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Abstract
Objectives To evaluate changes in liver function after right
portal vein embolization (PVE) and extended right
hemihepatectomy using gadolinium ethoxybenzyl-DTPA-
enhanced (Gd-EOB-DTPA) MRI.
Methods In this prospective trial, 37 patients undergoing PVE
were examined before and 14 and 28 days after PVE and
10 days after extended hemihepatectomy using Gd-EOB-
DTPA-enhanced MRI. Lobar volume, kinetic growth rate
(KGR), relative enhancement (RE) as well as hepatocellular
uptake index (HUI) and fat signal fraction (FSF) were calcu-
lated for each lobe.
Results RE of the left liver lobe (LLL) was steadily increasing
after PVE and decreased to 0.48 ± 0.19 10 days after surgery,
which is significantly lower than 14 days and 28 days post
PVE (P < 0.05). KGR was 14.06 ± 9.82%/week for the period
from PVE to 14 days after PVE. HUI of the LLL increased
steadily after PVE and was significantly higher at both 14 and
28 days after PVE compared to pre PVE (P < 0.05). HUI of
the residual liver after surgery was lower than before.
Conclusions Gd-EOB-DTPA-enhanced MRI may be used to
monitor the functional increase in the FLR after PVE and to

depict the intraoperative liver injury leading to a decrease in
liver remnant function.
Key Points
• The most significant FLR volume increase happens within
the first 14 days.

• No MRI parameter was able to predict the success of FLR
growth.

• Our data suggest an early resection about 14 days after
PVE.

• Routine Gd-EOB-DTPA-enhanced MRI might be suitable to
replace ICG-test.

Keywords Liver . Portal vein embolization . Gadolinium
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Abbreviations and acronyms

FSF Fat signal fraction
FLR Future liver remnant
Gd-EOB-
DTPA

Gadolinium ethoxybenzyl diethylenetriamine
pentaacetic acid

HUI Hepatic uptake index
ICG Indocyanine green
KGR Kinetic growth rate
LiMAx Maximum liver function capacity
LLL Left liver lobe
PVE Portal vein embolisation
RE Relative enhancement
RLL Right liver lobe
ROI Region of interest
SI Signal intensity
VIBE Volume interpolated breath-hold examination
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Introduction

Portal vein embolization (PVE) is a well-established tech-
nique for redirecting portal blood flow to the future liver
remnant (FLR) and thus initiating hypertrophy of the non-
embolized segments [1–3]. This pretreatment decreases
the risk of postoperative liver insufficiency in patients
with extensive primary and secondary liver malignancies
and too small an anticipated FLR [4, 5]. FLR hypertrophy
is currently being measured using volumetry based on
computed tomography (CT) or magnetic resonance imag-
ing (MRI) to estimate the FLR volume and normalize this
volume to the patient’s size [1, 4, 6–8]. While the expect-
ed increase in FLR function is assumed to linearly corre-
late with the increase in FLR volume, this gain is chal-
lenging to measure [9, 10]. One approach to predicting
postoperative liver function and thereby reducing the risk
of postoperative liver failure is to combine volumetric
results with a global liver function test such as the indo-
cyanine green (ICG) clearance or the LiMAx test. Global
function tests are based on the assumption that liver func-
tion is the same throughout the liver [11, 12]. Therefore,
the combination of volumetric and global liver function
tests might be unsuitable for predicting FLR function after
PVE because function is distributed unequally between
left and right liver lobe [13–15]. Contrast-enhanced MRI
using Gd-EOB-DTPA may have the potential to evaluate
regional liver function and could therefore be an ideal
diagnostic test for performing volumetric and functional
measurement after PVE in one examination [10, 16–19].

The purpose of this study was to prospectively evaluate the
change in volume and Gd-EOB-DTPA uptake in the
hepatobiliary phase in the embolized and non-embolized liver
lobes after portal vein embolization both before and after
hemihepatectomy.

Materials and methods

All patients were presented to and discussed by an interdisci-
plinary tumour board, where the indication for extended right
hemihepatectomy with prior portal vein embolization was ap-
proved. The study complied with the principles of the
Declaration of Helsinki. The study protocol was approved
by the institutional review board, patients received printed
information about the study purpose and examinations, and
written informed consent was obtained.

Inclusion and exclusion criteria

In this prospective trial we included patients who were sched-
uled for interventional PVE before extended hemihepatectomy.
Patients with prior systemic chemotherapy or other therapies

affecting the liver (surgical resection, transarterial
chemoembolization, radiofrequency ablation, brachytherapy,
radioembolization therapy) were excluded from the study.

MRI

Patients underwent MRI in a 1.5 Tesla Siemens Magnetom
Avanto MRI scanner (Siemens Healthcare, Erlangen,
Germany) 1 day prior to PVE, 14 and 28 days after PVE,
and 10 days after surgery using an eight-channel body
phased-array coil. Images were acquired with a sequence be-
fore and 20min after manual bolus injection of 0.1 ml/kg body
weight of Gd-EOB-DTPA (Primovist, Bayer Schering
Pharma, Berlin, Germany). Images were obtained with a
transverse breath-hold T1-weighted dual gradient-recalled
echo (in-phase (IP)/out-of-phase (OP)) sequence (repetition
time (TR)/echo time (TE)) typically, 290/4.84 ms and
2.16ms. In addition, a volume-interpolated breath-hold exam-
ination sequence (VIBE) in an axial plane with a TR of
4.26 ms, a TE of 1.93 ms, a flip angle of 10°, a slice thickness
of 3 mm and a matrix size of 256 × 127 was acquired covering
the entire liver with 60–72 slices and an adjusted field of view
(FOV) of 255–300 × 340–400 mm. A dose of 0.1 ml of Gd-
EOB-DTPA (0.25 mmol/ml) per kg body weight was then
manually injected into an anterior cubital vein, followed by
a saline flush of 20 ml. After 20 min, in the hepatocyte phase,
the same sequence was repeated.

PVE

PVE was performed via a CT- or ultrasound-guided ipsilateral
percutaneous transhepatic access of the right portal vein (PV).
After visualization of PV anatomy using direct portography,
embolization of the postolateral and anteromedial branches
was achieved using PVA particles (Contour, Boston
Scientific). In addition, the main branch of the right PV was
sealed using either a type I Amplatzer plug (St. Jude Medical,
St. Paul, MN, USA) and/or large coils to seal the entry of the
right branches. This was followed by portography to docu-
ment the final result of the intervention. During retraction of
the sheath, the puncture channel was sealed with 2 ml of
fibrinogen (Tissucol Duo; Baxter, Deerfield, IL, USA) to pre-
vent bleeding or bile leakage.

Image analysis

All measurements were performed by a clinical radiologist
with 6 years of MRI experience in consensus with a hepatic
surgeon involved in the patient’s surgery.

Signal intensity (SI) was measured using Visage 7.1.4 (Visage
Imaging, Richmond, NSW, Australia). Avoiding large vessels,
bile ducts or tumour masses, three regions of interest (ROIs) were
placed in the left liver lobe (LLL), the right liver lobe (RLL) and
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the spleen in both the precontrast and the hepatobiliary phases
using the 14-days-post-PVE images (Fig. 1). ROIs for LLL, RLL
and spleen were then placed in the corresponding positions in the
images taken before and 28 days after PVE as well as ROIs for
the LLL and spleen 10 days after surgery. Relative enhancement
(RE) was calculated according to the following formula:

RE ¼ SI20 min–SIunenhancedð Þ=SIunenhanced

The liver volume was determined by excluding tumour, large
vessels and bile ducts, the liver as a whole and the LLL were
delineated manually in the images acquired 14 or 28 days after
PVE using the difference in enhancement as demarcation line.
Transferring this line to the before-PVE images, TLV (total liver
volume) and the volume of the LLL could be determined. From
the 10-days-after-surgery images, the volume of the remaining
liver tissue was measured and still labelled as LLL since parts of
segment IV might have been preserved. The kinetic growth rate
(KGR) was calculated using the following formula: KGR =
degree of hypertrophy at post-PVE volume assessment (%) ÷
time elapsed since PVE (weeks) at post-PVE volume assessment
according to Shindoh et al [20].

The hepatocellular uptake index (HUI) was calculated ac-
cording to the following formula:

HUI ¼ VL SIL=SISpleen
� �

–1
�� �

For calculation of VL (volume of liver) and SIL, the corre-
sponding values of either the RLL or LLL were used.

Fat signal fraction (FSF(%)), of the RLL and LLL was
calculated as described by Yoshimitsu et al. [21]:

FSF %ð Þ ¼ SI R=LLLIP–SI R=LLLOPð Þ=2� SI R=LLLIP½ �
� 100

where SI R/LLLIP is the signal intensity of the right or left liver
lobe on in-phase (IP) images and SI R/LLLOP is signal intensity
on the corresponding opposed-phase (OP) images of the T1-
weighted dual gradient-recalled echo sequence. Negative values
of SI FLRIP − SI FLROP were set to zero. Global FSF was
calculated as the average FSF of RLL and LLL.

Statistical analysis

Statistical analysis was performed using SPSS Statistics 23
(IBM, Armonk, NY, USA). The Wilcoxon signed-rank test
and repeated-measures ANOVAwere used to evaluate differ-
ences in signal intensity, HUI, volumes and growth rate.
Correlation analysis was performed using Pearson’s test. A
P value of <0.05 was considered statistically significant. All
quantitative data are expressed as mean ± standard deviation,
unless otherwise indicated.

Fig. 1 A 66-year-old male with
hilar cholangiocarcinoma. Image
shows MRI with hepatobiliary
phase after intravenous
administration of Gd-EOB-DTPA
14 days after PVE. Three regions
of interest were placed in the right
and the left liver lobe as well as
the spleen avoiding tumour, large
vessels and bile ducts

Fig. 2 Time course of the study
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Results

Between January 2012 and December 2014, 37 patients (22
male, 15 female) with a mean age of 62.3 years (SD: 10.8) met
the inclusion criteria. Twenty-four patients had cholangiocar-
cinoma, 11 had liver metastasis from colorectal cancer and
one each had hepatocellular carcinoma (HCC) and large focal
nodular hyperplasia (FNH). Total serum bilirubin at the time
of PVE was 1.18 ± 1.41 mg/dl (range 0.3–7.4; normal value
<1.2 mg/dl). Eight patients had elevated serum bilirubin (be-
tween 2.9 and 7.4 mg/dl) because of obstructive jaundice. All
patients with cholangiocarcinoma and significant cholestasis
in the left liver lobe (n = 13) received endoscopic stent place-
ment to the left main duct before PVE. No patient had clinical
or radiological signs of cirrhosis or renal impairment defined
by a creatinine clearance lower than 50 ml/min Fig. 2
(Table 1).

A total of 131 MRI examinations were analysed. One pa-
tient did not undergo 14-days-post-PVE but 28-days-post-
PVE MRI, six patients did not undergo 28-days-post-PVE
MRI, and ten patients did not undergo 10-days-post-surgery
MRI. Overall, 22 patients were examined at all four time

points. Of the 37 patients, six patients did not receive extended
hemihepatectomy because of extrahepatic disease which was
revealed during laparoscopy. Four patients were not able to
undergo post-surgery MRI because they were still in the in-
tensive care unit.

Average time from PVE to surgery was 28.6 ± 6.6 days;
average time from MRI 28 days after PVE to surgery was
4.0 ± 5.2 days.

Relative enhancement

RE of the LLL was steadily increasing after PVE, although
not statistically significantly, and decreased to 0.48 ± 0.19
10 days after surgery, which was significantly lower than
14 days and 28 days post PVE (P < 0.05) (Fig. 3). RE of the
RLL was significantly lower at both 14 days and 28 days after
PVE compared to baseline before PVE (P < 0.05) (Fig. 3).
Serum bilirubin correlated negatively with RE of LLL and
RLL (r2 = −0.665 and −0.676; P < 0.05). Patient age correlat-
ed negatively with RE of the RLL 14 days post PVE (r2 =
−0.343; P < 0.05) and RE 10 days post surgery (r2 = −0.557;
P < 0.05) (Table 2).

Volume and kinetic growth rate

Average volume before PVE was 1,039.8 ± 343.6 cm3 (range
555–2,116) for RLL and 642.2 ± 168.9 cm3 (303–967) for
LLL; residual liver volume after surgery was 1,061.6 ±
197.9 cm3 (Fig. 4).

Volume increase in the LLL 14 days and 28 days after PVE
as well as 10 days after surgery compared with the volume
before PVE was statistically significant (P < 0.05). The RLL
decreased in size statistically significantly 14 days and 28 days
after PVE (P < 0.05).

Table 1 Patient characteristics

Patient number 37

Mean age (years) 62.3 ± 10.8 (range 41–82)

Female:male ratio 15:22

Tumour histology 24× cholangiocarcinoma

11× colorectal metastasis

1× hepatocellular carcinoma

1× focal nodular hyperplasia

Serum bilirubin (mg/dl, normal <1.2) 1.18 ± 1.41 mg/dl (range 0.3–7.4)

Parenchymal liver disease None

Preoperative chemotherapy None

Fig. 3 Relative enhancement
(RE) of left liver lobe (LLL) and
right liver love (RLL) before
portal vein embolization (PVE),
14 days and 28 days after PVE,
and 10 days after surgery
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Kinetic growth rate was 14.06 ± 9.82%/week for the period
from PVE to the 14-days-after-PVE measurement and 8.85 ±
4.95%/week for the period from PVE to the 28-days-after-
PVE measurement. KGR from 14 days to 28 days after PVE
was just 3.65 ± 3.56%/week (Fig. 5).

There was no significant correlation of SI or HUI with the
KGR for the LLL (P = 0.32), but LLL volume before PVE
showed a significantly negative correlation with KGR after
14 days and KGR after 28 days (r2 = −0.47 and −0.62;
P < 0.05). Serum bilirubin before PVE also did not correlate
with KGR.

Hepatocellular uptake index

Average SI of the spleen in the HBP was 197 ± 36.4 be-
fore PVE, 201 ± 30.8 14 days after PVE and 205 ± 29.8
28 days after PVE. HUI of the LLL increased steadily
after PVE and was significantly higher at both 14 and
28 days after PVE compared to pre PVE (P < 0.05). HUI
of the residual liver after surgery was lower than after
PVE but this was not statistically significant. HUI of the
RLL was significantly lower both 14 days and 28 days
after PVE compared to baseline before PVE (P < 0.05),
but did not decrease significantly from 14 days to 28 days

after PVE (Fig. 6). Serum bilirubin correlated negatively
with HUI of LLL (r2 = −0.535; P < 0.05) but not for RLL
(r2 = −0.306; P = 0.065). Patient age correlated negatively
with HUI of the RLL before PVE (r2 = −0.530; P < 0.05),
HUI of the RLL 14 days after PVE (r2 = −0.624;
P < 0.05), HUI of the LLL 14 days after PVE (r2 =
−0.455; P < 0.05) and HUI 10 days post surgery (r2 =
−0.500; P < 0.05).

Fat signal fraction

Average FSF before PVEwas 3.15 ± 7.74% for RLL and 2.72
± 6.31% for LLL, global FSF was 2.93 ± 6.70%. There was no
significant correlation of FSF (either RLL, LLL or global)
with the KGR from PVE to 14 days after PVE (r2 = −0.030;
P = 0.861) or from PVE to 28 days after PVE (r2 = −0.239;
P = 0.195). Also, there was no significant correlation of FSF
with RE or HUI at the corresponding time points.

Discussion

In this prospective study we evaluated the course of liver
function after PVE using Gd-EOB-DTPA-enhanced MRI as

Table 2 Overview of parameters and time-point measurements

RLL LLL
Pre PVE 14 d post PVE 28 d post PVE Pre PVE 14 d post PVE 28 d post PVE 10 d post surgery

SI HBP 388 ± 80.7 355 ± 53.6 362 ± 54.8 314 ± 64.8 330 ± 64.5 341 ± 70.5 278 ± 70.4

RE 0.58 ± 0.24 0.41 ± 0.14 0.43 ± 0.11 0.58 ± 0.21 0.64 ± 0.16 0.68 ± 0.19 0.48 ± 0.19

HUI 951.6 ± 264.8 675.6 ± 227.4 630.7 ± 235.4 379.7 ± 176.8 514.7 ± 258.2 554.0 ± 250.1 490.5 ± 323.4

Volume (cm3) 1,039.8 ± 343.6 889.5 ± 281.8 826.5 ± 250.4 642.2 ± 168.9 792.4 ± 191.5 837.9 ± 189.7 1061.6 ± 197.9

RLL right liver lobe, LLL left liver lobe, SI signal intensity, HBP hepatobiliary phase, RE relative enhancement, HUI hepatocellular uptake index

Fig. 4 Volume for left liver lobe
(LLL) and right liver love (RLL)
before portal vein embolization
(PVE), 14 days and 28 days after
PVE, and 10 days after surgery
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a possible imaging-based liver function test in patients un-
dergoing extended right hemihepatectomy. Our study shows
that RE and HUI of the FLR increased steadily after PVE,
while for HUI this increase was statistically significant; this
is in line with preliminary results obtained 14 days after
PVE [15]. Additionally, our results show that RE and HUI
decrease after extended right hemihepatectomy compared
with the results immediately before surgery.

Besides its possible application in multiple fields of
hepatology, an imaging-based liver function test may allow
better prediction of future liver remnant function (FLR-F)
after hemihepatectomy and thus contribute to a reduction

of posthepatecomy liver failure, which is still significant
with around 14% [22]. Global liver function tests such as
the LiMAx or ICG test may not provide an accurate picture
in patients with regional dysfunction because of biliary atro-
phy following central cholangiocarcinoma or with heteroge-
neous distribution of functional and non-functional liver vol-
ume such as after PVE. Several methods of determining
FLR-F have been proposed. De Graaf et al. used 99mTc-
labelled mebrofenin scintigraphy combined with SPECT to
show that the increase in FLR-F after PVE is higher than the
increase in FLR volume [13, 14]. Further studies in humans
and rats found an increase in uptake function or biliary ex-
cretion of ICG in the FLR after PVE [23–25]. An emerging
technique for an imaging-based liver function is Gd-EOB-
DTPA-enhanced MRI [19, 26]. The metabolization of Gd-
EOB-DTPA in the body is similar to that of ICG and
mebrofenin and its distribution in the liver can be measured
with high temporal and spatial resolution [17, 27].
Additionally, MRI-based determination of liver function
can be integrated into the routine preoperative workflow
[28]. Several studies have proved the applicability of Gd-
EOB-DTPA-enhanced MRI for the determination of liver
function using several different parameters derived from
pre- and post-contrast T1 sequences [17, 18, 26, 29–31].

Portal vein embolization introduces an artificial heteroge-
neity in the distribution of a patient’s liver function, and the
inclusion of an MRI examination before PVE, as in our study,
allows intraindividual assessment of the impact of PVE.
Additionally, to our knowledge, this is the first study to in-
clude an MRI time point after hemihepatectomy [10, 16].

Fig. 5 Kinetic growth rate from before portal vein embolization (PVE) to
14 days and 28 days after PVE and from 14 days after PVE to 28 days
after PVE

Fig. 6 Hepatocellular uptake
index (HUI) and right liver love
(RLL) before portal vein
embolization (PVE), 14 days and
28 days after PVE, and 10 days
after surgery
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Our findings indicate that both RE and HUI of the FLR
increase steadily after PVE. Themost significant increase hap-
pens within the first 14 days, while the additional increase
from 14 days to 28 days after PVE is no longer statistically
significant. These results are in line with other published stud-
ies [15, 16] and provide an additional argument in favour of
early resection after PVE, which is also desirable to minimize
tumour progression. In fact, tumour progression can even be
aggravated by growth stimulation after portal vein occlusion –
ultimately leading to inoperability [4].

TheMRI examination 10 days after surgery was conducted
in 27 of the 37 patients; six patients did not undergo resection
because of tumour progression and four patients were still in
the ICU. It showed a significantly lower RE and HUI than the
MRI before surgery, which took place an average of 4.0 ±
5.2 days before surgery. This decrease may be attributable to
intraoperative hepatic pedicle clamping, resulting in liver is-
chaemia and parenchymal damage [32, 33]. Using HUI as a
possible indicator, the resulting functional loss is about 11%;
therefore we suggest taking an appropriate safety range into
account when calculating FLR-F.

Another interesting finding concerns the prediction of
growth rate using MRI findings before PVE. Barth et al. re-
ported that liver fat content, but not function, derived from
Gd-EOB-DTPA-enhanced MRI can serve as a predictor of
FLR-growth after PVE. This conclusion is not corroborated
by our findings. Neither FSF (either for RLL, LLL or global)
nor RE or HUI show a correlation with the KGR, making it
impossible to predict the success of PVE using individual
MRI parameters. The only predictor we identified in our pop-
ulation was the LLL volume before PVE, which showed a
significantly negative correlation with KGR.

We could partially reproduce the findings of Matoori et al.,
who reported an age dependence of hepatic signal enhance-
ment with Gd-EOB-DTPA normalized to the enhancement in
the spleen and skeletal muscle [34]. Negative correlation with
age was however not only found for HUI (representing a nor-
malization to the enhancement in the spleen) but also for RE
alone, although the sample size is much smaller than in the
referenced study. Further studies have to show if the cause of
this effect is not solely the decrease in functional hepatic tissue
in the elderly.

Our study has several limitations: first, we only used static
measurement of signal intensity and neither dynamic mea-
surement – which allows calculation of hepatic extraction
fraction – nor T1 mapping – which yields more reproducible
and transferable values. Second, we were unable to account
for effects of renal function on the hepatic supply of Gd-EOB-
DTPA. Gd-EOB-DTPA is eliminated both renally and
hepatically, and reduced renal capacity can slightly increase
hepatic enhancement [35, 36]. In our population, however, no
patient had renal impairment defined by a creatinine clearance
lower than 50 ml/min. Third, hyperbilirubinemia due to

cholestasis could influence the results because of a competi-
tion of Gd-EOB-DTPA with bilirubin in the hepatocellular
uptake transporters OATP1B1 and OATP1B3 [37, 38]. A sub-
group analysis of patients without elevated bilirubin did, how-
ever, not show different overall results.

In conclusion, we postulate that Gd-EOB-DTPA-enhanced
MRI may be used to monitor the functional increase in the
FLR after PVE and to depict the intraoperative liver injury
leading to a decrease in FLR function. The shift in hepatic
Gd-EOB-DTPA uptake from the right to the left liver lobe
takes place in the first 14 days after PVE with no further
significant increase in the following 14 days, favouring early
resection after PVE. Contrary to other studies, we identified
no MRI parameter able to predict the success of FLR growth
in our population. In summary, the Gd-EOB-DTPA-based liv-
er function test opens the possibility of integrating functional
information on a regional level in routine liver workup, but the
optimal output parameter has yet to be identified.
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