradients between hepatocyte and bile
concentrations over the perfusion period rapidly increase to
reach a similar plateau (Figure 5(c)). However, during the
rinse period, the gradients have different evolution. By plotting
the hepatocyte concentrations (x-axis) and the bile concen-
trations (y-axis), we find similar regression slopes (CCR) for
Gd-BOPTA and MEB (Figure 5(d)). %us, with these pa-
rameters, we can assess theMrp2 function independently from
the cellular uptake of compounds. %e shape of these non-
linear regressions confirms that the transport via Mrp2 is
saturated at high concentrations (Figure 5(d)). CCR is null in
rat livers deficient inMrp2. CCRsmight also be a parameter of
Mrp2 inhibition, but we did not yet quantify these data.

3.5. How Transfer Rates Generate Gd-BOPTAConcentrations
in Rat Liver Compartments. More recently, we measured the
true concentrations in hepatocytes and show how transfer
rates across sinusoidal and canalicular membranes generate
these concentrations without any pharmacokinetic modelling
(Figure 1) [14]. Liver parenchyma is divided into sinusoids,
interstitium, hepatocytes, and bile canaliculi. In clinical MRI,
the averaged signal intensity is quantified in regions of in-
terest, but concentrations from each compartment cannot be
estimated. In the common bile duct, the signal intensity es-
timates true concentrations because the structure has a single
compartment. In portal and hepatic veins, they estimate true
concentrations once cell volumes are subtracted. In human
livers, transfer rates between two liver compartments can only
be estimated by pharmacokinetic modelling [26–30]. How-
ever, it is important to measure true concentrations inside
each compartment, because concentrations across mem-
branes partly regulate transfer rates across them [31].
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In normal livers, Gd-BOPTA concentrations increase
rapidly over 10min (Figure 6(a)) [14]. %ereafter, the in-
crease is slower and the concentrations reach 473± 56 μM.
When Gd-BOPTA perfusion is replaced by the KHB solu-
tion, the concentrations steadily decrease. %e Gd-BOPTA
concentrations in common bile duct (Figure 6(b)) are
present 5min after the start of perfusion (first sampling),
and the maximal true concentrations reach 15700± 3100 μM
(end of perfusion), a concentration 78 times higher than that
perfused in portal veins (200 μM). In rats lacking Mrp2, liver
concentrations linearly increase during the perfusion period
(Figure 6(a)). %e concentrations are much higher in livers
lacking Mrp2 than in normal livers, while Gd-BOPTA
concentrations in the common duct are tiny (Figure 6
(b)). In this group, Gd-BOPTA remains trapped inside
hepatocytes until the end of the protocol.

Finally, we can explain how Gd-BOPTA transfer rates
generate concentrations in normal hepatocytes (Figures 7(a)
and 7(b)). At the beginning of perfusion, the Gd-BOPTA
elimination from sinusoids to livers (SINELIMRLIVER) is
much higher than the elimination rates from hepatocytes to
bile canaliculi (HCELIMRBILE). %en, the SINELIMRLIVER

decreases but remains higher than the HCELIMRBILE, and the
hepatocyte concentrations continue to increase moderately.
%e absence of HCELIMRBILE clearly explains the high he-
patocyte concentrations in livers lacking Mrp2.

3.6. Hepatocyte Transport Activity and Liver Perfusion. To
investigate whether changing liver flow rates modifies Gd-
BOPTA hepatocyte concentrations, we isolate livers from
normal rats and perfused them at various liver flow rates:
24ml/min (n � 3, Flow24), 30ml/min (n � 5, Flow30), or
36ml/min (n � 3, Flow36) [32]. Of note, the standard liver
flow rate is 30ml/min. %e perfused concentration in portal
veins is 200 µM, and changing liver flow rates modifies Gd-
DTPA and Gd-BOPTA delivery rates from 4800 nmol/min
(Flow24), 6000 nmol/min (Flow30), and 7200 nmol/min
(Flow36). Portal pressures increase with liver flow rates,
while bile flow decreases when livers are perfused at the low
flow rate. High (Flow36) and low (Flow24) flow rates de-
crease hepatocyte Gd-BOPTA concentrations in compari-
son with the standard flow rate (30ml/min, Figure 8(d)).
%ese low hepatocyte concentrations are explained by the
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Figure 5: Canalicular transport across Mrp2. (a) Bile flow rates (µl/min/g) during the perfusion of Gd-DTPA, Gd-BOPTA, and MEB.
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low SINCLLIVER (uptake function) and the high HCCLINT
(efflux back), HCCLBC being identical in the 3 groups.
Consequently, changing portal flow rates modifies Gd-
BOPTA hepatocyte concentrations, a result important to
consider when interpreting liver imaging.

4. Conclusion

Our investigations clearly show that MR contrast agents can
be imaged in IPRL.With our experimental protocol, the Gd-
DTPA perfusion estimates the signal intensity increase as-
sociated with the extracellular volume distribution.
According to its fast and steady distribution, additional
signals observed during Gd-BOPTA perfusion relate to the
hepatocyte entry and the transfer into bile canaliculi. In rats
with chronic liver diseases, the Gd-BOPTA-induced en-
hancements are not related to the modified expression of
Gd-BOPTA transporters, emphasising the need for the si-
multaneous quantification of the hepatocyte concentrations

and the transfer rates across cellular membranes in IPRL. In
an early study, we assessed the temperature dependence of
Gd-BOPTA liver concentrations. We also show that Mrp2
transport function is well characterised by new parameters
that are independent of Gd-BOPTA uptake into hepatocytes.
More recently, we demonstrate how the transfer rates across
sinusoidal and canalicular membranes generate hepatocyte
concentrations, and that the liver flow rates alter these
concentrations by modifying Gd-BOPTA clearances across
the sinusoidal membrane.

IPRL is a convenient model because the experimental
conditions are well controlled and simplified. %e gamma
counter placed over the liver detects the concentrations of
imaging compounds, avoiding serial liver biopsies [33]. %e
delineation of a single region of interest is however a dis-
advantage in comparison with the 3D liver imaging. %e
imaging compounds we use are free to enter into hepato-
cytes because perfused solutions do not contain proteins. It
would be easy to add albumin to the perfused solutions to
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assess the role of protein binding on the uptake clearances.
Livers are perfused only through the portal vein, avoiding
the complexity of a dual input entry. A flow rate of
30ml/min (or 1ml/10 g of body weight) is commonly used
when livers are perfused with the KHB solution that contains
no red blood cells. To investigate the consequences of liver
flow rates on Gd-BOPTA hepatocyte concentrations, we
decrease the liver flow rate only to 24ml/min to avoid liver
ischemia. Indeed, we previously published that decreasing
liver O2 delivery is associated with an increased O2 ex-
traction ratio to maintain a normal O2 consumption until
a threshold where O2 consumption decreases with altered
hepatic functions [34]. At 24ml/min, the bile flow is already
altered. Finally, we can measure concentrations in all liver
compartments and no pharmacokinetic modelling is nec-
essary to calculate Gd-BOPTA transfer rates across hepa-
tocyte membranes.

%e new understanding summarised in the present ar-
ticle was directly translated to human liver imaging in two
recent publications. In 2016, we reviewed all the published
studies that correlate the hepatobiliary MR imaging and the
expression of hepatocyte transporters in human hepato-
cellular carcinomas [35]. We showed how the understanding
of signal intensity in these focal lesions relies on the

transport function of the human Mrp2. More recently, we
published the pharmacokinetic modelling of liver images to
quantify the liver perfusion and hepatocyte transport
function of patients with chronic liver diseases [36].
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Physiologically based pharmacokinetic modelling (PBPK) is a powerful tool to predict in vivo pharmacokinetics based on
physiological parameters and data from in vivo studies and in vitro assays. In vivo PBPK modelling in laboratory animals by
noninvasive imaging could help to improve the in vivo-in vivo translation towards human pharmacokinetics modelling. We
evaluated the feasibility of PBPKmodellingwith PETdata frommice.Weused data from twoof our PET tracers under development,
[11C]AM7 and [11C]MT107. PET images suggested hepatobiliary excretion which was reduced after cyclosporine administration.
We fitted the time-activity curves of blood, liver, gallbladder/intestine, kidney, and peripheral tissue to a compartment model and
compared the resulting pharmacokinetic parameters under control conditions ([11C]AM7 𝑛 = 2; [11C]MT107, 𝑛 = 4) and after
administration of cyclosporine ([11C]MT107, 𝑛 = 4). The modelling revealed a significant reduction in [11C]MT107 hepatobiliary
clearance from 35.2 ± 10.9 to 17.1 ± 5.6 𝜇l/min after cyclosporine administration. The excretion profile of [11C]MT107 was shifted
from predominantly hepatobiliary (CLH/CLR = 3.8 ± 3.0) to equal hepatobiliary and renal clearance (CLH/CLR = 0.9 ± 0.2). Our
results show the potential of PBPK modelling for characterizing the in vivo effects of transporter inhibition on whole-body and
organ-specific pharmacokinetics.

1. Introduction

Clinical drug-drug interactions result in many cases from
an inhibition of drug-transporting proteins in the liver
or kidney [1–4]. Hepatocytes express a variety of drug-
relevant transporter proteins. Transporters such as OATP1B1
(encoded by SLCO1B1) and OATP1B3 (SLCO1B3) can facili-
tate drug entry into the hepatocytes and, therefore, promote
drug metabolism. Efflux transporters, such as P-glycoprotein
(ABCB1) and BCRP (ABCG2), can transport their substrates,
including drugs and their metabolites, from the hepatocytes
into bile, which is secreted into the small intestine [2]. Inhi-
bition of drug-transporting proteins can consequently reduce
both drug metabolism and drug or metabolite excretion into
bile.

In the glomeruli of the kidneys, drugs are filtrated out
of the plasma into the primary urine. Lipophilic drugs are
reabsorbed from the tubuli upon the concentration of the pri-
mary urine. In addition to filtration/reabsorption, transport
proteins in the proximal tubuli can promote the transport
of drugs from blood into urine [2]. The renal clearance
(CLR) results from glomerular filtration, reabsorption, and
tubular secretion. Transporter inhibition may thus reduce
CLR besides hepatobiliary clearance (CLH).

Whether a drug is a substrate and/or an inhibitor of a
particular transporter protein can be studied in vitro with
transporter-overexpressing cells [5, 6]. However, the in vivo
consequences are not always easy to predict. Physiologically
based pharmacokinetic modelling (PBPK) to predict in vivo
kinetics based on in vitro data requires detailed information
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on the expression levels and activity of individual transport
proteins in both the in vitromodel and the in vivo organisms
[7, 8]. Information is particularly limited for laboratory
animals as rodent transporter-overexpressing cells and in
vitro-in vivo weighting functions for modelling are scarcely
available [9, 10].

Dynamic noninvasive imaging by positron emission
tomography (PET) or single photon emission computed
tomography (SPECT) allows assessing the hepatobiliary or
renal clearance of a suitable tracer in humans and laboratory
animals. In most cases, the data are analysed with simpli-
fied, robust models, focusing on one particular elimination
process. Clinical examples are the evaluation of transporter-
mediated hepatocyte uptake and efflux into bile with (15R)-
[11C]TIC-Me or the conjugated bile acid tracer [11C]CSar
[11, 12]. We explored the possibility of studying the effects
of transporter inhibition on the overall pharmacokinetics of
a radiolabelled molecule by PET in mice. PET allows gen-
erating well-defined tissue radioactivity concentration time
curves (C(t)) from image data. In addition, blood can be sam-
pled to measure the blood C(t) simultaneously [13, 14]. PET
kinetic modelling is a standard method for the quantifica-
tion of brain function, for example, glucose consumption or
neuroreceptor density in preclinical and clinical imaging [13–
15].Here, we shift the focus of PETkineticmodelling from the
study of an individual process or organ to in vivowhole-body
PBPK modelling in mice.

In this feasibility study, we repurposed mouse PET data
gathered with our PET tracers under development [11C]AM7
and [11C]MT107, both targeting the human costimulatory
molecule CD80 (hCD80) [16] (Taddio et al., in preparation;
Figure 1). CD80 is a surface protein on activated antigen-
presenting cells (APCs). Upon antigen presentation, its
interaction with CD28 activates T cells while binding to

CTLA-4 inactivates T cells and depletes CD80 from the cell
surface of the APCs [17, 18]. By targeting CD80, we aim to
image elevated immunogenic activity, for example, in cancer,
atherosclerosis, or autoimmune diseases. In our previous
work with [11C]AM7, we observed high biliary excretion of
radioactivity resulting in high radioactivity spill-over from
the abdomen. The tracer furthermore showed low tissue
uptake, in agreement with its low lipophilicity, log𝐷 (pH 7.4)
of 0.1, and low unbound fraction in plasma (𝑓u) 0.02 [16]. As
a consequence, accumulation in hCD80-positive xenografts
was negligible. The structurally modified [11C]MT107 (Fig-
ure 1), based on structures by Green et al. [19] and Huxley
et al. [20], had a similar strong affinity in the low nanomolar
range to the imaging target hCD80 as [11C]AM7. Its log𝐷 (pH
7.4) was higher with 2.0 and albumin binding was similar to
that of [11C]AM7 (Taddio et al., in preparation). PET images
showed higher tissue radioactivity compared to [11C]AM7
but still high abdominal radioactivity accumulation. In this
study, we investigated the pharmacokinetics of the two tracers
by in vivo PBPK modelling and studied the effects of trans-
porter inhibition by cyclosporine on the pharmacokinetics of
[11C]MT107.We show that in vivo PBPKmodelling in mice is
possibly based on dynamic whole-body PET data.

2. Materials and Methods

2.1. Small Animal PET with [11C]AM7 and [11C]MT107.
[11C]AM7 and [11C]MT107 (Figure 1) were synthesized as
described previously for [11C]AM7 [16]. The synthesis of the
precursor for [11C]MT107 was based on Green et al. (2003)
and a patent from 2004 [19, 21] (Taddio et al., in prepara-
tion). Molar activities at the end of synthesis were between
200 and 500GBq/𝜇mol for [11C]AM7 and between 20 and
80GBq/𝜇mol for [11C]MT107.
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Animal experiments were in accordance with the Swiss
legislation on animal welfare and approved by the Veterinary
Office of the Canton Zurich, Switzerland. For this study,
we used PET data from 7-to-10-week-old female C.B.17
SCID or CD1 nude mice (16.9–21.2 g body weight; Charles
River, Sulzberg, Germany), carrying hCD80-positive Raji
xenografts according to [16, 22]. Raji cells were from DSMZ
(Braunschweig, Germany). The xenograft-related results will
be published elsewhere (Taddio et al., in preparation). As
the radioactivity fraction in the xenografts was negligible
compared to the total radioactivity dose, tracer distribution
to the xenograftswas not taken into account in themodelling.

For PET/CT acquisition, mice were anaesthetized with 3
to 5% isoflurane in air/oxygen (1 : 1), at a respiratory rate of ∼
60 permin as described elsewhere [16]. Cyclosporine (50mg/
kg), to inhibit cyclosporine-sensitive transporters, was inject-
ed into a tail vein (i.v.), 30 to 50min before tracer injection
while the respective tracer was synthesized. The injected
cyclosporine solution was a dilution with water for injec-
tion (1 : 1) of Sandimmun� (Novartis Pharmaceuticals, Basel,
Switzerland; 50mg/ml cyclosporine in 26.1% ethanol/65%
PEG-35 castor oil). Vehicle (13% ethanol, 2ml/kg) was
injected as a control as indicated. Immediately after radiosyn-
thesis quality control, the tracer was injected i.v. at a dose
between 3 and 14MBq (<20 nmol/kg) in 100 to 200𝜇L saline
containing 5% ethanol. Injections lasted ∼10 s. The mouse
was transferred to a SuperArgus PET/CT scanner (Sedecal,
Madrid, Spain, formerly Vista eXplore) with an axial field
of view of 4.8 cm and a spatial resolution of 1.6–1.7mm
(full width at half maximum; [23]). Body temperature and
respiratory rate were controlled as previously described [16].
The PET scan was started in List mode 60 s after tracer
injection. After 60min scan duration, computed tomography
(CT) data were recorded for anatomical orientation.

Two mice were scanned with [11C]AM7 under control
conditions (with vehicle injection) and one was scanned with
[11C]AM7 after cyclosporine administration. Group sizes for
[11C]MT107were 𝑛 = 4 for control conditions (onewith vehi-
cle and three without vehicle) and 𝑛 = 4 after cyclosporine
administration. At the end of the PET and CT scans, the
mice were euthanized by decapitation, still under isoflurane
anaesthesia, and two [11C]AM7 and one [11C]MT107 mice
were dissected to measure tissue radioactivities in a gamma
counter (1480 Wizard 3, Perkin Elmer).

ThePETdatawere reconstructed into 10 or 12 time frames
by 2D Fourier rebinning/ordered-subsets expectation maxi-
mization (FORE/OSEM), 2 iterations, and 16 subsets, correct-
ing for singles and randoms but not attenuation. Images were
generated with the software PMOD v3.8 (PMOD, Zurich,
Switzerland). All radioactivities were decay-corrected to the
time point of tracer injection.

2.2. Time-Activity Curves. Theblood𝐶(𝑡)was generated with
PMOD from the PET images as follows. A cropped cube of
10 × 10 × 10mm3 including the image data of the heart was
divided into 12 segments with differing kinetics, using the
PSEG module of PMOD. 𝐶(𝑡) of the segment covering the
left heart ventricle according to the PET (first time frame)/CT

imageswas used as an estimation of the blood𝐶(𝑡) (𝐶Blood(𝑡)).𝐶Blood(𝑡)was divided by (1 − hematocrit) to get𝐶Plasma(𝑡) and
fitted to a biexponential infusion function as shown in

𝐶Plasma (𝑡) = 𝐴 (0)𝑇 × 𝑉1 × [
(𝜆1 × 𝑉1) /𝑉𝑧 − 𝜆1𝜆1 (𝜆𝑧 − 𝜆1)

× (1 − 𝑒−𝜆1×[𝑡(𝑡≤𝑇)+𝑇(𝑡>𝑇)]) × 𝑒−𝜆1×(𝑡−𝑇)(𝑡>𝑇)
+ (𝜆1 × 𝑉1) /𝑉𝑧 − 𝜆𝑧𝜆𝑧 (𝜆1 − 𝜆𝑧) × (1 − 𝑒−𝜆𝑧×[𝑡(𝑡≤𝑇)+𝑇(𝑡>𝑇)])
× 𝑒−𝜆𝑧×(𝑡−𝑇)(𝑡>𝑇)] ,

(1)

where 𝐴(0) is the radioactivity dose, 𝑇 is the duration of
the injection (10 s infusion), 𝑉1 is the volume of the central
compartment (initial volume of distribution of the tracer
after injection), 𝑉𝑧 is the volume of distribution during
the terminal phase, and 𝜆1 and 𝜆𝑧 are the respective rate
constants of the biexponential function and 𝑡 the time [24].
The term [𝑡(𝑡 ≤ 𝑇) +𝑇(𝑡 > 𝑇)] equals 𝑡 if 𝑡 ≤ 𝑇 but 𝑇 if 𝑡 > 𝑇.
The term (𝑡 − 𝑇)(𝑡 > 𝑇) equals 𝑡 − 𝑇 if 𝑡 > 𝑇, otherwise zero.
The hematocrit was assumed 0.44 [25, 26].

Total plasma radioactivity (𝐴Plasma(𝑡)) was estimated as
the product of the image-derived𝐶Blood(𝑡) and the theoretical
blood volume (VBlood 0.0585ml per g body weight, BW [25])
multiplied with BW. Blood-related data may be biased by
radioactivity spill-over and partial volume effects.𝐶(𝑡) of liver, kidneys, and peripheral tissue and 𝐴(𝑡) of
gallbladder and intestines were derived frommanually drawn
volumes of interest according to the PET/CT images, using
the VOI functions of PMOD. Regions of interest are shown
for a representative scan in Supplementary Figure 1.𝐶(𝑡) data
were transformed to𝐴(𝑡) by multiplication with the reported
average volume of the respective organ or tissue. These were
0.065 cm3 per g BW for liver and 0.0164 cm3 per g BW for
kidneys [26]. The volume of the “peripheral tissue” (𝑉Tissue)
with 𝐶(𝑡) determined from the left shoulder was estimated
during the fitting procedure. It was 0.74 ± 0.08 cm3 per g
BW for [11C]MT107 control scans and 0.79 ± 0.10 cm3/g
for [11C]MT107 scans after cyclosporine treatment, without
significant difference (𝑝 = 0.47).
2.3. Pharmacokinetics Model and Nonlinear Least-Squares
Curve Fitting. 𝐴(𝑡) of the individual regions of interest were
fitted with custom-written MATLAB scripts (MathWorks,
Natick, MA) according to the compartment model shown in
Figure 2, using the ode45 function to solve the differential
equation system. Tracer input was simulated as a constant
input of duration 𝑇 (𝐴(0)/𝑇). Fitting was performed with
the solver fmincon and the function MultiStart with 128
random sets of bounded initial parameters. Calculationswere
performed by parallel computing on 40 cores of the Euler
cluster of ETH Zurich (https://scicomp.ethz.ch/). The initial
parameters were best guesses from supervised simulations.
Initial lower bounds were 0 for the rate constants of mass
transfer (𝑘). For 𝑘 fromplasma to liver and kidneys, the initial
upper bounds were set according to the reported values for
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(indicated by black boxes) were zero. The parameters 𝑘 are mass transfer rate constants with the unit 1/time. The indices denote the source
and target compartments, respectively (e.g., 𝑘BH1 , 𝑘 for the mass transfer from blood plasma to hepatic compartment “Liver 1”). 𝐴(𝑡) of
peripheral tissue was best fit with two sets of rate constants for reversible transfer. The sum of the two plasma-to-tissue rate constants is 𝑘BT.
Several models were evaluated and the results were visually inspected.The shownmodel revealed reliable fits as concluded from the robust fit
parameters and the visual inspection of the plotted fit functions. For [11C]MT107 scans, 𝑘BG (grey arrow) was set to 0. Tissue blood fractions
(VBlood multiplied with the organ or tissue volume and 𝐶Blood(𝑡)) were added to the compartments where applicable. B, blood plasma; G,
gallbladder plus intestine combined; H, liver; R, kidneys; T, peripheral tissue; U, urine.

blood flow [26], corrected for (1 − hematocrit) to get the
plasma flow (𝑄P) divided by the plasma volume (𝑉Plasma =
VBlood × (1 − hematocrit) × BW). The 𝑄P for liver (𝑄P,H) was
1.0ml/min and for kidneys (𝑄P,R) 0.73ml/min.

During the fitting procedure, the sum of weighted
squared residuals of all 𝐴(𝑡) was minimized. For weighting,
the residuals of the first two data points of plasma, liver, and
kidney were multiplied with 5, to force the fits through these
initial data points. After several rounds, the best estimates
with the lowest sum of squared residuals were used per
tracer to define the final upper and lower bounds as 0.5-
fold the minimal respective fit parameter and 2-fold the
highest respective fit parameter per tracer. This resulted in
reproducible fit parameters at a minimal sum of squared
residuals for all scans. Under these refined conditions, one
calculation (one scan) with 128 random sets of initial values
required 10–120min.

CLH was calculated according to

CLH = 𝑘BH1 × 𝑘H1H2(𝑘H1B + 𝑘H1H2) × 𝑉Plasma, (2)

where the rate constants 𝑘 are defined in the model in
Figure 2. Note that at steady state this equals CLH calculated
from 𝑘H2G.

To calculate CLR, the compartments R1 and R2 were
treated as one compartment to reveal (3) in analogy to the
previously suggested simplifications [27, 28].

CLR = 𝑘BR1(𝑘R1B + 𝑘R1U) / (1 + 𝑘R1R2/𝑘R2R1)
∗ 𝑘R1U(1 + 𝑘R1R2/𝑘R2R1) × 𝑉Plasma.

(3)

The term 1/(1 + 𝑘R1R2/𝑘R2R1) corrects for the mass ratio
between R1 and the combined R1 and R2.

Total CL was calculated as the sum of CLH and CLR
and compared to the CL estimated from the 𝐶Plasma(𝑡)
biexponential fits (see (1)), as CL = 𝜆𝑧 × 𝑉𝑧. The extraction
ratio 𝐸H for liver was estimated as ratio between CLH and𝑄P,H, with 𝑄P,H from Davies and Morris [26].
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Figure 3: PET images (maximal intensity projections) of mice with (a) 13.9MBq [11C]AM7 and (b) 12.5MBq [11C]AM7 after cyclosporine
administration (50mg/kg i.v.). Radioactivity in the images (𝐶(𝑡)) was normalized to𝐴(0)/BW (standardized uptake value, SUV) and averaged
for the complete scan duration of 60min. G, gallbladder; H, heart; I, intestines; K, kidney; L, liver; U, urinary bladder. CD1 nu/nu mice.

The distribution coefficient between tissue and plasma at
equilibrium (𝐷Tissue) was calculated according to

𝐷Tissue = (𝑓BT1 × 𝑘BT𝑘TB1 +
(1 − 𝑓BT1) × 𝑘BT𝑘TB2 )

× 𝑉Plasma𝑉Tissue .
(4)

2.4. Statistics. Fit parameters of the individual conditions
were compared by homoscedastic 2-tailed Student’s 𝑡-test and
differences were defined as significant at 𝑝 < 0.05.
3. Results

3.1. PET Imageswith [11C]AM7and [11C]MT107. PET images
(maximal intensity projections) of [11C]AM7 averaged over
the complete scan duration are shown in Figure 3. Under
control conditions, [11C]AM7 radioactivity accumulated in
the liver, gallbladder, intestines, and the urinary bladder
while the radioactivity in peripheral tissues was negligible
(Figure 3(a)). The high radioactivity in gallbladder and
intestines is typical for transporter-mediated efflux into bile.
The radioactivity distribution changedwhen cyclosporine, an
inhibitor of several human and rodent hepatic transporters,
such as P-glycoprotein, OATP1B1, OATP1B3, and BCRP [29],
was administered before the tracer. The radioactivity was
increased in kidneys and peripheral tissue and reduced in
liver, gallbladder, and intestines (Figure 3(b)), indicating a
reduction in CLH by cyclosporine.

The findings were similar for the [11C]AM7 derivative
[11C]MT107. Figure 4 shows PET images (maximal intensity
projections) of [11C]MT107 over time. Cyclosporine admin-
istration before the injection of [11C]MT107 resulted in an
increased radioactivity uptake in the kidneys and peripheral
tissue and reduction in the liver as compared to scans
without cyclosporine. The respective images averaged over

the complete scan duration are shown in Supplementary
Figure 2.

3.2. Kinetics of the Tracers in Blood Plasma. Figure 5 shows𝐶Plasma(𝑡) as derived from the PET images with the respective
biexponential fits (see (1)) for [11C]AM7 and [11C]MT107
under baseline conditions and after the administration of
cyclosporine. The fit parameters are shown in Table 1. Note
that 𝐶Plasma(𝑡)may be underestimated and𝑉1 and𝑉𝑧 accord-
ingly overestimated, due to radioactivity spill-over and partial
volume effects (see Section 2.2). However, we did not find a
major disagreement between the blood radioactivity of the
last image time window and as determined from the dis-
section experiments (Figures 6(a), 7(h) and Supplementary
Figure 3).

For both tracers, 𝜆𝑧 was reduced in the presence of
cyclosporine resulting in a prolonged half-life (𝑡1/2 = ln(2)/𝜆𝑧), significant for [11C]MT107 (Table 1).TheCLwas reduced
by trend, but not at the significance level (𝑝 = 0.23). For
[11C]MT107, it was 56.1±1.3 𝜇l/min under control and 45.0 ±1.0 𝜇l/min under cyclosporine conditions. For comparison,
the maximal expected CL by glomerular filtration would
be ∼160 𝜇l/min, the maximal possible CLH ∼1000 𝜇l/min,
and the maximal CL by renal filtration with additional
transporter-mediated renal excretion∼730 𝜇l/min, according
to the reported respective values for 𝑄P [26].
3.3. Physiologically Based Pharmacokinetic Modelling. We
first evaluated the modelling according to the model in Fig-
ure 2 with data from a control [11C]AM7 scanwhich included
the complete urinary bladder and for which data from dissec-
tion were available (scan in Figure 3(a)). We found a good
agreement between the fitted and the experimental data
(Figure 6). 𝐴urine(𝑡) as derived from the PET images was not
used for the fitting, as it was not available in the remain-
ing data sets. The good agreement between the predicted𝐴urine(𝑡) from the modelling and the experimental data
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Figure 4: PET images over time of [11C]MT107 (SUV, maximal intensity projections). (a) Control scan, 7.1MBq [11C]MT107. (b) Scan after
cyclosporine treatment (50mg/kg, i.v.), 11.7MBq [11C]MT107. The time windows are indicated. SCID mice.
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Figure 5: SUV plasma curves of [11C]AM7 and [11C]MT107 as derived from the PET images. (a) Control (circles, [11C]MT107, 𝑛 = 4; squares,
[11C]AM7, 𝑛 = 2). (b) After cyclosporine treatment (𝑛 = 4 for [11C]MT107; 𝑛 = 1 for [11C]AM7). Lines, biexponential fits according to (1).
Colours distinguish individual data sets. Fit parameters; see Table 1.

further confirmed the accuracy of themodelling. In addition,
results from the two [11C]AM7 control scans were consistent
(Figure 6, Table 1). Compared with the results from the dis-
section, radioactivities of liver and combined gallbladder and
intestines were underestimated from the PET images while
tissue radioactivity was higher from the PET images (shoul-
der, Supplementary Figure 1) than the dissection (vastus

lateralis and rectus femoris). The fit parameters are shown in
Table 1 and Supplementary Table 1.The data of the [11C]AM7
scan after cyclosporine administration shown in Figure 3(b)
were not suitable for modelling as 𝐶kidney(𝑡) was poorly
defined (Supplementary Figure 3 and SupplementaryTable 1).

Figure 7 shows the image-derived 𝐴(𝑡) and computed
fits for [11C]MT107 under control conditions and after
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Figure 6: Experimental and fit 𝐴(𝑡) of [11C]AM7 under control conditions. (a) Scan with available image data for urine and with blood and
tissue data from dissection. (b) Scan without control data from dissection and no complete urinary bladder in the images. Circles, image data;
squares, data from dissection ((a), at 68min). Lines, fits of the image data. Colour code, see insert. Dotted green line, simulated fraction of𝐴Liver(𝑡) in compartmentH2 (see Figure 2). Dotted red line (+Reabsorbed), sumof the compartmentsG and the fraction reabsorbed according
to 𝑘GH1 (Figure 2). Broken red line (Transintestinal), simulated tracer excretion from plasma to intestines, according to 𝑘BG in Figure 2. Note
that urinary data in (a) (light blue circles) were not fitted but were predicted from the modelling (light blue line). 𝐴(0) and BW are indicated
in the panels. CD1 nu/nu mice.

Table 1: Plasma pharmacokinetics and PBPK modelling results based on [11C]AM7 and [11C]MT107 PET data.

[11C]AM7 [11C]MT107
Control (𝑛 = 2)a Cyclosporine (𝑛 = 1)a Control (𝑛 = 4)a Cyclosporine (𝑛 = 4)a

Body weight (g) 24.4/19.7 25.3 19.0 ± 2.4 20.2 ± 1.1
Plasma kinetics (Equation (1))𝑉1 (ml) 3.0/2.3 4.2 1.49 ± 0.19 1.38 ± 0.11𝑉𝑧 (ml) 10.3/9.4 8.0 2.66 ± 0.51 3.33 ± 0.80𝜆1 (1/min) 0.196/0.295 0.204 0.121 ± 0.011 0.139 ± 0.021𝜆𝑧 (1/min) 0.0234/0.0270 0.0206 0.0210 ± 0.0011 0.0140 ± 0.0034∗∗b
CL (𝜇l/min) 242/253 165 56.1 ± 13.0 45.0 ± 10.1
In vivo PBPK modelling
CLH (𝜇l/min) 103 (18.3%)c/120 (5.8%)c n.d.d 35.2 ± 10.9 17.1 ± 5.6∗b𝐸H (-) n.d. 0.035 ± 0.011 0.017 ± 0.006∗b
CLR (𝜇l/min) 161/179 n.d. 11.9 ± 5.3 19.9 ± 5.1
CLR/GFR (-) 1.0/1.1 n.d. 0.074 ± 0.033 0.12 ± 0.03
CLH/CLR (-) 0.64/0.63 n.d. 3.8 ± 3.0e 0.9 ± 0.2f
CL (𝜇l/min) 264/298 n.d. 47.1 ± 11.9 37.0 ± 8.9𝐷Tissue (-) 0.11/0.12 n.d. 0.10 ± 0.02 0.14 ± 0.03
PBPK parameters were calculated from the fitted k according to (2) and (3) and the model in Figure 2. aIndividual values for [11C]AM7 and mean with
standard deviations for [11C]MT107; n, number of scans; bsignificant decrease compared to [11C]MT107 control; cfor [11C]AM7, CLH includes 𝑘BG ×𝑉Plasma
(% contribution shown in brackets; see Figure 2) dn.d., not determined; eall ratios > 2.0; f all ratios < 1.1. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01.
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Figure 7: [11C]MT107 experimental and modelled 𝐴(𝑡) of blood plasma, liver, gallbladder, intestines, kidneys, peripheral tissue, and urine
(modelled only). (a–d) [11C]MT107 under control conditions. Vehicle (13% ethanol, 2ml/kg) was administered 30min before tracer to the
animal in (d) as a control. (e–h) [11C]MT107 after cyclosporine treatment. Circles, experimental data derived from the PET images. Squares
(h), available experimental data from dissection at the end of the scan (68min). Lines, modelled 𝐴(𝑡). Colours and line style, see Figure 6.𝐴(0) and BW are indicated in the panels. The respective 𝐶(𝑡) curves are shown in Supplementary Figure 4. SCID mice.

cyclosporine treatment. The respective 𝐶(𝑡) are shown in
Supplementary Figure 4. For one scan (Figure 7(h)), data
from dissection were available indicating an underestima-
tion of intestinal radioactivity in the images. As concluded
from Figure 7, the accumulation in liver was reduced after
cyclosporine treatment. Under control conditions, the image-
derived 𝐴(𝑡) for the combined gallbladder and intestines
exceeded the modelled 𝐴urine(𝑡). This was not the case after
cyclosporine treatment. This indicates that the radioactivity
was mainly cleared by hepatobiliary excretion under control
conditions but not after cyclosporine treatment.

The fit parameters of [11C]AM7 and [11C]MT107 are
shown in Table 1 and Supplementary Table 1. Under control
conditions, CLH was in the range of 100 𝜇l/min for [11C]AM7
and 35.2 ± 10.9 𝜇l/min for [11C]MT107.This is low compared
to 𝑄P,H, the maximal possible CLH (∼1000 𝜇l/min). As a
consequence, the values of𝐸H were low for both tracers. After
cyclosporine treatment, CLH and 𝐸H of [11C]MT107 were
significantly reduced to 48% of the respective values in the
absence of cyclosporine (Table 1). For 𝐸H, this corresponded
to an averaged reduction from 0.035 ± 0.011 to 0.017 ± 0.006
(𝑝 = 0.025).

The CLR calculated for the two [11C]AM7 control scans
was in the range of the reported glomerular filtration rate
(GFR) of 160 𝜇l/min [26]. In the case of [11C]MT107, it was
lower than the GFR with CLR/GFR fractions <0.2 for all
scans. CLR/GFR < 1 could result from a reduced filtration due
to plasma protein binding or from reabsorption of the tracer
after glomerular filtration. A difference in renal reabsorption

between [11C]AM7 and [11C]MT107 would be expected from
their difference in lipophilicity, that is, log𝐷 (pH 7.4) 0.1
versus 2.0 [30].

After cyclosporine administration, CLR of [11C]MT107
was increased 1.7-fold on average, though not at the sig-
nificance level (𝑝 = 0.069). As a consequence of the
significant reduction in CLH and tentative increase in CLR
after cyclosporine treatment, the averaged ratio CLH/CLR
decreased from 3.8±3.0 to 0.9±0.2 (𝑝 = 0.11).The excretion
pattern changed from preferentially hepatobiliary to similar
contributions from both hepatobiliary and renal pathways.

For both tracers, the fits were best when including an irre-
versible besides a reversible uptake into liver (Figure 2) with
radioactivity excretion from the irreversible compartment to
gallbladder and intestine. The fits and results were similar
if the two compartments were in parallel, both adjacent to
the plasma compartment (data not shown). For the kidneys,
two reversible compartments revealed best fits with excretion
into urine from the compartment adjacent to plasma. As
observed for liver, the fits and results were similar when
the kidney compartments were arranged both adjacent to
the plasma compartment (data not shown). The irreversible
uptake into the liver before excretion is in agreement with
transporter-mediated irreversible uptake into hepatocytes
or efflux into the canaliculi. For kidney, the two reversible
compartments could reflect reversible distribution into the
kidneys and glomerular filtration for compartment R1 and
tracer accumulation by the concentrating primary urine and
reabsorption from the tubuli for compartment R2.
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Besides the tentative increase in CLR, the average 𝐷Tissue
of [11C]MT107 was nonsignificantly increased by a factor of
1.34 after cyclosporine administration (𝑝 = 0.078), in agree-
ment with the trend of 𝑉𝑧, which increased 1.25-fold (𝑝 =0.21). Besides transporter inhibition, cyclosporine can dis-
place drugs from plasma protein binding [31, 32]. An increase
in 𝑓u of [11C]MT107 would explain both the increase in𝐷Tissue and in CLR. We did not further investigate this since
the effects on CLR and 𝐷Tissue were not significant. The
relatively high CLR of [11C]AM7 in the range of the GFR
would indicate that𝑓u is not limiting for glomerular filtration,
at least for [11C]AM7.

In our model, 𝑘GH1 is the rate constant of reabsorption
from intestines by portal vein into the reversible compart-
ment of the liver (H1 in Figure 2). We hypothesized that
inhibition of efflux transporters in the intestinal mucosa by
cyclosporine may increase reabsorption and, therefore, 𝑘GH1 .
However, the averaged 𝑘GH1 for [11C]MT107 in the absence
and presence of cyclosporine did not differ, theywere 0.0077±0.0033min−1 and 0.0080 ± 0.0038min−1, respectively (𝑝 =0.90). The simulated reabsorbed fractions of [11C]MT107 are
indicated in Figure 7. It should, however, be noted that 𝑘GH1
could alternatively or in addition compensate forA(t) under-
or overestimations, in particular as image-derived 𝐴(𝑡) and𝐴(𝑡) from dissection were not in full agreement.

In the above calculations, 𝑘BG, defining the transintestinal
excretion from plasma to intestines, was set to 0 (Figure 2).
When 𝑘BG was fitted for [11C]MT107 scans, average CLH
(ml/min) were 25.4 ± 6.0 under control conditions and 9.3 ±4.2 after cyclosporine administration with a significant dif-
ference (𝑝 = 0.0045).The calculated transintestinal clearance
(ml/min) varied between the scans with 10.5 ± 11.3 for the
control and 7.8 ± 4.1 for the cyclosporine group (𝑝 = 0.67).
The sum of the individual CLH and transintestinal clearance
was similar to the CLH calculatedwith 𝑘BG = 0, including 𝑘BG
in the model improved the fit of liver 𝐴(𝑡) in Figure 7(a).

The modelling revealed a 16% (control group) and 17%
(cyclosporine group) lower total CL of [11C]MT107 than
the biexponential fit of 𝐶Plasma(𝑡) (Table 1). The differences
between the two methods were not significant (𝑝 > 0.27).
They could result from an overestimation of 𝑉𝑧 as discussed
in Section 2.2 and from errors in estimating 𝐴(𝑡) for the
individual organs and tissues from the image data in general,
as several assumptions were made on organ and tissue
volumes and as PET data are biased by partial volume effects
and radioactivity spill-over [33].

4. Discussion

We demonstrated that PBPK modelling is feasible with
dynamic mouse PET data. In our case, we apply this analysis
to guide the further development of [11C]AM7-derived PET
tracers for the purpose of imaging hCD80 levels by PET. We
suggest that this method can further be used to study the
influence of drugs on transporter activity and on the pharma-
cokinetics in general, by applying PET tracers which are sub-
strates of the saturable pharmacokinetic process of interest.
Besides these applications, PBPK modelling in combination

with nuclear imaging was successfully demonstrated for
177Lu-DOTATATEused for therapy in patientswith neuroen-
docrine tumours [34]. The authors suggested to apply PBPK
to model the biodistribution and absorbed radiation doses of
therapeutic radiotracers in the healthy and tumour tissues of
patients in order to better evaluate the risk/benefit balance
and find the optimal radioactivity dose for tumour treatment.

Several protocols exist to evaluate hepatobiliary excre-
tion, and transporter activity by PET or SPECT [11, 35].
These methods use simplified models, possibly revealing
more robust results and requiring less computing capacity
than the full-compartment modelling presented here. In
contrast to the simplified models which focus on one par-
ticular organ and its function, full compartment modelling
allows identifying distinct alterations in a more complex
model where all relevant processes can be included, for
example, tissue distribution and renal excretion in addition
to hepatobiliary excretion, as in the presented example. To
assure the applicability of our model, we kept the number
of compartments and rate constants to a minimum, while
keeping focus on reliable fitting results.

For this study, we repurposed data from previous PET
experiments. The experiments were not originally designed
for PBPK modelling. For this reason, we encountered some
limitations which have to be taken into consideration when
planning a PBPK study by PET. (i) Based on the design of our
control experiments, we cannot exclude that the adjuvants
in Sandimmun had an influence on the pharmacokinetics
of our tracers. (ii) The first minute after tracer injection is
not included in our experimental data. This time window
is essential for the accurate modelling of rate constants
between plasma and tissues. (iii) Having the urinary bladder
in the field of view would allow estimating the amount of
radioactivity in urine and comparing it with the modelling
results or include it in the fitting. Depending on the size of
the field of view, this is not always possible. In our study,
we used the available data of urinary bladder of one scan to
evaluate the modelling and found a good agreement between
the predicted and experimental data. (iv) Owing to the small𝑉1 and 𝑉𝑧 of the two tracers, we were able to estimate𝐶Blood(𝑡) from the image data. Ideally,𝐶Blood(𝑡) is determined
from an arteriovenous shunt to avoid bias by partial volume
effects and radioactivity spill-over and to get a high temporal
resolution [13, 36]. (v) A further limitation of this study is the
low number of animals scanned with [11C]AM7 where two
scans were available for control conditions and no reliable
data was available to study the influence of cyclosporine by
PBPK modelling. Therefore, no statistical analysis could be
applied to compare the two tracers.

Tracer metabolism should be negligible when studying
transporter activity. In particular, as cyclosporine is not
only an inhibitor of drug transporters but also of the
drug-metabolising enzyme CYP3A4 in humans [29]. Radio-
metabolite formation would complicate the modelling. No
radiometabolites were detected in the blood plasma 30min
after [11C]AM7 administration in our previous study [16].
Demethylation of the [11C]methyl group of both trac-
ers by cytochrome P450 would be the most probable
radiometabolite-forming reaction [37, 38]. The resulting
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radiometabolite [11C]formaldehyde or its oxidation and
reduction products would accumulate in bone marrow and
salivary gland besides liver [39]. We did not find such
radioactivity distribution in our PET images, excludingmajor
[11C]demethylation of the tracers.

As pointed out by Stieger et al. [35], studies as presented
here can contribute to a better understanding of the mecha-
nisms of drug-drug interactions and can provide information
for the generation of model parameters for PBPK modelling
based on in vitro data. In the future, rodent and human
PET with dedicated tracers will support the building and
refinement of PBPK models to facilitate the translation from
in vitro to the in vivo preclinical phase and to support the
prediction of the pharmacokinetics in humans based on
preclinical and clinical data. Besides a calibrated PET scanner
with high spatial resolution, high computing capacity and
parallel computing are favourable for successful modelling.

5. Conclusions

By PBPK modelling using dynamic PET data from mice,
we were able to characterize distinct pharmacokinetic details
for two structurally related radiotracers. Our modelling
approach allowed identification of the pharmacokinetic alter-
ations induced by the transporter inhibitor cyclosporine.
Our study shows the potential of PBPK modelling with PET
data for radiotracer and drug development, as well as for
evaluating and predicting the effects of transporter inhibition
on whole-body pharmacokinetics.
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Positron emission tomography (PET) imaging using [11C]metoclopramide, a P-glycoprotein (P-gp) substrate, was used to
investigate the contribution of transport processes to metoclopramide liver clearance. +e liver kinetics obtained after injection
of [11C]metoclopramide were measured using PET in rats (n � 4-5) in the absence (tracer dose) and the presence of a phar-
macologic dose of metoclopramide (3mg/kg), with or without P-gp inhibition using i.v. tariquidar (8mg/kg). Corresponding
[11C]metoclopramide kinetics and metabolism in plasma (n � 3) were measured using radio-HPLC analysis. [11C]metoclo-
pramide exposure to the liver and plasma was described by the area under the time-activity curve (AUC) of the radioactivity
kinetics in the liver and parent [11C]metoclopramide kinetics in plasma, respectively. +e pharmacologic dose of metoclopramide
resulted in a ∼2.2-fold increase in [11C]metoclopramide AUCplasma, while P-gp inhibition did not. AUCliver was lower using the
pharmacologic dose (42.9± 13.8 SUV·min) compared with the tracer dose (210.0± 32.4 SUV·min). P-gp inhibition enhanced
the liver exposure in the pharmacologic condition only (81.0± 3.1 SUV·min). [11C]metoclopramide PET imaging suggests
an unpredicted role for hepatocyte uptake transporter(s) in controlling metoclopramide pharmacokinetics in addition to the
known contribution of the metabolic enzymes and the P-gp.

1. Introduction

Recent pharmacokinetic studies have clearly established that
the liver metabolism of drugs is not solely governed by the
activity of metabolizing enzymes. +e hepatobiliary clearance
of many drugs is controlled by the interplay of metabolizing
enzymes and membrane transporters at the hepatocyte level
[1]. Several uptake transporters expressed at the sinusoidal
membrane of hepatocytes mediate the cellular import of many
drugs and their subsequent exposure to metabolizing enzymes
in hepatocytes [2]. +en, drugs and/or newly produced me-
tabolites can be excreted to the bile by efflux transporters,

mainly ATP-binding cassette (ABC) transporters, expressed
at the canalicular membrane, including the P-glycoprotein
(P-gp, ABCB1) [3].

Metoclopramide is a widely prescribed antiemetic drug
for the treatment of esophageal reflux, dyspepsia, gastro-
paresis, and chemotherapy-related nausea [4]. It has been
shown that metoclopramide is mainly eliminated through
hepatic metabolism [5]. Hepatic impairment such as liver
cirrhosis was associated with a 50% lower plasma clearance
and a greater half-life [6], and only 19% of metoclopramide
is excreted unchanged in urine after intravenous adminis-
tration [7]. +e parameters that govern the liver metabolism
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of metoclopramide remain poorly documented. A nonlinear
bioavailability of metoclopramide has been reported in rats,
suggesting a role for saturable systems [8]. Metoclopramide
is a known substrate of the human and rodent P-gp [9, 10].
In mice, P-gp deficiency was shown to enhance the brain
distribution of metoclopramide, with no or negligible im-
pact on its plasma pharmacokinetics (PK) [9, 10]. To the best
of our knowledge, the importance of carrier-mediated
systems at the liver level on metoclopramide PK has not
yet been investigated.

It is nonetheless difficult to link the intrinsic role of
membrane transporters and metabolizing enzymes to the
production of drug metabolites using conventional PK, that
is, drug determination in plasma [11]. To that end, positron
emission tomography (PET) imaging using radiolabeled
analogues of drugs is an appealing approach to study the
tissue distribution in a noninvasive manner [12]. +is
strategy offers the opportunity to noninvasively quantify the
impact of membrane transporters on drug distribution in
clearance and nonclearance organs [12, 13]. Metoclopra-
mide displays a methoxy moiety on the aromatic core,
making this structure an excellent candidate for isotopic
labeling with carbon-11. +is strategy offers the great ad-
vantage of being able to label the drug without modifying its
structure and biological properties. We recently developed
[11C]metoclopramide as a PETprobe to study the impact of
P-gp function on the blood-brain barrier (BBB) [14].

+e present study aimed to elucidate the impact of liver
uptake transport on the plasma kinetics, metabolism, and
liver accumulation of metoclopramide in vivo. To that end,
we report the isotopic labeling of metoclopramide with
carbon-11 starting from the corresponding O-desmethyl
precursor synthesized in one step from metoclopramide
itself. +e liver kinetics of [11C]metoclopramide were
studied using PET imaging in rats to reveal the importance
of carrier-mediated systems on metoclopramide PK.

2. Materials and Methods

2.1. Chemicals. Chemicals including metoclopramide hy-
drochloride were purchased from Aldrich (France) and used
as received. Tariquidar used for P-gp inhibition was pur-
chased from Eras Labo (France). Tariquidar solutions for i.v.
injection (4.4mg·mL−1) were prepared on the day of ex-
periment by dissolving tariquidar dimesylate 2.35 H2O
(∼6mg) in a 5% (w : v) dextrose solution (0.5mL) followed
by dilution with sterile water (0.5mL). Metoclopramide was
administered using sterile Metoclopramide Renaudin® for
i.v. injection (10mg/2mL, France).

2.2. Chemistry. Reactions were monitored by thin-layer
chromatography (TLC) on aluminum precoated plates of
silica gel 60F254 (VWR, France). Flash chromatography was
conducted on a silica gel (0.63–0.200mm, VWR, France)
column.+e compoundswere localized at 254 nmusing aUV-
lamp. 1H NMR and 13C NMR spectra were recorded on
a Bruker Advance 400MHz apparatus using CDCl3 as a sol-
vent. +e chemical shifts (δ) are reported in ppm, downfield
from TMS (s, t, m, and b for singlet, triplet, multiplet, and

broad signals, resp.), and referenced with the solvent residual
chemical shift. High-resolution mass spectrometry (HRMS)
analysis was performed by the small molecule mass spec-
trometry platform of IMAGIF (Gif-sur-Yvette, France,
http://www.imagif.cnrs.fr), by electrospray with positive
(ESI+) ionization mode.

4-Amino-5-chloro-N-(2-(diethylamino) ethyl)-2-
hydroxybenzamide (1) was prepared from metoclopramide
hydrochloride. Metoclopramide hydrochloride (0.5 g,
1.49mmol) was dissolved in aqueous hydrobromic acid (48%,
3mL), and the solution was refluxed for 2h. Upon cooling to
0°C, aqueous ammonia solution (25%, 10mL) was added to
reach a pH of 9. +e aqueous solution was extracted with ethyl
acetate (3× 5mL), and the combined organic layers were
washed with brine (5mL), dried over sodium sulfate, and
filtered, and then the solvent was evaporated. +e crude
product was purified by flash chromatography on a short
pad of silica gel (ethyl acetate/methanol, 9 :1 v/v) to afford
compound 1 (300mg, 71%) as a colorless oil. 1H NMR
(400MHz, CDCl3): δ 7.30 (s, 1H, CHAr), 7.15 (b, 1H, NH),
6.26 (s, 1H, CHAr), 4.41 (b, 2H, NH2), 3.42 (t, J� 5.2Hz,
2H, CH2), 2.55–2.65 (m, 6H, 3×CH2), and 1.03 (t, J� 7.2Hz,
6H, 2×CH3) ppm. 13C NMR (101MHz, CDCl3): δ 169.1
(C�O), 161.7 (CIV), 147.7 (CIV), 126.6 (CH), 109.4 (CIV), 106.0
(CIV), 102.4 (CH), 51.2 (CH2), 46.6 (2×CH2), 36.6 (CH2), and
11.6 (2×CH3) ppm. HR-ESI(+)-MS confirmed the absence of
metoclopramide in the final preparation. +e calculated m/z
value for C13H21ClN3O2 is 286.1244 [M+H]+.+e found value
was 286.1248 for the preparation.

2.3. Radiochemistry. Automated radiosynthesis of [11C]
metoclopramide from 1 was performed using a TRACER-
lab FX C Pro synthesizer (GE Healthcare, USA) (available
here). No carrier-added [11C]CO2 (60–80GBq) was pro-
duced via the 14N(p, α)11C nuclear reaction by irradiation
of a [14N]N2 target containing 0.15–0.5% of O2 on a Cy-
clone 18/9 cyclotron (18MeV, IBA, Belgium). [11C]CO2
was subsequently reduced to [11C]CH4 and iodinated to
[11C]CH3I following the process described by Larsen et al.
[15] and finally converted to [11C]CH3OTf according to
the method of Jewett [16]. [11C]CH3OTf was bubbled into a
solution of O-desmethyl-metoclopramide 1 (1mg) and
aqueous sodium hydroxide (3M, 7 μL) in acetone (400 μL)
at −20°C for 3min. +e mixture was heated at 110°C
for 2min followed by evaporation of the residual solvent
to dryness at 110°C under vacuum for 30 s. Upon cooling
down to 60°C, a mixture of aqueous NaH2PO4 (20mM)/
acetonitrile/H3PO4 (85/15/0.2 v/v/v) was added. Purifica-
tion was realized by reversed-phaseHPLC (Waters Symmetry®
C18 7.8 × 300mm, 7 μm) with a 501 HPLC pump (Waters,
USA) using aqueous NaH2PO4 (20mM)/acetonitrile/
H3PO4 (85/15/0.2 v/v/v, 5 mL/min) as an eluent. UV de-
tection (K2501, Knauer, Germany) was performed at
220 nm. +e purified compound was diluted with water
(20mL) and passed through a Sep-Pak® C18 cartridge
(Waters, USA).+e cartridge was rinsed with water (10mL)
and eluted with ethanol (2mL), and the final compound
was diluted with saline (0.9% w/v, 8mL) to afford ready-to-
inject [11C]metoclopramide.
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2.4. Quality Control. Quality control was performed on
three consecutive runs using a 717plus Autosampler HPLC
system equipped with a 1525 binary pump and a 2996
photodiode array detector (Waters, USA) and a FlowStar LB
513 gamma detector (Berthold, France). +e system was
monitored with the Empower 3 (Waters) software. HPLC
was realized on a reversed-phase analytical Symmetry C18
(150× 3.9mm, 5 μm, Waters) column using a mixture of
aqueous NaH2PO4 (4mM)/acetonitrile/H3PO4 (90/10/0.2
v/v/v, 2mL/min) as an eluent. UV detection was per-
formed at 274 nm. Identification of the peak was assessed by
comparing the retention time of [11C]metoclopramide with
the retention time of the nonradioactive metoclopramide
reference (tRref). For acceptance, the retention time must be
within the tRref± 10% range. Radiochemical and chemical
purities were calculated as the ratio of the area under the
curve (AUC) of the compound peak to the sum of the AUCs
of all other peaks on gamma and UV chromatograms, re-
spectively. Radiochemical and chemical purities are the
mean values of three consecutive runs. Molar activity was
calculated as the ratio of the activity of the collected peak
of [11C]metoclopramide measured with an activimeter
(Capintec®, Berthold) to the molar quantity of metoclo-
pramide determined using calibration curves derived
from the UV chromatogram. Molar activity is calculated
as the mean value of three consecutive runs. Shelf stability
was measured one hour after the end of the synthesis with
a repeated run of quality control.

2.5. Animals. [11C]metoclopramide PET kinetics in the liver
were measured in 18 male Wistar rats (mean weight� 322±
23 g) (Janvier, France). +e study was conducted in ac-
cordance with the French legislation and European di-
rectives on the use of animals in research. +e protocol has
been accepted by a local ethics committee for animal use
(protocol AFAPIS A16/057).

2.6. PET Imaging. PET scans were performed using an
Inveon® microPET system (Siemens, Germany) at room
temperature. Anesthesia was induced and thereafter main-
tained using 3% and 1.5–2.5% isoflurane in O2, respectively. A
transmission scan with a rotating cobalt-57 source, for at-
tenuation correction, was performed. +irty-minute dynamic
acquisitions were performed, starting from i.v. injection of
a bolus [11C]metoclopramide in a catheter inserted in the
caudal lateral vein. Four different conditions were tested:
a tracer dose of [11C]metoclopramide (39.4± 9.0MBq; 4.3±
3.9µg/kg; 14.5± 13.2 nmol/kg) was injected either in the ab-
sence (n � 5) or in the presence (n � 4) of the P-gp inhibition.
Coinjection of [11C]metoclopramide with unlabeled meto-
clopramide (36.7± 7.9MBq; 3mg/kg; 10µmol/kg) was also
performed in the absence (n � 4) and the presence (n � 5)
of P-gp inhibition. To that end, unlabeled metoclopramide
(∼0.2mL) was added to the [11C]metoclopramide solution for
a total injected volume <0.8mL. P-gp inhibition was obtained
using tariquidar (8mg/kg, i.v. bolus <0.65mL) administered
15min before PET.

Dynamic PET images were reconstructed using the FORE
+OSEM2D algorithm including normalization, attenuation,
and scatter and random corrections. Image analysis and
quantification of radioactivity uptake were performed using
PMOD® software (version 3.5, PMOD Technologies LLC,
Switzerland). A 5mm diameter sphere was drawn on the
upper part of the median lobe of the liver to generate the
corresponding time-activity curves (TACs) with a time frame
duration of 0.25min; 0.5min× 2; 0.75min; 1min× 4; 1.5min;
2min× 4; and 2.5 and 3min× 4. Radioactivity was corrected
for carbon-11 decay, injected dose, and animal weight to
express the measurements in standardized uptake value
(SUV).

2.7. Data Analysis. Liver exposure to [11C]metoclopramide
was estimated in all conditions using the mean area under
the curve of the tissue radioactivity from 0 to 30min (AUC;
SUV·min).

Imaging data were interpreted in the light of [11C]
metoclopramide plasma kinetics measured from 0 to 60min,
previously reported in the same experimental conditions
(n � 3 animals per condition) [14]. [11C]metoclopramide
AUC in plasma from 0 to 60min was calculated in all
conditions to assess the respective impact of pharmacologic
dose and P-gp inhibition on [11C]metoclopramide plasma
exposure. Plasma AUC was corrected for injected radio-
activity and animal weight (SUV·min units) and is therefore
inversely correlated to [11C]metoclopramide plasma clear-
ance (plasma clearance� dose/AUCplasma).

+e mean plasma kinetics of parent [11C]metoclopra-
mide obtained in each respective condition (4 conditions,
n � 3 per condition) [14] were fitted using a one-phase
exponential decay function. +e fitted curve was used as
the arterial plasma input function to describe the transfer of
[11C]metoclopramide from plasma to the liver. +e transfer
constant (kuptake) was calculated as previously described
using an integration plot method [17]. +e following
equation was used:

Xt,liver

Ct,blood
� kuptake ×

AUC0−t,blood

Ct,blood
+ VE, (1)

where Xt,liver is the amount of radioactivity per gram tissue
in the liver at time t and Ct, blood is the radioactivity con-
centration in plasma at time t. AUC0−t,blood represents the
AUC of parent [11C]metoclopramide in plasma from 2min
to time t. +e kuptake can be obtained by performing linear
regression analysis of a plot of Xt,organ/Ct,blood versus
AUC0−t,blood/Ct,blood and calculating the slope of the re-
gression line which was linear from 2 to 7.5min in all tested
conditions. +e unit of kuptake is mL of blood per min per
gram tissue (mL/min/g of tissue). VE is the y-intercept of the
integration plot.

2.8. Statistical Analysis. Statistical analysis was performed
using the GraphPad Prism 7.0 software (GraphPad Inc., CA,
USA). Variance homogeneity was assessed using Levene’s
test (p> 0.05). Data were compared using a one-way

Contrast Media & Molecular Imaging 3



ANOVA followed by a Tukey post hoc test. A result was
deemed significant when a two-tailed p value was less than
0.05.

3. Results

3.1. Chemistry. Metoclopramide can be isotopically labeled
with carbon-11 at the 2-methoxy moiety of the aromatic
ring. For that purpose, commercially available metoclo-
pramide was demethylated in one step in the presence of
refluxing hydrobromic acid to afford the O-desmethyl-
metoclopramide precursor 1 in 71% yield within 2 hours
(Figure 1). A treatment with an aqueous ammonia solution
was realized to afford 1 as the free base to be used directly for
the radiosynthesis of [11C]metoclopramide.

Different conditions were explored to carry out the
radiomethylation, and aqueous sodium hydroxide was
revealed to be the most appropriate base for the reaction.
Stronger bases such as sodiummethanoate gave lower yields,
whereas side products resulting from the deprotonation of
the aniline or the amide moiety were observed when using
sodium hydride. No significant influence of the solvent was
noted when using either acetone or N,N-dimethylforma-
mide (Figure 1). Finally, [11C]metoclopramide (1.4–2.0GBq)
was radiosynthesized in 10% radiochemical yield with
a radiochemical purity above 98% and a molar activity of
130± 20GBq/μmol.

3.2. In Vivo Experiments. In the liver, the pharmacologic
dose of metoclopramide dramatically decreased the ac-
cumulation of radioactivity compared with the tracer
dose (Figure 2). Liver AUC was significantly lower using
the pharmacologic dose compared to the tracer dose
in both the presence and the absence of P-gp inhibition
(Figure 3).

In plasma, coinjection with a pharmacologic dose of
metoclopramide resulted in higher plasma concentrations
(SUV) compared with the tracer dose [14] with significant 2.1-
fold and 2.3-fold increases in AUCplasma in the absence and the
presence of P-gp inhibition, respectively (Figure 3). +e pro-
portion of parent [11C]metoclopramide in plasma was higher
using the pharmacologic dose of metoclopramide compared to
the tracer dose. P-gp inhibition had nonsignificant impact on
[11C]metoclopramide metabolism up to 60min after injection
(Figure 3).

+e liver uptake of [11C]metoclopramide (kuptake) was
significantly lower using a pharmacologic dose (Figures 2
and 3). P-gp inhibition did not impact [11C]metoclopramide

kuptake in either the tracer dose or the pharmacologic dose
condition (Figures 2 and 3). In the tracer dose condition, P-gp
inhibition did not significantly impact liver AUC. In the
pharmacologic dose condition, P-gp inhibition resulted in an
increased liver AUC (Figure 3).

4. Discussion

O-desmethyl metoclopramide 1 was synthesized in one step
from commercially available metoclopramide in a straight-
forward approach. A one-step procedure has previously
been proposed by Monkovic et al. using sodium ethane-
thiolate freshly prepared from ethanethiol and sodium
hydride [18]. To circumvent the use of ethanethiol, deme-
thylation of metoclopramide can be alternatively performed
in one step in the presence of refluxing hydrobromic acid.
+is method afforded the O-desmethyl metoclopramide
precursor 1 in 71% yield within 2 hours. In comparison with
the approach proposed by Monkovic et al., the presented
method affords the desired desmethyl compound in lower
yield (71% and 98%, resp.) and comparable reaction times
(2 h and 90min, resp.) but avoids the preparation of etha-
nethiolate from malodorous and hazardous ethanethiol.
A treatment with aqueous ammonia was performed to afford
1 as a free base. Precursor 1 could therefore be used directly
for the radiosynthesis of 11[C]metoclopramide.

In this study, we studied the liver kinetics of [11C]
metoclopramide in rats to elucidate the dose-dependent PK
and metabolism observed in vivo [8, 14]. Our results suggest
that a saturable transport by the liver, which did not cor-
respond to P-gp function, is critical for metoclopramide liver
clearance, metabolism, and PK.

First, the role of P-gp function in [11C]metoclopramide
kinetics was investigated using tariquidar, a potent P-gp
inhibitor. +e importance of the interaction of tariquidar
with hepatocytes of PK remains poorly investigated. In vitro,
tariquidar is an inhibitor of OATP2B1 (SLCO2B1) expressed at
the sinusoidal membrane of hepatocytes, but not OATP1B1
(SLCO1B1) or OATP1B3 (SLCO1B3) [19]. In humans, tar-
iquidar was shown to inhibit P-gp at the canalicular membrane
and to enhance the liver exposure to [99mTc]sestamibi, a ra-
diolabeled substrate probe [20]. In the pharmacologic condi-
tion, P-gp inhibition increased metoclopramide accumulation
in the liver with no impact on the liver uptake.+is differential
effect may be explained by the specific role of P-gp in hepa-
tocytes, which mediates the biliary efflux of many drugs [2].
+e P-gp effect was not significant in the tracer dose situa-
tion probably because the radioactivity in the liver is mainly

Metoclopramide
hydrochloride

O-desmethyl
metoclopramide [11C] metoclopramide

O

Cl
NH2.HCl

OMe
NEt2

H
N

NaH, EtSH
DMF, 100°C,

80%

O
H
N NEt2

OH

NH2

Cl

[11C]CH3OTf, NaOHaq (3 N)

Acetone, 110°C, 2 min Cl
NH2

O
H
N NEt2

11CH3

O

Figure 1: Synthesis of the desmethyl precursor from metoclopramide hydrochloride and radiosynthesis of [11C]metoclopramide.
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composed of radiometabolites which may not be transported
by P-gp [14].

Interestingly, P-gp inhibition did not impact [11C]meto-
clopramide plasma clearance and metabolism over 60min in
the limited investigation time followed by carbon-11 decay.
Metoclopramide PK in mice (3mg/kg) has been reported and
showed no influence of P-gp deficiency over 5 hours [10].
+us, metoclopramide dose-dependent plasma clearance
cannot be attributed to the saturation of P-gp secretion at
the biliary level, which is consistent with the fact that

metoclopramide is not a P-gp inhibitor [9]. P-gp-mediated
biliary secretion may nonetheless control the liver accumu-
lation with low or hardly detectable signature in measurable
plasma PK.

Using a coinjection strategy, we showed that the liver
uptake, rather than P-gp-mediated biliary secretion, is a major
determinant of [11C]metoclopramide metabolism and plasma
clearance in vivo. +e uptake transport had major impact
on liver exposure to metoclopramide and explains the dra-
matic differences in [11C]metoclopramide plasma clearance

Liver kinetics

μ dose
μ dose + TQD

Meto
Meto + TQD

10

8

6

4

2

0

SU
V

0 5 10 15 20 25 30
Time (min)

(a)

SU
V

0.6

0.4

0.2

0.0
0 20 40 60

Time (min)

Parent [11C] metoclopramide in plasma

μ dose
μ dose + TQD

Meto
Meto + TQD

(b)

TQD
μ dose Meto

Meto + TQD

kuptake

80

60

40

20

0
5 10 15

X t
, l

iv
er

/C
t, 

bl
oo

d

AUC0−t, blood/Ct, blood

(c)

Figure 2: PET kinetics in the rat liver (n � 4-5) were measured in the absence (µ dose) and the presence of a pharmacologic dose of
metoclopramide (3mg/kg, Meto), with or without P-gp inhibition using i.v. tariquidar (8mg/kg) (TQD). Time-activity curves of ra-
dioactivity obtained in the liver after injection of [11C]metoclopramide are shown in (a). +e fitted curves (dashed lines) corresponding to
the mean plasma kinetics of parent [11C]metoclopramide are shown in (b). Plasma kinetics were obtained from previously reported
experiments performed in the same conditions (n � 3 animals per condition) [14].+emean integration plots (dashed line) used to calculate
the transfer constant of [11C]metoclopramide from plasma to the liver are shown in (c). SeeMaterials andMethods for definition of variables
used in integration plot analysis. +e liver uptake rate constants correspond to the slope of the linear regression lines, calculated from 2 to
7.5min after injection. Data shown are mean± SD.
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observed between the tracer dose and the pharmacologic
dose condition. +is suggests that a carrier-mediated uptake
transport at the sinusoidal liver plasma membrane may
control metoclopramide metabolism independent of the in-
trinsic activity of metabolizing enzymes.

+e parameters that control metoclopramide pharma-
cokinetics (PK) in patients remain poorly documented.
Metoclopramide is a substrate of the highly polymorphic
cytochrome P450 2D6 (CYP2D6) which may account for
patient-to-patient PK variability [21, 22]. In rats, a saturable
first-pass metabolism, the mechanism of which is unknown,

has been reported [8]. Little is known regarding the im-
portance of interaction of metoclopramide with relevant
hepatocyte transporters [23]. +e literature reports that
metoclopramide is not a substrate of the breast cancer re-
sistance protein (ABCG2) [14], which is expressed with P-gp
at the canalicular side of hepatocytes [2, 23]. Interestingly, in
vitro studies have shown that metoclopramide is a substrate
of human organic cation transporter 1 (OCT1, SLC22A1),
a major uptake transporter expressed at the sinusoidal side
of hepatocytes [24]. PET imaging using [11C]metoclopra-
mide will be useful to assess the specificity and the relative
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Figure 3: [11C]metoclopramide liver kinetics in rats (n � 4-5) were compared in the absence (µ dose) and the presence of a pharmacologic
dose of metoclopramide (3mg/kg, Meto), with or without P-gp inhibition using i.v. tariquidar (8mg/kg) (TQD). Liver exposure to [11C]
metoclopramide was described by the area under the curve (AUC) of the radioactivity kinetics in the liver (a). +e rate constant of [11C]
metoclopramide uptake by the liver was calculated using the integration plot analysis (b). +e fraction of parent [11C]metoclopramide
kinetics in plasma 60min after injection is shown in (c). +e plasma exposure to parent [11C]metoclopramide is expressed as AUC in (d).
Data regarding plasma kinetics and metabolism were calculated from Pottier et al. [14]. Data shown are mean± SD. Statistical significance is
as follows: ∗p< 0.05; ∗∗p< 0.01; and ∗∗∗p< 0.05.
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importance of OCT1 and other hepatocyte transporters on
metoclopramide liver uptake and PK [25].

Species differences in the hepatobiliary function and the
carrier-mediated transport by hepatocytes have been re-
ported between rats and humans [26]. +is is a limitation for
the clinical interpretation of our results. [11C]metoclopra-
mide is the isotopic analogue of metoclopramide for which
formulations for i.v. injection exist. [11C]metoclopramide
PETimaging can thus be safely and noninvasively performed
in humans using both the tracer and the pharmacological
doses. Such a method was recently proposed to reveal the
saturable uptake transport of erlotinib by the liver in healthy
volunteers [27]. A similar approach could be performed in
humans to address the role of hepatocyte transporter(s) in
the PK variability of metoclopramide [4].

5. Conclusions

Using [11C]metoclopramide PET imaging in rats, we showed
that the in vivo metabolism and plasma clearance of
metoclopramide may depend on a saturable uptake trans-
port by the liver. P-gp function is not a rate-limiting step for
metoclopramide plasma clearance or metabolism but may
nonetheless control metoclopramide exposure to the liver in
the absence of detectable impact on plasma kinetics.
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Figure S1: Scheme of the TRACERlab FXC Pro synthesizer for
the automated radiosynthesis of 11C-metoclopramide. (1)
Reactor containing 1 (1mg) and aqueous sodium hydroxide
(3M, 7μL) in acetone (400μL); (2) 0.5mL of NaH2PO4
(20mM)/CH3CN/H3PO4 (0.5mL, 85/15/0.2 v/v/v); (3) reverse
phase HPLC column (Waters Symmetry® C18 7.8× 300 mm,
7m); (4) 20mL of water; (5) 10mL of water; (6) 2mL of
ethanol; (7) 18mL of aqueous 0.9% NaCl; and (8) Waters Sep-
Pak® C18 cartridge. Figure S2: Semipreparative HPLCwith (A)

UV detection and (B) gamma detection for purification of
11C-metoclopramide. (Supplementary Materials)
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Introduction. An in vivo determination of bile acid hepatobiliary transport efficiency can be of use in liver disease and
preclinical drug development. Given the increased interest in bile acid Positron Emission Tomography- (PET-) imaging, a further
understanding of the impact of 18-fluorine substitution on bile acid handling in vitro and in vivo can be of significance. Methods.
A number of bile acid analogues were conceived for nucleophilic substitution with [18F]fluoride: cholic acid analogues of which
the 3-, 7-, or 12-OH function is substituted with a fluorine atom (3𝛼-[18F]FCA; 7𝛽-[18F]FCA; 12𝛽-[18F]FCA); a glycocholic and
chenodeoxycholic acid analogue, substituted on the 3-position (3𝛽-[18F]FGCA and 3𝛽-[18F]FCDCA, resp.). Uptake by the bile acid
transporters NTCP andOATP1B1 was evaluated with competition assays in transfected CHO andHEK cell lines and efflux by BSEP
in membrane vesicles. PET-scans with the tracers were performed in wild-type mice (𝑛 = 3 per group): hepatobiliary transport
was monitored and compared to a reference tracer, namely, 3𝛽-[18F]FCA. Results. Compounds 3𝛼-[18F]FCA, 3𝛽-[18F]FGCA, and
3𝛽-[18F]FCDCA were synthesized in moderate radiochemical yields (4–10% n.d.c.) and high radiochemical purity (>99%); 7𝛽-
[18F]FCA and 12𝛽-[18F]FCA could not be synthesized and included further in this study. In vitro evaluation showed that 3𝛼-FCA,
3𝛽-FGCA, and 3𝛽-FCDCA all had a lowmicromolarKi-value forNTCP,OATP1B1, and BSEP. In vivo, 3𝛼-[18F]FCA, 3𝛽-[18F]FGCA,
and 3𝛽-[18F]FCDCA displayed hepatobiliary transport with varying efficiency. A slight yet significant difference in uptake and
efflux rate was noticed between the 3𝛼-[18F]FCA and 3𝛽-[18F]FCA epimers. Conjugation of 3𝛽-[18F]FCA with glycine had no
significant effect in vivo. Compound 3𝛽-[18F]FCDCA showed a significantly slower hepatic uptake and efflux towards gallbladder
and intestines. Conclusion. A set of 18F labeled bile acids was synthesized that are substrates of the bile acid transporters in vitro and
in vivo and can serve as PET-biomarkers for hepatobiliary transport of bile acids.

1. Introduction

Bile acids are steroid derivatives that are produced by the
hepatocytes of the liver and excreted in bile. These molecules
play an important role in micelle formation for lipid diges-
tion and uptake of fat-soluble vitamins in the intestines
[1]. The majority of bile acids (95%) is then reabsorbed
and transported back to the liver by the portal circulation.

Bile acid homeostasis in the liver is maintained by specific
bile acid transporters on the hepatocytes. Uptake at the
basolateral side relies predominantly on the Na+-dependent
Taurocholate Cotransporting Polypeptide (NTCP) and also
the Organic Anion Transporting Polypeptides (OATPs).
Once in the hepatocyte, excretion in the bile canaliculi
is mainly mediated by the Bile Salt Export Pump (BSEP)
[2].
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However, this highly efficient hepatobiliary transport of
bile acids can be disturbed by xenobiotics that inhibit the
aforementioned bile acid transporters or in certain liver
diseases such as primary biliary cirrhosis or progressive
familial intrahepatic cholestasis (PFIC) [3–5]. A toxic build-
up of bile acids in the hepatocytes, termed cholestasis, can
then present itself. Clinical features may consist of nausea,
abdominal pain, jaundice and pruritus [6]. An accurate
in vivo determination of bile acid transport efficiency can
therefore be valuable for detection or evaluation of liver
disease in both drug development and clinic.

To visualize physiological processes on a molecular level
in vivo, Positron Emission Tomography (PET) is the imaging
modality of choice. The possibility for close resemblance of
the PET-radiotracer and the endogenous substrate under
investigation gives this imaging technique an important asset
[7]. Recently, a number of studies with 11C or 18F labeled bile
acid PET-tracers have been published. Frisch et al. evaluated
11C labeled bile acids, conjugated with sarcosine or N-methyl
taurine in pigs [8, 9]. These tracers were able to visualize
hepatobiliary transport and can provide valuable information
in hepatobiliary diseases, although the short half-life of the
11C isotope limits their use. Several 18F labeled bile acids
were developed to overcome this issue. Jia et al. developed
a 18F labeled bile acid for studying Farnesoid X Receptor-
(FXR-) related diseases, using a click reaction of 1,3-dipolar
cycloaddition of terminal alkynes and organic azides [10].
However, this modification removes the terminal carboxylic
acid moiety that is critical for recognition by the bile acid
transporters [11]. Testa et al. improved this click chemistry
approach by retaining the carboxylic acid functional group
[12]. Nevertheless, for both 18F labeled compounds the intro-
duction of a long 1,2,3-triazole linked fluoroalkyl sidechain
on the carboxylic acid terminus encompasses a substantial
addition to the steroid structure. This might result in altered
hepatobiliary transport, compared to endogenous bile acids.

Because of the need for a 18F labeled bile acid with only
a minimal modification in molecular structure compared
to an endogenous bile acid, 3𝛽-[18F]fluorocholic acid (3𝛽-
[18F]FCA) was developed by our research group [13].The bile
acid structure for 3𝛽-[18F]FCA is cholic acid, of which the 3
alpha OH group was substituted for a 3-beta fluorine. This
tracer showed transport by NTCP, OATP, and BSEP in vitro
and could visualize hepatobiliary transport in vivo and drug-
induced alterations thereof.

Given the increased interest in bile acid PET-imaging,
a further understanding of the impact of fluorine-OH sub-
stitution on bile acid handling in vitro and in vivo can be
beneficial. Therefore, in this study a number of fluorinated
analogues of cholic, chenodeoxycholic, and glycocholic acid
were synthesized, evaluated, and compared in vitro and in
vivo in mice.

2. Materials and Methods

2.1. Radiosynthesis of the 18F-Labeled Bile Acids. The 18F-
isotope was introduced on the bile acid skeleton by a
nucleophilic substitution on a suitable mesylate, protected

precursor molecule of which the synthesis can be found in
Supplementary Data (available ). The conceived 18F labeled
bile acids are shown in Figure 1. The radiosynthesis was
performed as described earlier [13]. In short, [18F]fluoride
(1.3 GBq) was trapped on a Sep-Pak QMA-column (Waters,
Zellik, Belgium) that was preconditioned with 5mL 0.01M
K
2
CO
3
and 5mL ultrapure water. The activity was eluted

in a radiosynthesis vial with 1mL 9 : 1 AcN :H
2
O Cryptand-

2.2.2 (Acros Organics, Geel, Belgium) and K
2
CO
3
(20mg

and 2mg, resp.) solution. The solvents were removed by
evaporation under a gentle nitrogen flow at 100∘C. The
residue was dried further by adding and evaporating 2 ×
500 𝜇L AcN.

The precursor for radiosynthesis was dissolved in 200 𝜇L
anhydrous DMSO and added to the radiosynthesis vial. A
fixed amount (6.84𝜇mol; 3.4–4.4mg) of precursor for 3𝛼-
[18F]fluorocholic acid (3𝛼-[18F]FCA), 3𝛽-[18F]fluorocholic
acid (3𝛽-[18F]FCA), 7𝛽-[18F]fluorocholic acid (7𝛽-[18F]
FCA), 12𝛽-[18F]fluorocholic acid (12𝛽-[18F]FCA), 3𝛽-[18F]
fluoroglycocholic acid (3𝛽-[18F]FGCA), and 3𝛽-[18F]fluoro-
chenodeoxycholic acid (3𝛽-[18F]FCDCA) was used. The vial
was sealed, shaken, and heated for 20 minutes at 120∘C.
Afterwards, the vial was cooled and 100 𝜇L 5M NaOH
was added. The mixture was shaken and heated again at
120∘C for 10 minutes. After cooling and neutralization of
the basic reaction mixture, purification was performed by
a semipreparative HPLC-system (Grace Econosphere C18
10.0 × 250mm, 10 𝜇m; 6mL/min 10% AcN in H

2
O -> 100%

AcN in 20 minutes; radiodetection (Ludlum Measurements
Inc.)).The desired HPLC-fraction was collected, diluted with
ultrapure water to 50mL, and loaded on a Sep-Pak C18 Plus
short cartridge (preconditioned with 10mL EtOH and 10mL
ultrapure water). After washing with 10mL ultrapure water,
the 18F-labeled bile acid was eluted off the column with
1mL EtOH in a separate vial. This fraction was evaporated
under a gentleN

2
-flow andheating. Finally, 500𝜇Lphosphate

buffered saline was added to reformulate the tracer for in vivo
use.

The logD-value, stability (in formulation for use and
mouse serum), and identity of the tracer were assessed as
described earlier [13]. Radiochemical purity and percentage
18F-labeling of precursor were determined by radio-TLC (sil-
ica gel TLC; with 10% MeOH in CH

2
Cl
2
and 4 : 1 AcN :H

2
O,

resp.).

2.2. In Vitro Uptake Assays. Transport of the fluorinated
bile acids by NTCP and OATP1B1 was evaluated by their
inhibition of [3H]taurocholate ([3H]TC; Perkin Elmer)
and [3H]estradiol-17𝛽-glucuronide ([3H]EbG; Perkin Elmer)
uptake, respectively. Cholic acid (CA) was added to the test
compound panel as a reference. Chinese Hamster Ovary
(CHO) and Human Embryonic Kidney (HEK) cells express-
ing NTCP and OATP1B1, respectively (Solvo Biotechnolo-
gies), were used. Maintenance of these cell cultures was
described earlier [13].Ki-values of the different bile acidswere
calculated using the experimentally determined IC50-and
Km-parameters in the Cheng-Prusoff equation (GraphPad
Prism v3.00 Software) (see (1))
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Figure 1: 18F labeled bile acid analogues under investigation in the present study. Compounds 3𝛼-[18F]fluorocholic acid (3𝛼-[18F]FCA), 3𝛽-
[18F]fluorochenodeoxycholic acid (3𝛽-[18F]FCDCA), and 3𝛽-[18F]fluoroglycocholic acid (3𝛽-[18F]FGCA) on the upper row differ in bile acid
structure (cholic acid, chenodeoxycholic acid, and glycocholic acid) or 3 𝛼/𝛽 position of the radiolabel. The structures 12𝛽-[18F]fluorocholic
acid (12𝛽-[18F]FCA) and 7𝛽-[18F]fluorocholic acid (7𝛽-[18F]FCA) have the same cholic acid structure, but different position of the radiolabel
(7 or 12).

𝐾𝑖 =
IC50
1 + [𝑆] /𝐾𝑚

, (1)

where𝐾𝑖 refers to inhibition constant; IC50 refers to concen-
tration of fluorinated bile acid that causes a 50% decrease in
3H labeled substrate uptake; [𝑆] refers to concentration of 3H
labeled substrate; Km refers to Michaelis-Menten constant of
3H labeled substrate

Cells were seeded in 24-well plates at 400,000 cells/well.
The culturemediumwas aspirated after 24 hours and the cells
werewashed twice with 1mL 10mMHEPES-Hank’s Balanced
Salt Solution (HBSS; with Ca and Mg; 37∘C, pH 7). For Km-
determination, cells were incubated with 250 𝜇L of 0–150𝜇M
[3H]TC (NTCP) or [3H]EbG (OATP1B1) for 10 minutes at
37∘C. IC50-values were acquired by incubating the cells with
250 𝜇L 0–1000 𝜇M fluorinated bile acid and 1𝜇M [3H]TC
(NTCP) or [3H]EbG (OATP1B1) for 15 minutes at 37∘C. All
dosing solutions were formulated in the washing buffer and
dosingwas executed in triplicate.The incubationwas stopped
by placing the plates on ice and adding 1mL ice-cold 1%
BSA HBSS-solution. The supernatant was aspirated and the
cells were washed twice with 2mL ice-cold HBSS-solution.
NaOH(250 𝜇l, 0.1M)was added to lyse the cells and the plates
were shaken (15 minutes, 37∘C). Aliquots of this lysate were
subjected to liquid scintillation counting (TriCarb 2900 TR;
Perkin Elmer) and protein determination with a BCA-assay
(ThermoFisher Scientific).

2.3. InVitro EffluxAssays. Transport of the bile acids by BSEP
was evaluated by their inhibition of [3H]TC uptake in BSEP
membrane vesicles (Pharmtox). Cholic acid (CA) was added
to the test compound panel as a reference. Ki-values of the
different bile acids were calculated using the experimentally
determined IC50-and Km-parameters in the Cheng-Prusoff
equation (GraphPad Prism v3.00 Software) (see (1)). The
assay was performed in V-tip 96-well plates; each well con-
tained 3.75 𝜇g membrane vesicle, 10mMMgCl

2
, 10mM Tris,

4mM adenosine triphosphate (ATP), and 250mM sucrose.
A concentration range of 0–50 𝜇M [3H]TC was included for
the Km-determination. To determine the IC50s, 0–2500 𝜇M
of bile acid was used with 0.65𝜇M [3H]TC. All dosing was
performed in triplicate. The plates were suspended in a 37∘C
water bath 1 minute before the incubation. Incubation was
started by adding 10 𝜇L of the ATP solution or buffer solution
(negative control). Each well contained a final volume of
30 𝜇L and the plates were incubated for 10 minutes at
37∘C.

Transport was stopped by placing the plates on ice and
adding 150𝜇L ice-cold buffer solution. The contents of each
well were pipetted in a glass fiber filter plate (Multiscreen
HTS plates;MerckMillipore) andwashed 3 timeswith 200𝜇L
ice-cold buffer solution. Finally, 100 𝜇L 0.1M NaOH was
added: lysis of the vesicles took place for 10 minutes at room
temperature. An aliquot was used for liquid scintillation
counting.
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Table 1: Radiosynthesis characteristics of the different 18F labeled bile acids. The overall synthesis time was 100 minutes. n.d.c. RY: nondecay
corrected radiochemical yield. RP: radiochemical purity. Data are mean ± SD.

n.d.c. RY (%)
(n = 3)

18F labeling of precursor
(%)

(n = 3)
RP (%) LogD

(n = 3)

3𝛼-[18F]FCA 10.56 ± 2.02 30.31 ± 1.28 >99 0.92 ± 0.17
3𝛽-[18F]FGCA 4.28 ± 0.39 11.51 ± 2.55 >99 0.011 ± 0.037
3𝛽-[18F]FCDCA 9.57 ± 1.51 28.27 ± 5.02 >99 1.42 ± 0.16
12𝛽-[18F]FCA <0.5 2.82 ± 1.14 NA NA
7𝛽-[18F]FCA <0.5 1.23 ± 0.26 NA NA

2.4. PET-Imaging Protocol. The in vivo transport character-
istics of the 18F labeled bile acids were evaluated in wild-
type FVB-mice (female, 5 w). The tracer described earlier
[13], 3𝛽-[18F]FCA, was also included as a reference standard.
Imaging was performed with a PET/CT (FLEX Triumph II
small animal PET/CT-scanner; axial field of view: 7.5 cm;
1.3mm spatial resolution; TriFoil Imaging). For each tracer,
three animals were used. The animals were housed and
handled in accordance with the European Ethics Committee
guidelines and the experiments were approved by the Animal
Experimental Ethical Committee of Ghent University (ECD
15/69).

Food andwater were provided ad libitum, but the animals
were fasted overnight before a PET/CT-scan. They were
anesthetized with 1.5 v : v% isoflurane in O

2
and placed on a

heated bed. To allow injection of the tracer, a polyethylene
intravenous line was inserted in the lateral tail vein and fixed.
After the animals were transferred to the scanner animal
bed, a 1 hour PET-scan was started and 9MBq tracer was
injected directly after starting the scan. Following this PET-
scan, 9MBq [18F]FDGwas injected and twentyminutes later,
a second PET-scan with a 20-minute acquisition time was
started.

All PET-scans were obtained in list-mode and were
iteratively reconstructed (50 iterations). The 1-hour scan was
reconstructed in the following frames: 8 × 15 s; 16 × 30 s;
10 × 60 s; 20 × 120 s. For presentation purposes, Maxi-
mum Intensity Projection PET/CT images were generated
in Amide software. The data were analyzed using Pmod
software v3.405 (PMOD Technologies): Regions Of Interest
(ROIs) were drawn manually over the liver, gallbladder, and
intestines. On the static [18F]FDG scan, the left ventricle was
delineated and this ROI was pasted on the dynamic scan to
obtain an image-derived arterial blood concentration. The
uptake of radioactivity in liver, gallbladder, and intestines was
expressed as a percentage of the injected dose (% ID) and
normalized for the weight of a 20 g mouse.The % ID in these
organs was monitored in function of time to obtain time-
activity curves (TACs). Biliary clearance of the tracers was
determined with equation 2 from Ghibellini et al. [14]

Biliary clearance

=
cumulative amount of tracer in gallbladder&intestines

AUC blood concentration
0→60min

.
(2)

The Area Under the Curve (AUC), % ID, and time-to-
peak values of the TACs were determined in GraphPad Prism
v3.00 Software. The obtained parameters of the different 18F
labeled bile acids were compared to 3𝛽-[18F]FCA-values in
SPSS Statistics 23 Software. Differences between two groups
were analyzed with the nonparametric Mann–Whitney U
test. A 𝑝 value ≤ 0.05 was considered significant.

3. Results

3.1. Radiosynthesis of the 18F-Labeled Bile Acids. Differences
in radiolabeling yield of the precursors for radiosynthesis
with [18F]fluoride were observed (Table 1). The precursors
for 3𝛼-[18F]FCA and 3𝛽-[18F]FCDCA had approximately
the same labeling yield (30%) and nondecay corrected yield
(10%). The precursor for 3𝛽-[18F]FGCA was only labeled for
11.51 ± 2.55%, which also resulted in a lower total yield of
4.28±0.39%.The tracers 3𝛼-[18F]FCA, 3𝛽-[18F]FCDCA, and
3𝛽-[18F]FGCAwere found to be stable in its formulation and
in mouse serum. Both the precursors for 12𝛽-[18F]FCA and
7𝛽-[18F]FCA provided minimal radiolabeling: generating a
significant amount of completed product proved troublesome
for these two products. Furthermore, the 7𝛽FCA reference
compound could not be synthesized. The LogD values of the
18F labeled bile acids are displayed in Table 1.

3.2. In Vitro Uptake Assays. A Michaelis-Menten curve was
made for [3H]TC and [3H]EbG for the CHO-NTCP and
HEK-OATP1B1 cells, respectively (Figure 2). For the CHO-
NTCP cells, the Km of [3H]TC was 15.27 ± 2.46 𝜇M and
the Vmax 200.4 ± 9.77 pmol/min⋅mg protein. For the HEK-
OATP1B1 cells, the Km of [3H]EbG was 11.72 ± 1.59 𝜇M and
the Vmax 146.4 ± 5.52 pmol/min⋅mg protein.

Cholic acid and the fluorinated bile acid analogues
caused a dose-dependent decrease in the uptake of [3H]TC
and [3H]EbG for NTCP and OATP1B1. A sigmoidal dose-
response curve was fitted on the acquired data points to
determine the IC50 and calculate the Ki-value (Figure 3 and
Table 2).

3.3. In Vitro Efflux Assays. A Michaelis-Menten curve of
[3H]TCwasmade for BSEP (Figure 2).TheKmof [3H]TCwas
3.89 𝜇M ± 1.44 𝜇M and the Vmax 34.97 ± 3.57 pmol/min⋅mg
protein. Cholic acid and the fluorinated bile acid analogues
caused a dose-dependent decrease in the uptake of [3H]TC
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Figure 2: Graphs of the concentration dependent uptake of [3H]TC in CHO-NTCP cells and BSEP membrane vesicles. [3H]EbG was used
in HEK-OATP1B1 cells. All data are mean ± SD (𝑛 = 3).

Table 2: Calculated Ki-values of the bile acid analogues for NTCP, OATP1B1, and BSEP. Data are mean ± SD (n = 3). ∗3𝛽FCA IC50-values
were extracted from literature [13] and used to calculate the Ki-values.

Ki for NTCP (𝜇M) Ki for OATP1B1 (𝜇M) Ki for BSEP (𝜇M)
CA 12.96 ± 4.26 42.70 ± 0.16 95.46 ± 33.97
3𝛼FCA 2.53 ± 0.76 5.22 ± 0.56 198.93 ± 39.47
3𝛽FCA∗ 6.18 ± 0.59 9.67 ± 0.83 216.30 ± 52.99
3𝛽FGCA 1.09 ± 0.34 4.24 ± 0.16 87.38 ± 14.61
3𝛽FCDCA 0.91 ± 0.02 0.64 ± 0.07 48.24 ± 3.94
12𝛽FCA 30.08 ± 9.40 4.56 ± 0.25 367.02 ± 38.11

in the BSEP membrane vesicles. A sigmoidal dose-response
curve was fitted on the acquired data points to determine the
IC50 and calculate the Ki-value (Figure 3 and Table 2).

3.4. In Vivo Evaluation of the 18F-Labeled Bile Acids. The
18F labeled bile acids 3𝛼-[18F]FCA, 3𝛽-[18F]FCA, 3𝛽-[18F]
FGCA, and 3𝛽-[18F]FCDCA were evaluated in wild-type
mice. Because of their negligible radiochemical yield, 7𝛽-
[18F]FCA and 12𝛽-[18F]FCA could not be included. Com-
pounds 3𝛽-[18F]FCA, 3𝛼-[18F]FCA, 3𝛽-[18F]FGCA, and 3𝛽-
[18F]FCDCA showed exclusive hepatic uptake after intra-
venous injection. The hepatic uptake of reference tracer 3𝛽-
[18F]FCA was significantly slower than 3𝛼-[18F]FCA (5.33 ±
0.24 versus 3.33 ± 0.62minutes), but significantly faster than
3𝛽-[18F]FCDCA (5.33 ± 0.24 versus 10.17 ± 0.62 minutes).
There was no difference in the time-to-peak of the liver TAC
of 3𝛽-[18F]FCA and 3𝛽-[18F]FGCA. Once in the liver, the
tracers were excreted in gallbladder and intestines. Almost
all of the injected activity (approx. 80%) of 3𝛼-[18F]FCA,
3𝛽-[18F]FCA, and 3𝛽-[18F]FGCA was found in gallbladder
and intestines after 1 hour. Due to slower excretion of 3𝛽-
[18F]FCDCA from the liver, only 60% of the injected dose
was found in gallbladder and intestines after 1 hour. Of the
four tracers, only the biliary clearance of 3𝛽-[18F]FCDCA
(0.18 ± 0.04mL/min) was significantly different compared
to 3𝛽-[18F]FCA (0.46 ± 0.08mL/min). No radioactivity was
observed in other organs for all tracers under investigation.
Time-activity curves of the 18F labeled bile acids were
generated and the relevant parameters were extracted from
these graphs (Figure 4 and Table 3). Representative PET/CT
images of 3𝛽-[18F]FGCA and 3𝛽-[18F]FCDCA are displayed
in Figure 5.

4. Discussion

Cholestasis, a toxic accumulation of bile acids in the liver or
blood, may occur in certain liver diseases or can be triggered
as a result of a xenobiotic interfering with the hepatobiliary
transport of bile acids [15]. It is therefore important to have an
adequate tool to evaluate the efficiency of bile acid transport
in vivo for clinical use or in drug development.

To that end, PET-imaging of hepatobiliary transport with
radiolabeled bile acids is gaining importance. A number of
studies have been published in which bile acids were labeled
with either 11C or 18F on different bile acid structures [8–
10, 12]. Our research group developed 3𝛽-[18F]fluorocholic
acid (3𝛽-[18F]FCA), a cholic acid derivative of which the
3𝛼-OH function is substituted for a 3𝛽-fluorine atom. This
minimal modification of the endogenous molecule allowed
visualization and quantification of bile acid hepatobiliary
transport and drug-induced alterations thereof. Seeing the
promising results with 3𝛽-[18F]FCA and the increased inter-
est in hepatobiliary imaging with PET, a further exploration
of fluorinated bile acid transport characteristics was per-
formed in this study. A number of fluorinated analogues
were conceived: cholic acid derivatives of which the 3, 7,
and 12 OH functions were replaced with a fluorine atom, a
3𝛽-fluorine labeled chenodeoxycholic acid, and 3𝛽-fluorine
labeled glycocholic acid. These compounds were evaluated
on their radiosynthesis characteristics, in vitro and in vivo
hepatobiliary transport in wild-type mice.

Of the conceived 18F labeled bile acids, only 3𝛼-[18F]FCA,
3𝛽-[18F]FGCA, and 3𝛽-[18F]FCDCA could be obtained in
a suitable radiochemical yield. The 18F labeling yield of the
precursor molecules for 3𝛼-[18F]FCA and 3𝛽-[18F]FCDCA
was comparable to that of 3𝛽-[18F]FCA described earlier
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Figure 3: Graphs of the concentration dependent decrease in uptake of tritium labeled substrate ([3H]TC for NTCP and BSEP; [3H]EbG for
OATP1B1). IC50s of the compounds were determined by GraphPad, and their respective Ki-values can be found in Table 2. All data are mean
± SD (𝑛 = 3).

(approx. 30%) [13]. Labeling of the 3𝛽-[18F]FGCA precursor
was only 11.51±2.55%.This reduced yield could be attributed
to the presence of amore polar amide group on the precursor,
which can reduce the [18F]fluoride nucleophilic substitution
efficiency. LogD values of the three tracers mentioned above
were determined and were in line with literature LogD values
of cholic acid, chenodeoxycholic acid, and glycocholic acid
[16].

The mesylate precursors for 12𝛽-[18F]FCA and 7𝛽-[18F]
FCA could not be substituted efficiently with [18F]fluoride
and could therefore not be included in the in vivo evaluation.

The 7𝛼- and 12𝛼- mesyl groups on cholic acid are positioned
axially on steroid rings B and C, respectively. Coupled to the
presence of neighboring hydrogen atoms that can be removed
by a base, these positions are more prone to elimination than
substitution with [18F]fluoride. This observation was also
made in the attempted synthesis of the 12𝛽-[18F]FCA and 7𝛽-
[18F]FCA reference compounds. The 7𝛽FCA synthesis with
DAST resulted exclusively in the formation of elimination
product. However, it was possible to synthetize the 12𝛽-FCA
reference compound in low yield, as there are less protons
available for elimination by a base due to the 19-methyl group
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Figure 4: Time-activity curves (TACs) of 3𝛼-[18F]FCA, 3𝛽-[18F]FCA, 3𝛽-[18F]FGCA, and 3𝛽-[18F]FCDCA in liver (red curve) and
gallbladder and intestines (GBI; green curve) of wild-typemice. Uptake of the tracers was expressed as% injected dose (% ID) and normalized
for a 20 g mouse. Data are mean ± SD (𝑛 = 3 per group).

present near the 12𝛼-mesyl-group. In vitro data for 12𝛽-FCA
could be acquired, but no in vivo PET-imaging was possible.

Ki-values of CA, 3𝛼FCA, 3𝛽FGCA, 3𝛽FCDCA, and
12𝛽FCA for the bile acid transporters NTCP, OATP1B1,
and BSEP were determined as an affinity measure. It was
demonstrated that these compounds caused a concentration
dependent decrease in uptake of the tritium labeled model
substrates of NTCP, OATP1B1, and BSEP. The substitution of
the 3-OH function by a more lipophilic fluorine atom on the
3𝛼- and 3𝛽-position of CA causes an increase in affinity for
NTCP andOATP1B1, yet gives rise to a decrease in affinity for
theBSEP-transporter compared toCA.Althoughboth 3-FCA
epimers are a substrate for the bile acid transporters, 3𝛼-FCA
displays a slightly higher affinity than 3𝛽-FCA for NTCP and
OATP1B1 (2.53 ± 0.76 𝜇M and 5.22 ± 0.56 𝜇M, resp., versus
6.18 ± 0.59 and 9.67 ± 0.83 𝜇M, resp.). The affinity for BSEP
does not change. This difference in affinity for 3 𝛼/𝛽 cholic

acid epimers of bile acid transporters was already uncovered
in cell lines that express the Apical Sodium-dependent Bile
acid Transporter (ASBT; responsible for basolateral uptake
of bile acids in the enterocytes). It was found that 3𝛽-
OH-bile acids have a lower affinity than 3𝛼OH-bile acids
for ASBT [17]. In the present study, the hepatic basolateral
uptake transporters NTCP and OATP1B1 also reveal a slight
preference in affinity for the 3𝛼-fluorocholic acid epimer.
Compound 3𝛽-FGCA, 3𝛽-cholic acid conjugated with the
amino acid glycine, showed an increase in affinity for all bile
acid transporters under investigation. This is in line with
literature data: conjugated bile acids have a higher affinity for
NTCP,OATP, andBSEP than nonconjugated bile acids [2, 18].

The PET-scans with 3𝛽-[18F]FCA, 3𝛼-[18F]FCA, 3𝛽-
[18F]FGCA, and 3𝛽-[18F]FCDCA showed hepatobiliary
transport after intravenous injection in healthy wild-type
FVB-mice. The former three tracers displayed fairly similar



8 Contrast Media & Molecular Imaging

Table 3: Metrics of the 18F labeled bile acids time-activity curves. The values are expressed as mean ± SD (n = 3). Significant differences
compared to the 3𝛽-[18F]FCA values are marked with ∗. A 𝑝 value ≤ 0.05 was considered significant. GBI = gallbladder and intestines; AB =
arterial blood.

3𝛽-[18F]FCA 3𝛼-[18F]FCA 3𝛽-[18F]FGCA 3𝛽-[18F]FCDCA
AUC liver (% ID⋅min) 1785 ± 194 1065 ± 171∗ 1907 ± 58 2449 ± 111∗

Max% ID liver (%) 63.80 ± 2.61 58.58 ± 3.19 63.58 ± 1.84 51.01 ± 3.94∗

Time-to-peak liver (min) 5.33 ± 0.24 3.33 ± 0.62∗ 5.17 ± 0.62 10.17 ± 0.62∗

AUC GBI (% ID⋅min) 3499 ± 340 4184 ± 109∗ 3021 ± 276 2515 ± 189∗

Max% ID GBI (%) 83.44 ± 9.27 88.70 ± 2.38 75.32 ± 6.30 60.93 ± 7.29∗

AUC AB concentration (MBq⋅min/mL) 13003 ± 1032 14007 ± 2150 10192 ± 1404 28437 ± 4380∗

Biliary clearance (mL/min) 0.46 ± 0.08 0.49 ± 0.10 0.47 ± 0.07 0.18 ± 0.04∗

3–20min 20–60min

3-[18F]FGCA

3-[18F]FCDCA

Figure 5: RepresentativeMaximum Intensity Projection PET/CT of
9MBq 3𝛽-[18F]FGCA and 3𝛽-[18F]FCDCA in a wild-type mouse
(slice thickness: 12mm). After intravenous injection, both tracers
showed exclusive uptake in the liver (3–20 minutes).The 18F labeled
bile acids were then excreted in gallbladder and intestines. Biliary
excretion of 3𝛽-[18F]FCDCA is visually slower than 3𝛽-[18F]FGCA
(20–60 minutes after injection).

TAC-curves, whereas 3𝛽-[18F]FCDCAhad themost aberrant
curves. Compared to 3𝛽-[18F]FCA, there is a significantly
slower liver uptake from the blood compartment: both the
time-to-peak of the liver TAC and the AUC of tracer in arte-
rial blood increased approximately twofold. Furthermore,

a significant drop in excretion towards gallbladder and
intestines was observed. This slower hepatobiliary clearance
of 3𝛽-[18F]FCDCA in vivo, although coupled with the in vitro
observation that this fluorinated bile acid has a very high
affinity for the bile acid transporters, implies that 3𝛽FCDCA
acts as slow substrate for the bile acid transporters in vivo.
Because 3𝛽-[18F]FCDCA already shows slower hepatobiliary
transport in healthy wild-type mice, this tracer is less suited
to detect possible alterations of bile acids transport by
pharmacological interference or in liver disease.

Considering the 3𝛼/𝛽-[18F]FCA epimers, it was found
that 3𝛼-[18F]FCA shows a slight, yet significant decrease in
time-to-peak of the liver TAC and excretion to gallbladder
and intestines proceeded faster. This is reflected in a decrease
of the liver TAC AUC-value and modest increase in AUC
of the gallbladder and intestines TAC compared to 3𝛽-
[18F]FCA. These results illustrate that there is not only an
observable difference in affinity of the 3𝛼/𝛽 FCA epimers
for bile acid transporters in vitro, but also in hepatobiliary
transport in vivo.There is a slight preference for 3𝛼-[18F]FCA
compared to 3𝛽-[18F]FCA, probably because the fluorine
atom is in the same 3𝛼-configuration as the 3𝛼-OH on the
endogenous cholic acid molecule.

Conjugation of 3𝛽-[18F]FCA with glycine did not have
a significant impact on its in vivo hepatobiliary transport,
although the affinity of 3𝛽FGCA for NTCP, OATP1B1, and
BSEP rises compared to 3𝛽FCA in vitro. This means that
glycine conjugation of a bile acid is not a prerequisite for faster
or more efficient hepatobiliary transport in mice.Themajor-
ity of the murine bile acid spectrum is however composed
of taurine conjugated bile acids [19]. The observed identical
transport efficiency of 3𝛽-[18F]FCA and its glycine conjugate
3𝛽-[18F]FGCA could be different if taurine conjugation were
explored.

Two out of three newly developed tracers (3𝛼-[18F]FCA
and 3𝛽-[18F]FGCA) display fast and efficient hepatobiliary
transport and can therefore be employed as biomarker for
bile acid transport in vivo. Given the observed discrep-
ancy between in vitro affinity and the in vivo hepatobiliary
transport of some bile acid transporter substrates (such as
3𝛽FGCA and 3𝛽FCDCA), it is still important to determine
the in vivo kinetics of a bile acid transporter substrate and not
to rely on in vitro results alone to assess potentially disturbed
hepatobiliary transport of bile acids.
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5. Conclusion

A set of 18F labeled bile acids were synthesized in a mod-
erate radiochemical yield: 3𝛼-[18F]FCA, 3𝛽-[18F]FGCA, and
3𝛽-[18F]FCDCA. All tracers were in vitro substrates of
the bile acid transporters NTCP, OATP1B1, and BSEP and
showed hepatobiliary transport in vivo. It was found that 3𝛼-
[18F]FCA shows slightly faster hepatobiliary transport than
its epimer, 3𝛽-[18F]FCA. Conjugation of 3𝛽-[18F]FCA with
glycine is not a prerequisite for faster transport. The 18F
labeled bile acids 3𝛼-[18F]FCA and 3𝛽-[18F]FGCA can be
applied as biomarker for in vivo PET monitoring of hepato-
biliary transport of bile acids.The 18F-chenodeoxycholic acid
derivative, however, 3𝛽-[18F]FCDCA, suffers from slower
hepatobiliary transport than its cholic acid counterpart and
is hence less suited for monitoring possible disturbances of
bile acid transport in vivo.
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Objectives. To determine whether the pharmacokinetic parameters of Gd-EOB-DTPA can identify the difference in liver function
in a rat hepatectomy model. Methods. A total of 56 eight-week-old male Sprague-Dawley rats were divided into the following
groups: control group without hepatectomy (𝑛 = 16), 70% hepatectomy group (𝑛 = 14), and 90% hepatectomy group (𝑛 =
26). On postoperative day 2, Gd-EOB-DTPA (0.1mmol/kg) was injected intravenously and serial blood samples were obtained.
Pharmacokinetic analysis was performed using a noncompartmental method. Statistical analysis was performed using one-way
analysis of variance and post hoc pairwise group comparisons. Results.After excluding 6 rats that died unexpectedly, blood samples
were obtained from 16, 14, and 20 rats in the control group, 70% hepatectomy group, and 90% hepatectomy group. There was a
significant increase in area under the concentration-time curve from time zero to the time of the last measurable concentration
between the 70% and 90% hepatectomy group (𝑃 < 0.001). The volume of distribution at steady state was significantly decreased
between the control and 70% hepatectomy group (𝑃 < 0.001). The clearance was significantly different in all pairwise group
comparisons (𝑃 < 0.001). Conclusions.The vascular clearance of Gd-EOB-DTPA can identify the difference in liver function in a
rat hepatectomy model.

1. Introduction

Assessment of liver function is important to determine the
prognosis in patients with chronic liver disease, to estab-
lish the optimal timing for transplantation or transjugular
intrahepatic portosystemic shunt insertion, and to minimize
the risk of hepatic failure following major hepatic resection
[1, 2]. In daily clinical practice, serum bilirubin level, serum
albumin level, and prothrombin time are methods that
are simple and commonly used to assess hepatic function.
However, these qualitative liver function tests cannot exactly

reflect liver function, because a single measurement of an
activity or the concentration of a substance in the blood does
not provide data about the volume of distribution, amount
of production, or amount of elimination [2]. Thus, when
more precise assessments of liver function are required, for
example, before major hepatectomy, quantitative liver func-
tion tests, such as indocyanine green (ICG), are favored [2].

Hepatic uptake and biliary excretion of ICG involve an
organic anion transporter (OAT) system which is increas-
ingly recognized as a major route for the transport of anionic
xenobiotics and endogenous substances into the bile [3].
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The expression of OATs in the liver varies in acute and
chronic liver disease and accordingly it is considered to be an
important indicator of liver function [4, 5]. Interestingly, Gd-
EOB-DTPA, which is a widely used contrast agent for liver
MR imaging, uses the sameOAT as ICG [6–8]. Recent studies
used Gd-EOB-DTPA-enhanced liverMR imaging to evaluate
liver functions [9–17]. These studies mainly focused on
enhancement of the hepatic parenchyma onGd-EOB-DTPA-
enhanced liver MR imaging. However, hepatic parenchymal
enhancement on Gd-EOB-DTPA-enhanced liver MR is asso-
ciated with decreased serum concentrations of the contrast
agent. Therefore, measurements of serum Gd-EOB-DTPA
concentrations can represent a more direct method to assess
hepatic function than evaluations of hepatic parenchymal
enhancement on liver MR imaging.

The multiple and various functions of the liver preclude
an easy single reference standard for assessments of liver
function [18]. In the rat hepatectomy model, defined combi-
nations of liver lobes are removed, which are classified based
on the approximate relative resected liver mass as 30%, 50%,
70%, and 90% hepatectomy [19, 20]. A reference standard of
liver function based on rat hepatectomymodelmay represent
overall liver functions and hepatectomy with increasing lobe
resections is a convenient model to assess liver functions.
The purpose of this study was to determine whether phar-
macokinetic parameters ofGd-EOB-DTPAcould identify the
difference in liver function in a rat hepatectomy model.

2. Materials and Methods

This study was reviewed and approved by the Institutional
Animal Care and Use Committee (IACUC) ∗BLINDED∗
Institute for Life Sciences, ∗BLINDED∗ Medical Center. The
committee abides by the institute of Laboratory Animal
Resources (ILAR) guide.

2.1. Animals. A total of 56 eight-week-old male Sprague-
Dawley (SD) rats (Orientbio Inc., Korea) were used. Several
major surgical organizations have established guidelines that
recommend that at least 20% of a normal liver with intact
vascular and biliary tree should remain for the surgical
resection of liver tumors [21]. Therefore, we divided rats into
the following groups: control group without hepatectomy
(𝑛 = 16), 70% hepatectomy group (𝑛 = 14), and 90%
hepatectomy group (𝑛 = 26). The 70% hepatectomy group
was designed to represent hepatectomy with abnormal but
sufficient liver function for survival. The 90% hepatectomy
group was designed to represent hepatectomy with marginal
liver function for survival.

2.2. Rat Hepatectomy. Each rat was weighed prior to surgery.
Anesthesia and rat hepatectomy were performed by an expe-
rienced veterinarian (S.H.H., who had 8 years of experience
in animal surgery). For anesthesia, an isoflurane vaporizer
(RC2, Vetequip, USA) with an isoflurane concentration of
1%–4% and an oxygen flow rate of 0.5 L/min was used.
Removal by crude ligation of thewide base of themedian lobe
and right superior lobe may cause constriction of the vena

cava and subsequent functional impairment of the remnant
liver [19].Therefore, we used the clamping andpiercing suture
technique proposed by Madrahimov et al. [19]. After placing
a Mosquito clamp around the base of the each lobe, the liver
tissue was dissected just above the clamp. Piercing sutures
that penetrated the entire parenchyma were placed below
the clamp. Immediately after the operation, animals received
1.5mL 10% glucose and 1.5mL normal saline subcutaneously,
along with intramuscular 0.2mL Gentamycin (Choongwae,
Korea) and 0.2mL Diclofenac Sodium (Samjin, Korea).
Animals had free access to water and feed.

2.3. Blood Sampling. Blood samplingwas performed on post-
operative day (POD) 2. Each rat was weighed prior to blood
sampling. Femoral artery cannulation was performed for
blood sampling. Gd-EOB-DTPA (Primovist; Bayer Health-
Care, Berlin, Germany) (0.1mmol gadolinium per kg body
weight, 0.4mL/kg) was used for pharmacokinetic analyses.
The Gd-EOB-DTPA was diluted 15-fold using normal saline
and injected into the tail vein. Blood samples of 120 𝜇L were
obtained 1, 3, 5, 10, 20, 30, 60, and 90min after injecting Gd-
EOB-DTPA. For each 120𝜇L of blood, 50𝜇L was used for
gadolinium measurement and 70 𝜇L was reserved.

2.4.Measurement of LiverWeight. All animals were sacrificed
using a CO2 chamber after the completion of blood sampling.
In each group, the wet liver weight was measured after
explantation. The total wet liver weight was measured after
removing the inferior vena cava andportal vein. Todetermine
the absolute weight of each liver lobe, the weight of each liver
lobe was also measured after dissecting each lobe with the
same technique for rat hepatectomy. The relative weight of
each lobe was calculated using the following formula: relative
weight of lobe (%) = weight of lobe (g)/total liver weight (g).

2.5. Gadolinium Measurements and Pharmacokinetic Anal-
ysis. Blood samples were assayed for gadolinium using an
inductively coupled plasma-mass spectrometry (ICP-MS).
Blood samples were centrifuged to collect all material at
the bottom of the caps. We added 50 𝜇L internal standard
(100 nM Terbium-nitrate). The mixture was dried at 90∘C.
Then, 20𝜇l 30% hydrogen peroxide and 50 𝜇L concentrated
nitric acid were added and the mixture was heated to 120∘C
for about 30min at increased pressure. After cooling, the vol-
umewasmadeup to 1mLwithwater.The solutionwas further
diluted depending on the expected gadolinium concentration
in the samples. Final dilutions were injected to the ICP-
MS to obtain the concentration measurements. The ICP-MS
(Agilent 7900) was calibrated using dilutions of commercial,
certified standards (Merck) with 0, 1, 10, and 100 nmol Gd/L
and 10 nM Tb. All sample measurements were made within
the calibrated range. Blank digestions (empty caps) were also
included in the procedure and resulted in Gd concentrations
well below the limit of quantification. Using our new ICP-
MS, the limit of quantification was about 0.1 nmol Gd/L.
The upper limit of the linear measurement range was about
20𝜇mol Gd/L. Serial serum concentration-time profiles of
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Table 1: The body weight and explanted liver weight in each study group of SD rats.

Control
(𝑛 = 16)

70%
hepatectomy
(𝑛 = 14)

90%
hepatectomy
(𝑛 = 20)

Preoperative body weight (g) 303.69 ± 24.52 287.14 ± 13.82 296.00 ± 23.86

Postoperative body weight NA 268.21 ± 15.36 262.55 ± 21.23

Explanted liver weight (g) 12.87 ± 1.70 8.49 ± 0.90 4.82 ± 0.70

NA: not available.

gadolinium for each rat were analyzed using a noncompart-
mental method with the WinNonlin 6.3 (Pharsight Corpo-
ration, Mountain View, CA, USA). All analyses were made
based on actual times of sampling. Pharmacokinetic analysis
was performed using a noncompartmental method [22, 23].
The individual area under the concentration curve (AUC)
from time zero to time of last measurable concentration was
indicated as AUClast and AUC ∗ time versus time curve from
time zero to time of last measurable concentration was indi-
cated as AUMClast. These AUClast, AUMClast and time prod-
uct were estimated by linear trapezoidal summation in the
ascending period and by log/linear trapezoidal summation in
the descending period.TheAUC from time zero extrapolated
to infinite time (AUCinf ) and the AUMC from time zero
extrapolated to infinite time (AUMCinf ) were calculated as
the sum of the AUClast and 𝐶last/𝜆z (AUCextrapolated) and as
the sum of AUMClast and𝐶last ∗ time/𝜆∗z (AUMCextrapolated),
respectively, in which 𝐶last corresponds to the last predicted
concentration.𝜆z and𝜆

∗
z are the rate constant of the terminal

phase calculated by linear regression of the slope of the
terminal portion of the log-transformed serumconcentration
versus time curve and serum concentration ∗ time versus
time curve, respectively. Clearance (CL) was computed as the
dose/AUCinf . 𝑉z was volume of distribution during terminal
phase (CL/𝜆z, terminal phase refers to post distribution or
elimination phase), and 𝑉ss was volume of distribution at
steady state (dose ∗ (AUMC/AUC2), steady state refers to
distribution phase at free concentration in plasma being equal
to the free concentration in the tissue). The mean residence
time (MRT) was calculated as AUMC/AUC. The terminal
elimination half-life (𝑡1/2�훽) was calculated for each subject as
ln(2)/𝜆z, and the effective half-life (𝑡1/2,eff ) was calculated as
0.693 ∗MRT.

2.6. Statistical Analysis. Data were expressed as means
± standard deviation. For comparisons of the three
groups, continuous variables were compared using one-
way analysis of variance. A 𝑃 value of less than 0.050 was
considered to indicate a significant difference. When data
indicated the presence of significant difference between the
three groups, post hoc pairwise group comparisons were
made using Student’s 𝑡 test with the Bonferroni correction.
Spearman’s correlation test was performed and a scatter
plot was used to show the correlation between CL and three
groups. All analyses were performed using SPSS 21 (SPSS
Inc., Chicago, IL, USA).

3. Results

3.1. Subjects. The control group consisted of 16 SD male rats
and blood sampling was possible in all 16 animals. The 70%
hepatectomy group consisted of 14 SD male rats and blood
samplingwas possible in all 14 animals.The 90%hepatectomy
group consisted of 26 SD male rats and blood sampling was
possible in 20 animals. Two rats died during hepatectomy as
a consequence of hemorrhage and four rats died during the
postoperative period. Finally, overall 50 rats were included in
the pharmacokinetic analysis.

3.2. Liver Weight. Pre- and postoperative body weights and
the explanted liver weights in each group are summarized in
Table 1. In the control group (𝑛 = 16), the weight of total
liver was 12.87 ± 1.70 g, left lateral lobe was 3.98 ± 0.58 g,
median lobe was 4.26 ± 0.68 g, right lobe was 2.23 ± 0.37 g,
caudate lobe was 0.82 ± 0.19 g, and paracaval portion was
1.42 ± 0.49 g. The relative weights were as follows: left lateral
lobe, 30.9%; median lobe, 33.1%; right lobe, 17.4%; caudate,
6.4%; and paracaval portion, 11.0%. The sum of the relative
weight of the left lateral andmedian lobe was 64.1%.The sum
of the relative weight of the left lateral, median, and right
lobe was 81.4%. In the 70% hepatectomy group (𝑛 = 14), the
weight of the remnant liver at POD 2 was 8.49 ± 0.90 g. In the
90% hepatectomy group (𝑛 = 20), the weight of the remnant
liver at POD 2 was 4.82 ± 0.70 g.

3.3. Pharmacokinetics of Gd-EOB-DTPA. A summary of the
Gd-EOB-DTPA serum concentration-time profiles for the
three groups is shown in Figure 1. Pharmacokinetic param-
eters obtained from these data are summarized in Table 2.
Results of overall and pairwise group comparisons of the
three groups are summarized in Table 3. Serum Gd-EOB-
DTPA concentrations declined rapidly during the first 10min
and then slowly declined until 90min after injection in the
control group (Figure 1), indicating nonlinear pharmacoki-
netics. This initial rapid reduction in serum Gd-EOB-DTPA
concentrations was similar in the 70% and 90% hepatectomy
group. In pairwise group comparisons, all pharmacokinetics
parameters showed significant difference between the 70%
and 90% hepatectomy group and between control and 90%
hepatectomy group. Only CL, 𝑉ss, and 𝑉z showed significant
decrease between the control and 70% hepatectomy group.
The CL,𝑉ss, and𝑉z were significantly different in all pairwise
group comparisons. Scatter plots showing a correlation of CL
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Table 2: The summary of pharmacokinetic parameters of Gd-EOB-DTPA.

Control
(𝑛 = 16)

70%
hepatectomy
(𝑛 = 14)

90% hepatectomy
(𝑛 = 20)

AUClast (𝜇mol⋅min/L) 2501.0 ± 922.6 3956.6 ± 1067.2 9234.5 ± 3891.5
AUCinf (𝜇mol⋅min/L) 2659.6 ± 1099.2 4292.3 ± 1281.8 14199.8 ± 10949.0
AUCextrapolated (%) 5.1 ± 3.2 7.1 ± 3.3 24.7 ± 15.2
AUCinf /dose (𝜇mol⋅min/L/𝜇mol) 90.1 ± 43.1 160.6 ± 49.0 545.0 ± 417.5
𝐶max (𝜇mol/L) 238.1 ± 62.4 264.1 ± 58.2 334.9 ± 65.6
𝐶max/Dose (𝜇mol/L/𝜇mol) 8.0 ± 2.6 9.9 ± 2.3 12.9 ± 2.9
CL (ml/min) 12.7 ± 4.1 6.8 ± 2.3 2.7 ± 1.5
𝑉ss (mL) 269.7 ± 70.1 189.1 ± 36.0 142.1 ± 39.3
𝑉z (mL) 487.7 ± 157.0 254.9 ± 62.1 160.6 ± 55.2
𝑡1/2�훽 (min) 27.3 ± 5.9 27.0 ± 5.3 52.6 ± 30.2
𝑡1/2,eff (min) 15.6 ± 4.5 20.3 ± 4.5 48.1 ± 30.1
Data are presented as means ± standard deviation. AUClast: area under the serum concentration-time curve from time zero to time of last measurable
concentration; AUCinf : AUC from time zero to time extrapolated to infinite time; AUCextrapolated (%): AUC from time of last measurable concentration
extrapolated time to infinite time/AUCinf ; �퐶max: measured peak plasma concentration; CL: clearance; �푉ss: steady-state volume of distribution; �푉z: terminal
phase volume of distribution; �푡1/2�훽: terminal half-life; �푡1/2,eff : effective half-life.

Table 3: The effects of hepatic resection on pharmacokinetic parameters of Gd-EOB-DTPA.

Overall
comparison∗

Pairwise group
comparison†

Control
versus 70% H

70% H
versus 90% H

Control
versus
90% H

AUClast (𝜇mol⋅min/L) <.001 .394 <.001 <.001
AUCinf (𝜇mol⋅min/L) .019 1.000 .001 <.001
AUCextrapolated (%) <.001 1.000 <.001 <.001
AUCinf /Dose (𝜇mol⋅min/L/𝜇mol) <.001 1.000 <.001 <.001
𝐶max (𝜇mol/L) <.001 .785 .007 <.001
𝐶max/Dose (𝜇mol/L/𝜇mol) <.001 .172 .007 <.001
CL (ml/min) <.001 <.001 <.001 <.001
𝑉ss (mL) <.001 <.001 .031 <.001
𝑉z (mL) <.001 <.001 .030 <.001
𝑡1/2�훽 (min) <.001 1.000 .002 .001
𝑡1/2,eff (min) <.001 1.000 <.001 <.001
∗One-way analysis of variance; †post hoc pairwise group comparisons by using Student’s �푡 test with Bonferroni correction; H: hepatectomy.

for the three groups had a significant negative correlation
(𝑟 = –0.876, 𝑃 < 0.001) (Figure 2).

4. Discussion

Our present study shows that measurements of serum Gd-
EOB-DTPA concentrations can identify the difference in liver
function in a rat hepatectomy model. Among pharmacoki-
netic parameters, there was a significant increase in the AUC
parameters between 70% and 90% hepatectomy group. 𝑉ss
was significantly decreased between the control and 70%
hepatectomy group. The CL was significantly different in all
pairwise group comparisons.

The volume of distribution parameters (𝑉ss and 𝑉z)
revealed a significant decrease between the control and 70%
hepatectomy group, and they showed amarginally significant
difference between 70% and 90% hepatectomy group. 𝑉ss
and 𝑉z represented the apparent volume of distribution of
Gd-EOB-DTPA during steady state and terminal phase. The
difference in liver volume was greater between the control
and 70% hepatectomy group than those between the 70% and
90% hepatectomy group, which may explain the difference
in 𝑉ss and 𝑉z among the three groups. Interestingly, the
difference in explanted liver weight between the control
and 70% hepatectomy group was similar to that between
the 70% and 90% hepatectomy group. The explanted liver
weight of the 70% or 90% hepatectomy group was not the
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Figure 1: Mean serum concentration-time profiles of Gd-EOB-
DTPA in the control group (△), 70% hepatectomy group (e), and
90% hepatectomy group (◻). The error bars indicate the standard
deviation.

70%Control 90%

0.0

5.0

10.0

15.0

20.0

CL
 (m

L/
m

in
)

hepatectomyhepatectomy

Figure 2: Clearance (CL) of Gd-EOB-DTPA as a function of
the control group, 70% hepatectomy group, and 90% hepatec-
tomy group showing significant decrease of parameter values with
increasing extent of rat hepatectomy (𝑟 = −0.876, 𝑃 < 0.001).

normal liver weight but the regenerated liver weight. In our
study, the regeneration rate of 70% and 90% hepatectomy
group was about 65% and 37% at POD 2, similar to those
of 70% and 90% hepatectomy group (70% and 40%) in the
previous literatures [24, 25]. In daily clinical practice, the
calculated regenerated liver volume following portal vein
embolization does not always correlate with liver function
[18]. Therefore, differences in 𝑉ss and 𝑉z between the three
groupsmight represent the differences in liver volume caused
by rat hepatectomy rather than the absolute weight of the
regenerated liver at POD 2.

On the other hand, the AUC and its related parameters
were significantly increased between the 70% and 90%

hepatectomy group but not between the control and 70%
hepatectomy group. The AUClast and AUCinf are important
pharmacokinetic parameters for noncompartmental analysis
as they are frequently used to determine other pharmacoki-
netic parameters. These results indicate that a critical point
in the pharmacokinetics of Gd-EOB-DTPA may present
between the 70% and 90% hepatectomy. That is, liver with
30% remnant volumemay be sufficient for survival while liver
with 10% remnant volume may be marginal for survival. Our
rat hepatectomy model is very useful to verify such findings.

The CL can be defined as a measurement of the volume
of plasma that is completely cleared from a substance per
unit of time [26]. CL is one of the primary, independent
pharmacokinetic parameters. As the total body CL of Gd-
EOB-DTPA will be equal to the hepatic CL plus renal CL,
a significant difference in total body CL may result from
difference in liver function in a rat hepatectomy models.

Our present study demonstrated that direct measure-
ments of the serum Gd-EOB-DTPA concentrations may
represent a novel quantitative liver function test. Among
various pharmacokinetic variables, CL showed significant
differences in all pairwise group comparisons. However,
clinical studies with a large patient cohort will be required to
determine whether CL of Gd-EOB-DTPA could represent a
new quantitative liver function test. If blood sampling can be
performed during Gd-EOB-DTPA-enhanced liver MR imag-
ing, prerequisite data prior to liver surgery, such as liver func-
tion, volume, and anatomy, may be obtained simultaneously.

There were several limitations to our present study.
First, we did not assess the urinary excretion of Gd-EOB-
DTPA. Urinary bladder catheterization in male SD rat was
impossible because of the long and tortuous course of the
urethra. Second, the dosage of Gd-EOB-DPTA used in our
study (0.1mmol/kg) is 4-fold greater than the dosage used in
human (0.025mmol/kg). We used a high dose of Gd-EOB-
DTPA to compensate much faster metabolic rate of SD rat
than human [27]. A previous study also showed that serum
concentration-time profile for a dose of 0.05mmol/kg was
similar to that of 0.5mmol/kg in an experiment that used rats
[28].Third, the number of SD rats in each groupwas different.
Initially, the expected number of SD rats without unwanted
events in each groupwas 12. However, exclusion of the SD rats
with unwanted events, such as hemorrhage, inflammation, or
various injection sites other than the tail vein, may cause the
selection bias. So, we determined to include all SD rats in
which successful blood sampling was achieved to prevent the
bias introduced by the arbitrary selection of cases.

In conclusion, measurements of serum Gd-EOB-DTPA
concentrations can identify the significant difference in liver
function in a rat hepatectomy model. Among the various
pharmacokinetic parameters, CL of Gd-EOB-DTPA would
be the most appropriate parameter to identify the difference
in liver function andmight have utility as a novel quantitative
liver function test.

Abbreviations

SD: Sprague-Dawley
AUC: Area under the concentration-time curve
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𝐶max: Measured peak plasma concentration
CL: Clearance
𝑉ss: Steady-state volume of distribution
𝑉z: Terminal volume of distribution
𝑡1/2�훽: Terminal half-life
𝑡1/2,eff : Effective half-life
POD: Postoperative day.

Additional Points

Key Points. Pharmacokinetic analyses of Gd-EOB-DTPA
serum concentrations might have utility as a liver function
test. AUClast of Gd-EOB-DTPA showed significant increase
between 70% and 90% hepatectomy group.𝑉ss showed signif-
icant decrease between control and 70% hepatectomy group.
Clearance showed negative correlation with an increasing
extent of rat hepatectomy.
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