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external radiation therapy and to determine the relationship between focal liver reaction (FLR) and liver

Keywords: function.

MRI biomarker Methods: A total of 47 patients with liver malignancies who underwent external beam radiation therapy
Radiation-induced liver disease were enrolled. EOB-MRI was performed on each patient at approximately one month post-radiotherapy.
Liver carcinoma The hepatobiliary (HPB) phase images from EOB-MRI were fused with the planning CT images, and the

isodose lines from the patients’ treatment plans were overlaid onto the fused images. The correlation
of the EOB-MR image intensity distribution with the isodose lines was studied. We also compared liver
function in patients between pre-treatment and post-treatment.
Results: Decreased uptake of Gd-EOB-DTPA, which was manifested by well-demarcated focal hypointen-
sity of the liver parenchyma or FLR to high-dose radiation, was observed in the irradiated areas of 38
patients. The radiotherapy isodose line of decreased uptake area of Gd-EOB-DTPA was 30-46 Gy. The me-
dian corresponding dose curve of FLR was 34.4 Gy. Nine patients showed the absence of decreased uptake
area of Gd-EOB-DTPA in the irradiated areas. Compared to the 38 patients with the presence of decreased
uptake area of Gd-EOB-DTPA, 9 patients with the absence of decreased uptake area of Gd-EOB-DTPA
showed significant higher levels of total bile acid, total bilirubin, direct bilirubin and alpha-fetoprotein
(P < 0.05). There were no significant differences in alanine transaminase, aspartate aminotransferase,
gamma-glutamyl transpeptidase or albumin levels between the two groups (P > 0.05).
Conclusions: Visible uptake of Gd-EOB-DTPA by the liver parenchyma was significantly associated with
liver function parameters. EOB-MRI can be a valuable imaging biomarker for the assessment of liver
parenchyma function outside of radiation area.

© 2019 First Affiliated Hospital, Zhejiang University School of Medicine in China. Published by Elsevier

B.V. All rights reserved.

Introduction death [1]. Radiotherapy is a viable treatment option for locally ad-
vanced, unresectable HCC and liver metastasis, either alone or as

Hepatocellular carcinoma (HCC) is the fifth most common part of combined therapy. However, radiation-induced liver dis-
cancer worldwide and the third leading cause of cancer-related ease (RILD) presents a clinical challenge when dose escalation is
required to determine optimal HCC treatment. RILD can even lead

_— to significant morbidity and mortality [2,3]. RILD typically occurs
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(CT) is routinely used to monitor radiation-induced changes such
as focal liver reaction (FLR) [4,5]. However, CT has limited sensi-
tivity for the density change of liver tissue. Furthermore, an in-
tensity change on CT images does not necessarily reflect a change
in liver function. Therefore, it is necessary to develop an effective
functional imaging to determine the overall liver function after ra-
diation.

Recently, MRI using a special contrast agent, gadolinium
ethoxybenzyl diethylenetriamine penta-acetic acid (Gd-EOB-DTPA),
which is taken up specifically by hepatocytes, has attracted re-
search attention. Gd-EOB-DTPA has the ability to identify and
characterize HCC and to measure hepatocyte function. After intra-
venous injection, Gd-EOB-DTPA is preferentially absorbed by hep-
atocytes and eventually excreted via the biliary pathway [6-8].
Some preliminary studies have been conducted to visualize hep-
atocyte injury in patients with HCC after radiotherapy using Gd-
EOB-DTPA-enhanced MRI (EOB-MRI). These studies suggest that
hypointense areas on EOB-MR images could be used to identify
FLR [3,9,10]. However, there is still limited knowledge regarding
the relationship between FLR observed on EOB-MR images and
liver function.

Based on the clinical consensus, RILD may occur in some pa-
tients within 1 month without any clinical symptoms. Therefore,
performing an EOB-MRI scan at one month post-treatment may
help clinicians identify RILD in a timely manner. Moreover, patients
with liver tumor are often given local boosts of radiotherapy to
start the treatment. This study aimed to investigate the clinical ap-
plication of EOB-MRI as an imaging biomarker for the assessment
of liver function after external beam radiation and to determine
the relationship between FLR and liver function.

Methods
Patients

Forty-seven patients with primary or secondary liver malignan-
cies treated by radiotherapy between July 2013 and September
2018 were included in this analysis. All enrolled patients met the
following criteria: 1) with primary or secondary liver malignancies;
2) liver function is Child-Pugh grade A or B; 3) the follow-up data
of liver function was available; and 4) EOB-MRI data were approx-
imately one month after radiotherapy.

This study was conducted in accordance with the Declaration of
Helsinki of 1975, as revised in 2000 and 2008. The study protocol
was approved by the Ethics Committee of the First Hospital of Zhe-
jiang University School of Medicine (approval number 2013-167).
Written informed consents were obtained from all patients.

Radiotherapy

The CT scans were performed under breath holding at full expi-
ration. The gross volume of the liver tumor was contoured accord-
ing to the region of the tumor shown on pre-radiotherapy MR im-
ages. An individualized treatment margin of 5-8 mm was applied
to determine the target volume. The radiotherapy dose was deliv-
ered using 6-10 MV photons in a linear accelerator (Trilogy, Varian
Medical Systems Inc., Palo Alto, CA, USA) over 5 days per week.
Treatment was to cover the target volume by the 90% isodose line
of the maximum dose.

Post-radiotherapy EOB-MRI

Patients underwent EOB-MRI one month after completion of
radiotherapy. The dose of Gd-EOB-DTPA (Primovist, Bayer Health-
care, Osaka, Japan) administered was 0.1 mL/kg (0.05 mmol/kg). The
scans were performed using a 3.0 T MRI scanner (Magnetom Verio,
Siemens Healthcare, Erlangen, Germany).

The SENSE body coil was used for image acquisition. The hep-
atobiliary (HPB) phase of EOB-MR images was obtained 20 min
post-injection of Gd-EOB-DTPA using axial three-dimensional T1-
high resolution isotropic volume excitation with the follow-
ing acquisition parameters: breath holding, flip angle=20°, slice
thickness =4 mm, field of view =360 x 270, repetition time/echo
time =3/1 ms, SENSE factor = 1.3, selective partial inversion recov-
ery, matrix size of 224 x 116, bandwidth =995 Hz/pixel, centric or-
dering of k space and acquisition time=22s. FLR was evalu-
ated in the HPB region. The liver parenchyma in the irradiated
area showed a low signal intensity, which was defined as a “hy-
pointense area” by two experienced radiologists based on clinical
consensus. The border of hypointense areas within the HPB region
was consistently delineated by the radiologists.

Fusion of EOB-MR images and CT images

The HPB regions were further evaluated using MIM Maestro
v6.4.5 (MIM Software, Cleveland, OH, USA) on a computer work-
station by two experienced radiologists. The decreased uptake ar-
eas on the EOB-MR images were identified as the FLRs. The bor-
der of decreased uptake area within the HPB region was consis-
tently delineated. The HPB images were then fused to the CT im-
ages with the dose distribution using the auto-registration func-
tion in the Eclipse radiation therapy treatment planning system
(Varian Medical Systems Inc.). The isodose line coinciding with the
distance to the border of the hypointense area delineated on the
EOB-MR images was recorded as the “corresponding dose curve
(CDC) of FLR”. All MR images were delineated in the HPB phase
by two experienced abdominal radiologists (SXL and JX) based on
clinical consensus. If these two radiologists were inconsistent, the
third senior radiologist (YSH) was invited to judge the images in
question.

Evaluation of liver function and follow-up

All patients had weekly follow-up during radiotherapy and at
one day prior to EOB-MRI. Weekly follow-up included physical ex-
aminations and laboratory measurements of albumin (ALB), glob-
ulin (GLB), total bilirubin (TBIL), direct bilirubin (DBIL), indirect
bilirubin (IBIL), alanine aminotransferase (ALT), aspartate amino-
transferase (AST), gamma-glutamyl transpeptidase (GGT), and total
bile acid (TBA) levels. All of the parameters were measured using
a conventional automated analyser (Beckman Au680, USA). Hepatic
toxicity was defined according to the Common Terminology Crite-
ria (CTC, Version 4) of the National Cancer Institute. No patient had
evidence of liver dysfunction prior to radiotherapy.

Statistical analysis

Statistical analysis was performed using SPSS 17.0 (SPSS,
Chicago, IL, USA). Continuous data that conformed to the normal
distribution were described as the mean + standard deviation (+
SD), and an independent sample t-test was used for comparisons
between groups. Continuous data of non-normally distributed data
are described by the median and interquartile range (IQR), and the
Mann-Whitney U test was used for comparison between groups. A
P < 0.05 was considered statistically significant.

Results

During the radiation treatment, 43 patients had acute hepatic
toxicity with CTC grade 1, and 4 patients had CTC grade 2. Six
patients had acute gastrointestinal complications. Forty-five pa-
tients recovered from the toxicity after symptomatic treatments
and finished the initial treatment plan. Two patients, who almost
finished their treatment plan but had to discontinue irradiation
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Table 1

Characteristics of patients (n=47).
Characteristics Values
Sex (male/female) 30/17
Median age (yr) 65 (54-70)
Median tumor size (cm) 5.8 (3.4-8.1)
Tumor position (central/peripheral) 16/31
Child-Pugh classification (A/B) 43[4
HBV infection (+/—) 24
HCV infection (+/-) 7
TACE (+/-) 16/31
Chemotherapy (+/-) 18/29
Liver resection (+/—) 11/36
HCC/liver metastases 21/26

HBV: hepatitis B virus; HCV: hepatitis C virus; TACE: transarterial chemoemboliza-
tion; HCC: hepatocellular carcinoma.

Table 2
Radiotherapy factors.

Factors Median (IQR)

1164.5 (903.5-1246.6)

Liver volume (mL)

GTV (mL) 140.6 (40.4-180.5)
PTV (mL) 235.6 (69.7-286.7)
Total dose (Gy) 49.8 (32.2-54.0)
Fraction 16.2 (10.0-24.0)
BED10 (Gy) 72.2 (63.3-85.0)
BED2 (Gy) 114 (92.3-125.8)
V5* 70.6% (35.8%—75.8%)
V20 28.4% (18.3%—52.3%)
V35 12.8% (9.9%—24.5%)

Mean liver dose (Gy)
CDC of FLR (Gy)

176 (10.7-25.1)
34.4 (32.1-44.9)

* V5 is the percentage of normal liver volume that received 5 Gy in the total nor-
mal liver volume. The other V with suffixes express the same meaning, and the
numbers represent the doses received. GTV: gross tumor volume; PTV: planning
target volume; BED: biological effective dose; CDC: corresponding dose curve; FLR:
focal liver reaction; BED10: biological effective dose when «/8 = 10.0; BED2: bio-
logical effective dose when «/8 = 2.0.

due to the worsened general conditions, were still included in the
analyses because the prescription doses were delivered completely
(Table 1).

Patients underwent EOB-MRI at a median of 35 days (IQR: 30-
45) after the last day of radiotherapy. Of these, 31 received three-
dimensional conformal radiotherapy (3D-CRT), and 16 were treated
by stereotactic body radiotherapy (SBRT). The median total irradi-
ation time was 18 days (IQR: 10-40). Mean liver dose was 27.6 Gy
(IQR: 10.7-31.1), and total dose was 49.8 Gy (IQR: 32.2-54.0). The
radiotherapy parameters are summarized in Table 2.

The EOB-MR images revealed hypointense regions in the ir-
radiated areas of 38 patients. In each case, there was an overlap
between the irradiated volume and the decreased uptake area of
Gd-EOB-DTPA in the HPB phase of EOB-MR images. The median
distance between the isodose curve and the border of the hy-
pointense areas on EOB-MR images was 1.4 mm (IQR: 0.8-2.0). The
corresponding isodose lines ranged from 30 to 46 Gy (Table 2). The
median corresponding dose curve of FLR was 34.4Gy in these 38
patients. Nine patients had the absence of decreased uptake area
of Gd-EOB-DTPA irradiated areas.

A representative case of the planned dose distribution overlaid
on the EOB-MRI was shown in Fig. 1. The hypointense area coin-
ciding with the isodose line of 42.4 Gy is clearly shown in Fig. 1D.
In contrast, no enhancement was observed in the region that re-
ceived a lower dose. In this patient, a homogenous, hypointense
signal distribution was observed (Fig. 1C).

Compared to patients with the presence of decreased up-
take area of Gd-EOB-DTPA in the irradiated areas, those with the

Table 3
Comparison of the liver function parameters between patients with the pres-
ence/absence of decreased uptake area of EOB-MRL

Presence of Absence of
Parameters decreased decreased uptake P value
uptake (n=38) (n=9)
ALT (U/L) 30.6+16.3 404+13.9 0.139
AST (U/L) 2944179 37.4+10.9 0.067
TBA (pmol/L) 9.8 15.5 (10.0-174) 0.020
(6.40-12.70)
TBIL (umol/L) 14.0 (6.2-19.9) 18.3 (15.5-23.5) 0.033
DBIL (umol/L) 2.8 (2.5-4.3) 5.3 (3.6-5.9) 0.035
GGT (U/L) 32.1 (12.7-38.2) 38.6 (17.50-46.00) 0.519
ALB (g/L) 41.2 (36.5-48.1) 46.2 (41.3-49.3) 0.647
AFP (pg/L) 328.7 699.1 0.013

(109.3-850.5) (188.5-1133.9)

Gd-EOB-DTPA: gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; ALT:
alanine transaminase; AST: aspartate aminotransferase; TBA: total bile acid; TBIL:
total bilirubin; DBIL: direct bilirubin; GGT: gamma-glutamyl transpeptidase; ALB:
albumin; AFP: alpha-fetoprotein.

absence of decreased uptake area of Gd-EOB-DTPA showed sig-
nificantly higher levels of TBA, TBIL and DBIL (P < 0.05). Alpha-
fetoprotein (AFP) levels were lower in patients with the presence
of decreased uptake area of Gd-EOB-DTPA than in those with the
absence of decreased uptake area of Gd-EOB-DTPA (P < 0.05). In
addition, there were no significant differences in ALT, AST, GGT or
ALB levels between these two groups (P > 0.05, Table 3).

Discussion

Surveillance following radiotherapy for liver tumors is chal-
lenging because of the uncertainties concerning the use of exist-
ing imaging technology for clinical decision-making. Radiographic
changes in the liver after radiotherapy have been observed in sev-
eral imaging studies [11-13]. For example, clinically transient de-
creases in CT-defined tissue density can be observed 2-3 months
after radiotherapy. Sometimes these changes are visible on CT as
sharply demarcated areas corresponding to radiation portals, which
can be misinterpreted as tumor progression or irreversible liver
injury [14]. Therefore, a sensitive and quantitative technique is
needed because the change in intensity on CT images does not ac-
curately reflect the inherent radiosensitivity of hepatocytes or the
functional units of the liver [15].

EOB-MRI can be used to show hepatocyte function, to charac-
terize radiographic changes in the HPB phase and to identify well-
demarcated focal parenchymal changes [16-18]. Therefore, this
imaging technique holds promise to improve the management of
patients with liver tumors. However, to the best of our knowledge,
despite the increasing evidence suggesting that EOB-MRI could be
used to detect HCC [19,20], there have been no reports on the
potential clinical application of EOB-MRI for the assessment of
liver function after external beam radiation therapy or the use
of EOB-MRI to determine the relationship between FLR and liver
function.

Our EOB-MRI study demonstrated clear radiologic changes in 38
of 47 patients. The hypointense regions on the EOB-MR images cor-
related well with areas that had received high-dose irradiation. The
radiographic images showed fair matching of the decrease in Gd-
EOB-DTPA uptake by hepatocytes in the irradiated areas.

The molecular mechanisms of contrast uptake and excretion
have been investigated. Richter et al. measured the expression
of specific transport proteins and related cytokines in blood and
biopsy-derived tissue samples and found that the results were cor-
related with the findings on MRI, which they believed could ex-
plain individual variations in decreased MRI signals [21]. It has
been suggested that the organic anion transporting polypeptide
(OATP) -8 and OATP-2 transporter proteins located at the apical
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Fig. 1. Images of a 64-year-old woman with hepatocellular carcinoma who underwent radiotherapy. A: A tumor measuring 2.4 cm in diameter was observed on pre-treatment
MRI; B: The radiotherapy prescription for the target lesion was a combination of four fields of 50 Gy in 25 fractions (biological effective dose: 60 Gy). EOB-MRI was performed
on day 35 after the end of radiotherapy; C: The irradiated area clearly shows the presence of decreased uptake area of Gd-EOB-DTPA. A hypointense area within the
irradiated region was observed. The outline of the hypointense area was drawn by the physician (thick green line); D: The isodose line corresponding to the outline of the
hypointense area was 42.4 Gy (BED of 50.4Gy) on the fused image. Gd-EOB-DTPA: gadolinium ethoxybenzyl diethylenetriamine penta-acetic acid; MRI: magnetic resonance

imaging.

membrane of hepatocytes may facilitate the uptake area of Gd-
EOB-DTPA in functioning hepatocytes. Exposure to radiation could
decrease the expression of these transporter proteins and up-
regulate the expression of excretion proteins, leading to a de-
crease in signal intensity in HPB areas [22]. More recently, stud-
ies have demonstrated a strong association between the expression
of OATP-1B3 and the transport of gadoxetic acid into liver cancer
cells [23-25]. However, the molecular mechanism of this process
is still under investigation.

The correlation between radiation dose and changes in sig-
nal intensity on MRI has been investigated in previous studies.
Okamoto et al. [3] suggested that a threshold of 29-35Gy is
needed to delineate the liver parenchyma after irradiation. Sanuki
et al. [10] identified an isodose line of 35Gy as the threshold cor-
responding to the periphery of the planning target volume after
SBRT. Moreover, Nishie et al. [26] reported that the threshold for
identification of decreased uptake area of Gd-EOB-DTPA on MRI
was 36-40.5Gy. Our present results are consistent with those of
previous reports in that isodose lines in the range of 30-46 Gy co-
incided with the decreased uptake areas of Gd-EOB-DTPA.

In our study, nine patients with blur demarcated lesion un-
der EOB-MRI had higher levels of TBA, TBIL and DBIL compared
to those with well-demarcated lesion. Higher levels of TBA, TBIL

and DBIL reflect hepatocyte damage or bile duct obstruction. Fur-
thermore, Gd-EOB-DTPA is only uptaken by functional hepatocytes
Therefore, we attribute the poor Gd-EOB-DTPA uptake to the poor
liver function in our 9 cases. After the Gd-EOB-DTPA adminis-
tration, the hepatocytes in the radiation area lost their function
and therefore, showed hypointensity. Furthermore, if the hepato-
cytes next to the radiation area have poor function, these cells
also cannot absorb Gd-EOB-DTPA and therefore, the contrast bor-
der between radiation area and the surrounding parenchyma is not
clear. If the hepatocytes have function, these hepatocytes will ab-
sorb Gd-EOB-DTPA after administration and therefore, the border
between radiation area and the surrounding parenchyma is clear.
These 9 patients also had higher AFP levels than those with well-
demarcated lesions, which suggested a large tumor burden in these
patients. Studies in the rodent liver failed to show a decrease in
Gd-EOB-DTPA uptake in 3 days after irradiation with a dose of 50—
70 Gy, suggesting that information on RILD provided by EOB-MRI
may require an optimal imaging time point [23,27]. The volume of
FLR has been reported to change over time in HCC patients as a re-
sult of repair and regeneration [28]. Sanuki et al. [10] determined
Child-Pugh score was the only parameter that predicted potential
loss of liver tissue in EOB-MRI which generally occurred 3 months
after radiotherapy. Our study selected EOB-MRI data of one month
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after radiotherapy, and we demonstrated that potential RILD is de-
tectable in one month after radiotherapy.

Bae et al. [29] attributed poor Gd-EOB-DTPA uptake in patients
with chronic liver disease to regional decreases in function within
the liver. Kobayashi et al. [30] also reported that the tolerance of
hepatocytes to radiation was decreased in patients with cirrhosis
or chronic hepatitis. Our results are fairly consistent with those
previous studies reporting that liver function is preserved in pa-
tients with HBV and HCV who undergo radiotherapy [31-33].

The main limitation of this study was that the pathological
data and the correlation of pathological data with imaging find-
ings were not available, mainly because all the patients had inop-
erable liver tumors. It would be useful in future research to enroll
patients who are candidates for both radiotherapy and surgery so
that a correlative investigation could be performed.

In conclusion, decisions regarding treatment with liver radio-
therapy often aim for an acceptable balance between the poten-
tial efficacy and toxicity of treatment. EOB-MRI can identify FLR
through decreased uptake area of Gd-EOB-DTPA, thus providing a
potentially useful imaging biomarker for therapeutic assessment.
This study showed a correlation between regions visible on liver
EOB-MRI and laboratory parameters of liver function and presented
a valuable imaging biomarker for liver radiotherapy. These radio-
graphic changes are potentially useful for the prediction of RILD,
which can be used to decide whether a boost in radiation dose
should be prescribed in the clinical setting.
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