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Abstract
Objectives (1) To assess the quality of the arterial input function (AIF) during dynamic contrast-enhanced (DCE) MRI of the
liver and (2) to quantify perfusion parameters of hepatocellular carcinoma (HCC) and liver parenchyma during the first 3 min
post-contrast injection with DCE-MRI using gadoxetate disodium compared to gadobenate dimeglumine (Gd-BOPTA) in
different patient populations.
Methods In this prospective study, we evaluated 66 patients with 83 HCCs who underwent DCE-MRI, using gadoxetate
disodium (group 1, n = 28) or Gd-BOPTA (group 2, n = 38). AIF qualitative and quantitative features were assessed.
Perfusion parameters (based on the initial 3 min post-contrast) were extracted in tumours and liver parenchyma, including
model-free parameters (time-to-peak enhancement (TTP), time-to-washout) and modelled parameters (arterial flow (Fa), portal
venous flow (Fp), total flow (Ft), arterial fraction, mean transit time (MTT), distribution volume (DV)). In addition, lesion-to-liver
contrast ratios (LLCRs) were measured. Fisher’s exact tests and Mann-Whitney U tests were used to compare the two groups.
Results AIF quality, modelled and model-free perfusion parameters in HCC were similar between the 2 groups (p = 0.054–
0.932). Liver parenchymal flow was lower and liver enhancement occurred later in group 1 vs group 2 (Fp, p = 0.002; Ft, p =
0.001; TTP, MTT, all p < 0.001), while there were no significant differences in tumour LLCR (max. positive LLCR, p = 0.230;
max. negative LLCR, p = 0.317).
Conclusion Gadoxetate disodium provides comparable AIF quality and HCC perfusion parameters compared to Gd-BOPTA
during dynamic phases. Despite delayed and decreased liver enhancement with gadoxetate disodium, LLCRs were equivalent
between contrast agents, indicating similar tumour conspicuity.
Key Points
• Arterial input function quality, modelled, and model-free dynamic parameters measured in hepatocellular carcinoma are
similar in patients receiving gadoxetate disodium or gadobenate dimeglumine during the first 3 min post injection.

• Gadoxetate disodium and gadobenate dimeglumine show similar lesion-to-liver contrast ratios during dynamic phases in
patients with HCC.

• There is lower portal and lower total hepatic flow and longer hepatic mean transit time and time-to-peak with gadoxetate
disodium compared to gadobenate dimeglumine.

Keywords Liver neoplasms . Carcinoma, hepatocellular . Magnetic resonance imaging . Gadoxetate . Gadobenate dimeglumine

* Bachir Taouli
bachir.taouli@mountsinai.org

1 BioMedical Engineering and Imaging Institute, Icahn School of
Medicine at Mount Sinai, New York, NY, USA

2 Institute of Diagnostic and Interventional Radiology, University
Hospital Zurich and University of Zurich, Zurich, Switzerland

3 Department of Diagnostic, Molecular and Interventional Radiology,
Icahn School of Medicine at Mount Sinai, 1470 Madison Avenue,
New York, NY 10029, USA

4 Department of Radiology, Lausanne University Hospital,
Lausanne, Switzerland

5 Department of Radiology, Universidad de los Andes, Santiago, Chile
6 Liver Imaging Group, Radiology, University of California-San

Diego, San Diego, CA, USA

https://doi.org/10.1007/s00330-021-08068-5

/ Published online: 27 May 2021

European Radiology (2021) 31:9306–9315

http://crossmark.crossref.org/dialog/?doi=10.1007/s00330-021-08068-5&domain=pdf
http://orcid.org/0000-0001-6409-1333
mailto:bachir.taouli@mountsinai.org


Abbreviations
AIF Arterial input function
ART Arterial fraction
[CA] Contrast agent concentration
DCE-MRI Dynamic contrast-enhanced magnetic reso-

nance imaging
DV Distribution volume
Fa Arterial flow
Fp Portal flow
Gd-BOPTA Gadobenate dimeglumine
HBP Hepatobiliary phase
HCC Hepatocellular carcinoma
ICC Intra-class correlation coefficient
IQR Interquartile range
IR-LL T1-weighted inversion recovery Look–Locker
LI-RADS Liver Imaging Reporting and Data System
LLCR Lesion-to-liver contrast ratio
MTT Mean transit time
ROI Region of interest
SD Standard deviation
SI Signal intensity

Introduction

Imaging plays a key role in the diagnosis and staging of hepa-
tocellular carcinoma (HCC) and an imaging-based diagnosis of
HCC is accepted by several international guidelines [1–3]. The
latest versions of the Liver Imaging Reporting and Data System
(LI-RADS), published in 2018, considers the use of extracellu-
lar and hepatobiliary contrast agents in their diagnostic algo-
rithms [4]. Both gadoxetate disodium (subsequently referred to
as gadoxetate) and gadobenate dimeglumine (Gd-BOPTA) are
gadolinium-based contrast agents combining the properties of
conventional extracellular and liver-specific agents as they are
both taken up by hepatocytes [5–7]. However, Gd-BOPTA and
gadoxetate differ in their uptake by hepatocytes and subsequent
biliary excretion [8–12].

While LI-RADS promotes standardisation for liver lesion
characterisation, it primarily relies upon qualitative imaging
features, many of which are subject to inter-reader variability
and challenges related to background liver disease.
Quantitative approaches to characterise focal lesions have
been used successfully in other cancers such as breast [13]
and prostate [14] and may be an avenue to improve
standardisation for liver imaging as well.

In addition to liver lesion detection and characterisation with
magnetic resonance imaging (MRI), the use of dynamic contrast-
enhanced (DCE) MRI provides information on tissue character-
istics by allowing noninvasive quantification of tissue perfusion
and permeability. In the liver, pharmacokinetic modelling of dy-
namic time–signal intensity data from pre- and post-contrast im-
aging is used to calculate arterial flow (Fa), portal venous flow

(Fp), arterial fraction (ART), mean transit time (MTT), and dis-
tribution volume (DV) of gadolinium-based contrast agents in
the tissue of interest [15]. These features have been used to assess
liver fibrosis, quantify vasculature characteristics and treatment
response of HCC and liver metastases [15–21].

The vascular input function, particularly the arterial input
function (AIF), is essential for perfusion quantification using
pharmacokinetic modelling in the liver tumours. The size and
shape of the AIF depend on the patient’s related factors such
as heart rate and blood volume. Therefore, it is important to
measure individual patient’s AIF to gain certainties in estimat-
ed physiological quantities, even if population-based AIF has
been proposed [22]. Contrast agent perfusion dynamics in
HCC and liver parenchyma with gadoxetate and Gd-
BOPTA are not fully understood and studies investigating this
topic with DCE-MRI are limited [23–25].

The objective of this study was (1) to assess the quality of
the AIF during DCE-MRI of the liver and (2) to quantify
perfusion parameters of HCC and liver parenchyma during
dynamic phases (up to 180s) with DCE-MRI using gadoxetate
and Gd-BOPTA in different patient populations.

Materials and methods

This HIPAA compliant single-centre study was approved by
the institutional review board and written informed consent
was obtained for all patients. This was a retrospective evalu-
ation of MRI studies acquired prospectively.

Study population

We enrolled consecutive patients diagnosed with HCC by rou-
tine imaging who underwent DCE-MRI with Gd-BOPTA from
June 2013 to August 2016 and patients who underwent DCE-
MRI with gadoxetate from July to December 2016. Inclusion
criteria were (1) age older than 18 years, (2) no contraindication
for MRI or gadolinium-based contrast agents, (3) suspicion for
HCC based on imaging findings, and (4) reference standard of
histopathology or composite reference standard consisting of
MRI features (LI-RADS) and multidisciplinary tumour board
decision. A total of 71 patients with focal liver lesions compatible
with HCC (based on previous imaging) were prospectively en-
rolled for a DCE-MRI study using gadoxetate (group 1) or Gd-
BOPTA (group 2) for research purposes. Patients with inade-
quate image quality due to major motion artefacts (n = 1 with
gadoxetate, n = 3 with Gd-BOPTA) and diagnoses other than
HCC on pathology (n = 1 lesion with Gd-BOPTA diagnosed as
intrahepatic cholangiocarcinoma) were excluded. For all liver
lesions included in this study, a LI-RADS v2018 score was
assessed by one radiologist (D.S., 6 years of experience in
cross-sectional imaging). Some participants (n = 42) have been
used in our previous studies on multiparametric MRI in HCC
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[18, 26–28]. However, the data used in this study was not report-
ed in any of these previously published studies.

MRI technique

Before DCE-MRI acquisition, a T1-weighted inversion recov-
ery Look–Locker pulse sequence (180° inversion with 32 post
inversion acquisitions) was used to provide quantitative T1

mapping in 1–2 slices through each lesion in one 18-s
breath-hold.

The MRI acquisition was performed at 1.5 T (Aera,
Siemens Healthineers; n = 52) or 3.0T (Skyra (n = 6) or
BioGraph mMR (n = 8), Siemens Healthineers), each
equipped with a 32-channel spine and flexible 18-channel
body array coil system.

The MRI protocols for gadoxetate (Eovist/Primovist®,
Bayer Healthcare; 0.025 mmol/kg of body weight) and Gd-
BOPTA (MultiHance®, Bracco, 0.05 mmol/kg of body
weight) group were similar, except for the presence of fat
suppression for the DCE-MRI sequence with gadoxetate.
Details on MRI protocols can be found in Supplementary
Material and Table 1.

Since we were interested in perfusion quantification during
the dynamic phases, only images of the first 3 min after con-
trast agent administration were used for analysis.

Arterial input function—qualitative assessment

The study coordinator (D.S., a radiologist with 6 years
of experience) placed free-hand regions of interest
(ROIs) on multiple consecutive slices in the abdominal

aorta at the level of the celiac trunk on unregistered
DCE-MRI images for each patient using FireVoxel
(CAI2R, New York University). The signal intensity
(SI) of these ROIs was extracted for each time point
of the DCE-MRI and subsequently exported for further
data analysis to MATLAB (The MathWorks, Inc.). An
AIF curve for the initial 180 s for each patient was
calculated using a self-programmed MATLAB script.

After mutual training in 10 patients that were not part of the
initial cohort, one radiologist (observer 1, N.V.V., 5 years of
experience) and one physicist (observer 2, O.B., 6 years of
experience in MRI research), blinded to the contrast agent
used, independently evaluated the quality of the AIF curve
for each patient. Both observers rated the following features
for each AIF curve on a 3-point Likert scale: upslope, peak
shape, peak width, downslope, recirculation peak, noise, and
artefacts (Supplementary Material). A total additive score
composed of each score for each AIF curve feature was cal-
culated (score range 6–18).

Arterial input function—reproducibility and test-
retest repeatability of quantitative assessment

A description of AIF reproducibility and test-retest repeatabil-
ity assessment can be found in the Supplementary Material.

Model-free parameters and lesion-to-liver contrast
ratios

Model-free parameters were assessed to understand contrast
agent dynamics in HCCs and to assess differences between
the 2 agents. The study coordinator (D.S.) placed ROIs on
multiple consecutive slices of registered DCE-MR images
covering the index tumours and sparing the lesion capsule
(when present), and on multiple slices in the adjacent liver
parenchyma away from tumours (typical ROI size per slice
approximately 2 cm2) avoiding large intrahepatic vessels and
artefacts using FireVoxel software. Additionally, a ROI was
placed in the portal vein on multiple slices. The SI of these
ROIs was extracted for each time point of the DCE-MRI and
subsequently exported for further data analysis to MATLAB.
Six model-free parameters were calculated for the initial 3 min
after contrast agent administration for all tumours: (1) time to
peak enhancement, (2) time to washout, (3) maximal positive
liver-to-contrast ratio (LLCR), (4) maximal negative LLCR,
(5) time to maximal positive LLCR, (6) time to maximal neg-
ative LLCR (adapted from [29]). LLCR assesses lesion con-
spicuity during different phases and was defined as:

LLCR ¼ SIlesion−SIliver
SI liver

� 100%

Table 1 MR acquisition parameters for the T1 mapping sequence and
the DCE-MRI sequence

T1 mapping DCE-MRI

Sequence type IR-LL 3D Flash

Acquisition plane Axial Axial

TE [ms] 1.04 1

TR [ms] 2.25 2.7–2.91

TI [ms] 42–1576.5 -

Flip angle [°] 8 9.5-11.5

Fat suppression No Only in group 1 (gadoxetate)

Field of view [mm2] 420 × 288 380 × 280

Matrix 128 × 88 384 × 288 or 256 × 166

Slice thickness [mm] 8 4

Number of slices 1-2 40

Acceleration factor 2 4

Temporal resolution [s] - 2-4

Abbreviations: IR-LL, T1-weighted inversion recovery Look–Locker; TE,
echo time; TR, repetition time; TI, inversion time
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A detailed description of these parameters can be found in
the Supplementary Material and measurements of the model-
free parameters are summarised in Fig. 1.

Modelled parameters

Data from the first 3 min after contrast injection was used
for pharmacokinetic modelling. Average dynamic SI
curves in the HCC, liver, aorta, and portal vein ROIs were
converted to dynamic contrast agent concentration (CA)
using the signal equation for a spoiled gradient recalled
echo sequence, the pre-contrast T1 values, and the con-
trast agent’s relaxivity. Average pre-contrast T1 values in
HCCs and liver parenchyma were determined from the
T1-weighted IR-LL sequence. For the portal vein and aor-
ta, pre-contrast T1 values were based on the literature
[30]. A fixed haematocrit value of 0.45 was used for con-
version from blood (CA) to plasma (CA) as described
before [31, 32]. DCE-MRI modelling based on the aver-
age signal curve in the ROIs of HCCs and liver parenchy-
ma was performed using a previously described dual-
input single-compartment model [15, 18, 27, 33]. The
following DCE-MRI parameters were estimated in the
liver and HCCs: arterial flow (Fa), portal venous flow
(Fp), total flow (Ft), arterial fraction (ART), mean transit
time (MTT), and distribution volume (DV).

Statistical analysis

Continuous data are reported as mean ± standard deviation (SD)
or median with interquartile range (IQR) in parenthesis (1st per-
centile–3rd percentile). Categorical data are reported as frequen-
cies with percentages in parenthesis. Inter-reader agreement for
AIF curve features was assessed using the intra-class correlation

coefficient (ICC, two-way mixed model with absolute agree-
ment). An ICCof 0.91–1.00 indicated excellent, 0.75–0.90 good,
0.50–0.74 fair, and < 0.5 poor agreement [34, 35]. To evaluate
the reproducibility and test-retest repeatability ofAIF quantitative
curve features, we calculated the coefficient of variation [CV =
(standard deviation/mean)*100]. Reproducibility/repeatability of
AIF parameters was considered excellent if CV < 10%, accept-
able if CV=10–20%,modest if CV= 20.1–40%, and poor if CV
> 40%. To evaluate differences in study population characteris-
tics, modelled and model-free parameters between groups 1 and
2, Fisher’s exact tests were used for dichotomous variables and
Mann-Whitney U tests for independent scaled variables.
Additionally, we calculated R2 to assess the goodness-of-fit for
the pharmacokinetic model. In patients with repeat measure-
ments, the baseline DCE-MRI parameters were used for the
analysis. No power analysis was performed for this study. All
statistical analyses were performed using SPSS (IBM® SPSS®
Statistics 20; SPSS® Inc.) and were two-tailed. p < 0.05 was
considered statistically significant.

Results

Study population

The final study population consisted of 66 patients with 83
HCCs. Twenty-eight patients (21M/7F; mean age 66.8 ±
10.8 years; BMI 28.6 ± 6.0 kg/m2) with 34 HCCs underwent
DCE-MRI with gadoxetate (group 1) and 38 patients (30M/
8F; mean age 60.9 ± 9.5 years; BMI 27.6 ± 4.6 kg/m2) with
49 HCCs underwent DCE-MRI with Gd-BOPTA (group 2).
Detailed results regarding the study population can be found
in Table 2 and in Supplementary Material.

Fig. 1 Measurements of model-
free parameters in a 57-year-old
male patient with HCC. DCE-
MRI enhancement curves in HCC
(red line) and liver parenchyma
(blue line) with Gd-BOPTA. 1—
HCC TTP enhancement, 2—
HCC time to washout, and 3—
time to maximal negative LLCR.
In this case, the peak enhance-
ment corresponds to the maximal
positive lesion-to-liver contrast
ratio†. Abbreviations: DCE-MRI,
dynamic contrast-enhanced mag-
netic resonance imaging; HCC,
hepatocellular carcinoma; Gd-
BOPTA, gadobenate
dimeglumine; LLCR, lesion-to-
liver contrast ratio; TTP, time to
peak; AU, arbitrary units; s,
seconds
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AIF—quality assessment

The score for the recirculation peak was significantly lower in
group 1 compared to group 2 (p < 0.001) while the score for
noise and artefacts was significantly higher with group 1 (p <
0.001). However, the total score for AIF quality was similar for
the two groups (p = 0.818) (Table 3, Fig. 2). Inter-reader agree-
ment was good for the total qualitative score (ICC = 0.88).

Results from AIF reproducibility and test-retest repeatabil-
ity assessment of quantitative features can be found in the
Supplementary Material and Supplementary Table 1.

Model-free parameters and LLCR

No significant differences in model-free parameters (time to
peak, time to washout) and maximal positive and negative
LLCR were observed in HCCs between the two groups (all
p = 0.054–0.398). Liver TTP and time to maximal negative
LLCR were significantly longer with group 1 compared to
group 2, due to delayed enhancement of the liver (Table 4,
Fig. 3). There was no significant difference in the time to
maximal positive LLCR between the two groups (p = 0.471)
(Fig. 4).

Table 2 Study population
characteristics Characteristic Group 1 (gadoxetate) (n = 28) Group 2 ( Gd-BOPTA) (n = 38) p

Mean age (y)† 66.8 ± 10.8 60.9 ± 9.5 0.001

Gender (female/male)* 7/21 8/30 > 0.9

BMI (kg/m2)† 28.6 ± 6.0 27.6 ± 4.6 0.006

Cirrhosis* 25 (89.3) 30 (78.9) > 0.9

Child-Pugh score* 0.413

A 15 (60.0) 21 (70.0) -

B 9 (36.0) 8 (26.7) -

C 1 (4.0) 1 (3.3) -

Aetiology of liver disease* 0.194

HCV infection 17 (60.7) 21 (55.3)

HBV infection 2 (7.1) 11 (28.9)

NASH 5 (17.9) 3 (7.9)

Alcohol intoxication 3 (10.7) 2 (5.3)

No risk factor 1 (3.6) 1 (2.6)

Fisher’s exact tests were used for dichotomous variables, Mann-WhitneyU tests for independent scaled variables
and chi-Square test for independent nominal data

Abbreviations: HCV, hepatitis C virus; HBV, hepatitis B virus; NASH, nonalcoholic steatohepatitis; HCC, hepa-
tocellular carcinoma

*Data are numbers of patients with percentages in parentheses
†Data are numbers of patients with standard deviations in parentheses

Table 3 Qualitative assessment
of arterial input function results
for two independent observers.
Mann-WhitneyU test was used to
compare the 2 groups and intra-
class correlation coefficient (ICC)
to assess inter-observer agreement

Observer 1 Observer 2

Group 1
(gadoxetate)

Group 2
(Gd-
BOPTA)

p Group 1
(gadoxetate)

Group 2
(Gd-BOPTA)

p ICC

Upslope 3.0 ± 0.2 3.0 ± 0.2 0.221 2.5 ± 0.6 2.8 ± 0.4 0.028 0.07

Peak shape 2.4 ± 0.8 2.1 ± 0.8 0.042 2.4 ± 0.8 2.3 ± 0.7 0.755 0.77

Peak width 2.5 ± 0.7 2.6 ± 0.8 0.288 2.5 ± 0.7 2.3 ± 0.8 0.305 0.84

Downslope 2.2 ± 0.7 2.2 ± 0.7 0.983 2.2 ± 0.7 2.1 ± 0.7 0.673 0.88

Recirculation
peak

1.3 ± 0.6 2.5 ± 0.6 < 0.001 1.7 ± 0.8 2.6 ± 0.5 < 0.001 0.86

Noise/artefacts 2.5 ± 0.5 1.7 ± 0.6 0.001 2.7 ± 0.5 1.7 ± 0.6 0.001 0.88

Total score 14.0 ± 2.2 14.1 ± 2.2 0.818 14.0 ± 2.2 14.0 ± 2.4 0.932 0.88

Statistically significant results are marked in bold

9310 Eur Radiol  (2021) 31:9306–9315



Modelled perfusion parameters

HCC: No significant differences between the two groups were
observed for Fa, Fp, Ft, ART, MTT, and DV (p = 0.222–
0.810), with similar median R2 (p = 0.439).

Liver:Fp andFt were significantly lower in group 1 compared
to those in group 2 (p = 0.002 and p = 0.001, respectively). Liver
MTT was significantly longer for group 1 compared to that for
group 2 (p < 0.001). No significant differences between the two
groups were found for Fa, ART, and DV (p = 0.344–0.736). The
median R2 was significantly lower for group 1 (p = 0.013)
(Table 5).

Discussion

This study of quantitative DCE-MRI perfusion showed overall
similar AIF quality and perfusion parameters in HCCs during
the dynamic phases (within 3 min after contrast agent injection)
using gadoxetate (group 1) vs Gd-BOPTA (group 2) in two dif-
ferent patient populations. However, significant differences were

observed for the time to maximal negative LLCR, which was
longer in group 1 compared to group 2, explained by decreased
and delayed enhancement of the liver in group 1. This could
translate into different post-contrast imaging time points to obtain
the highest lesion conspicuity. Of note, LLCRs were not different
between groups, implying no difference in lesion conspicuity be-
tween the 2 agents, despite differences in injected contrast dose.

We found a similar overall quality score for AIF curves mea-
sured in the abdominal aorta with both contrast agents. However,
the score was significantly lower for the recirculation peak of
AIF curves and significantly higher for noise and artefacts for
group 1 compared to group 2. Since the administered volume
was the same for both contrast agents (0.1 mL/kg), the recircu-
lation peak with Gd-BOPTA could be explained by the higher
dose of administered gadolinium (0.05mmol/kg) compared to
gadoxetate (0.025 mmol/kg) which leads to a higher T1 relaxa-
tion rate in plasma [36]. Furthermore, the injection rate in group 1
was slower compared to that in group 2, which might have
partially contributed to the differences in these parameters.
Overall, we believe that both contrast agents are suitable for
DCE-MRI with regards to AIF quality.

Fig. 2 Example of AIF curves measured in the abdominal aorta with
gadoxetate (a) and Gd-BOPTA (b) in two different patients with HCC.
On the AIF curve with Gd-BOPTA, a recirculation peak is seen (arrow in
b) while there was no visible recirculation peak with gadoxetate (arrow in
a). Furthermore, the AIF curve with Gd-BOPTA shows minor noise and

artefacts (arrowheads in b) while there was no irregularities related to
noise and artefacts in the AIF curve with gadoxetate. Abbreviations:
AIF, arterial input function; HCC, hepatocellular carcinoma; Gd-
BOPTA, gadobenate dimeglumine; AU, arbitrary units; s, seconds

Table 4 Model-free perfusion
parameters in HCC and liver
parenchyma and lesion-to-liver
contrast ratios on both groups.
Data is presented as numbers or
mean ± standard deviation

Group 1 (Gadoxetate) Group 2 (Gd-BOPTA) p*

Number of Lesions [n] 33 48 -

Time to peak HCC [s] 26.2 ± 12.4 30.6 ± 18.4 0.398

Time to washout [s] 53.0 ± 24.2 40.1 ± 13.7 0.054

Time to peak liver [s] 135.3 ± 50.2 83.5 ± 37.4 < 0.001

Max. positive LLCR [%] 33.9 ± 29.6 39.2 ± 29.8 0.230

Time to max. positive LLCR [s] 16.5 ± 6.5 15.8 ± 4.8 0.471

Max. negative LLCR [%] -15.1 ± 17.9 -11.0 ± 20.3 0.317

Time to max. negative LLCR [s] 162.9 ± 25.9 115.0 ± 39.0 < 0.001

Statistically significant results are marked in bold

Abbreviations: LLCR, lesion-to-liver contrast ratio; HCC, hepatocellular carcinoma

*Mann-Whitney U test
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We did not find significant differences in the time to peak
and washout in HCCs as well as maximal positive and nega-
tive LLCR between the two groups. These findings might
indicate that the lesion conspicuity in the arterial portal venous
and transitional/delayed phases may be similar for both

contrast agents. The significantly shorter time to maximal
negative LLCR in group 2 could be related to faster liver
enhancement, indicated by a shorter liver MTT and TTP.
Some of our patients had liver cirrhosis, which potentially
reduces the uptake of these agents in the hepatocytes [23,

Fig. 3 Example of DCE-MRI enhancement curves of HCC (orange line)
and liver parenchyma (blue line) in a 70-year-old male who received
gadoxetate and a 63-year-old female who received Gd-BOPTA. Both
HCCs show arterial phase hyperenhancement (a and c, peak enhance-
ment indicated by the arrowhead on the enhancement curve) and washout
(b and d, dashed circle on the enhancement curve). TTP, time to washout

and time to maximal negative LLCR (asterisk on the enhancement curve)
were 13.4, 66.3 and 142.1 s for gadoxetate; and 19.4, 67.8 and 154.1 s for
Gd-BOPTA. Abbreviations: DCE-MRI, dynamic contrast-enhanced
magnetic resonance imaging; HCC, hepatocellular carcinoma; LLCR,
lesion-to-liver contrast ratio; Gd-BOPTA, gadobenate dimeglumine;
AU, arbitrary units; s, seconds

Fig. 4 Boxplots of model-free parameters and lesion-to-liver contrast
ratio parameters measured in HCC and liver parenchyma with DCE-
MRI with gadoxetate and Gd-BOPTA. Abbreviations: DCE-MRI,

dynamic contrast-enhanced magnetic resonance imaging; HCC, hepato-
cellular carcinoma; LLCR, lesion-to-liver contrast ratio; Gd-BOPTA,
gadobenate dimeglumine. ** p < 0.001
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37]. However, despite the fact that gadoxetate and Gd-
BOPTA are classified as liver-specific agents, we believe that
during the dynamic phases the perfusion dynamics in HCC
and liver parenchyma with these agents are similar to extra-
cellular agents with minimal hepatocyte uptake (especially for
Gd-BOPTA).

Our pharmacokinetic parameters of the liver and HCC
were in similar range as previously reported [21, 25, 38]. In
our study, the significantly lower Fp and Ft in the liver in
group 1 may be explained by the slightly higher percentage
of cirrhotic patients in group 1 (89.3% vs 78.9% in group 2)
since liver flow is influenced by cirrhosis with a shift from
predominantly portal venous inflow to predominantly arterial
inflow as cirrhosis develops [39]. However, the incidence of
cirrhosis and the Child-Pugh class did not show significant
differences between the two groups. The higher contrast agent
concentration in the blood when Gd-BOPTA was used might
also have contributed to a higher portal venous and conse-
quently total hepatic flow. We found a significantly longer
liver MTT in group 1. Since MTT is calculated as blood vol-
ume divided by blood flow, we assume that the differences in
Fp and Ft between the two groups are responsible for the
differences in MTT. Furthermore, it has been reported that
the injection rate influences perfusion parameters [40] and
AIF shape [41]. Therefore, we hypothesise that the differences
in the injection rate may have also contributed to the differ-
ences in the hepatic flow [40].

The curve fitting (R2) for the pharmacokinetic models was
high for both groups in the liver and in HCCs, indicating good
fit quality for the used model. However, R2 values were

slightly higher for the pharmacokinetic model in the liver
compared to HCCs. These findings are similar to previously
published results [27], indicating that fitting is improved in the
liver. A possible explanation for this is that lesions are more
susceptible to motion, resulting in worse data quality for
DCE-MRI.

DCE-MRI provides quantitative information about liver
and tumour perfusion and allows for assessment of vascular
characteristics and treatment response of HCCs [15, 18, 19,
21]. Data on DCE-MRI using gadoxetate is limited [23,
42–44]. In our study, the use of gadoxetate did not affect
perfusion quantification in HCCs compared to Gd-BOPTA,
while it may increase sensitivity in the detection of liver le-
sions in the hepatobiliary phase [45, 46].

We believe that DCE-MRI can be used with gadoxetate or
Gd-BOPTA with the benefit of higher lesion-to-liver contrast
during the HBP associated with liver-specific agents, although
this was not assessed here. Recent studies suggested that
perfusion parameters obtained with liver-specific agents could
be used as biomarkers for early prediction of therapeutic
outcome in HCCs after transarterial chemoembolisation or
radioembolisation [17, 25]. Besides the advantages of liver-
specific agents in terms of lesion detection, it has been shown
that gadoxetate DCE-MRI allows quantification of drug-
induced alterations in hepatobiliary transporter activity and
has the potential to serve as a biomarker of liver function
[42, 43]. However, data on DCE-MRI using liver-specific
contrast agents is still sparse and future studies are needed to
assess its added value for lesion characterisation, therapy re-
sponse, and liver function evaluation.

Table 5 Modelled perfusion parameters in HCC and liver parenchyma in both groups. Data is presented asmedianwith interquartile range in parenthesis

Liver HCC

Group 1 (gadoxetate) Group 2 (Gd-BOPTA) p* Group 1 (gadoxetate) Group 2 (Gd-BOPTA) p*
Fa [mL/100g/min] 15.4

(4.1–39.3)
18.8
(10.0–34.8)

0.460 59.1
(41.8–94.8)

70.0
(39.7–156.5)

0.598

Fp [mL/100g/min] 73.8
(51.7–91.5)

120.5
(76.7–199.6)

0.002 36.3
(5.1–211.5)

36.1
(2.3–117.0)

0.590

Ft [mL/100g/min] 87.9
(69.4–136.3)

150.7
(105.8–265.6)

0.001 126.9
(65.3–299.1)

117.1
(72.0–357.0)

0.810

ART [%] 15.5
(5.7–41.7)

11.4
(5.7–25.6)

0.344 66.3
(23.3–91.3)

76.8
(43.8–95.8)

0.409

MTT [s] 32.5
(22.0–51.9)

16.5
(12.1–24.1)

< 0.001 13.2
(2.6–26.2)

16.8
(8.0–29.1)

0.384

DV [%] 54.4
(33.2–62.4)

42.4
(33.3–68.6)

0.736 24.0
(18.2–32.4)

28.7
(21.0–37.1)

0.222

R2 [AU] 0.974
(0.964–0.982)

0.982
(0.976–0.997)

0.013 0.940
(0.859–0.954)

0.932
(0.813–0.948)

0.439

Abbreviations: Fa, arterial flow; Fp, portal flow; Ft, total flow; ART, arterial fraction; MTT, mean transit time; DV, distribution volume; HCC,
hepatocellular carcinoma

Statistically significant results are marked in bold

*Mann-Whitney U test
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Our study has several limitations. First, we did not
compare an extracellular agent with a liver-specific agent
but two different liver-specific agents. However, we
assessed the perfusion during the initial dynamic phases,
with limited effect of hepatocyte uptake on HCC perfu-
sion. Second, we did not perform a cross-over study (in
which both contrast agents are used in the same patient
population), which would have been ideal, but more chal-
lenging to conduct. Third, the MRI acquisition was slight-
ly different between both groups. In particular, the differ-
ences in injection rate may have induced some differences
in the AIF quality. Fourth, some patients had more than
one lesions, which might have led to “clustering” effects
in the statistical analysis. However, since the percentage
of patients with multiple lesions was rather small, we
assume that “clustering” effects might be negligible.

We conclude that gadoxetate and Gd-BOPTA provide
comparable AIF quality and perfusion parameters in HCC
during the dynamic phases (first 3 min post injection).
Despite delayed and decreased liver enhancement with
gadoxetate disodium, the lesion-to-liver contrast ratios were
equivalent for both contrast agents with slightly different
timing, indicating similar lesion conspicuity for both contrast
agents with different post-contrast imaging time points to ob-
tain the highest lesion conspicuity.
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