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Abstract
Objective: We aimed to investigate the diagnostic value of diffusion-weighted imaging in assessing liver injury after radioembolization via comparing 
pre- and post-treatment apparent diffusion coefficient values of nontumoral liver parenchyma in patients who underwent radioembolization.

Methods: We retrospectively examined the apparent diffusion coefficient values of the nontumoral liver parenchyma in 21 patients who underwent 
radioembolization. The observers placed the ellipsoid region of interest onto the nontumoral liver parenchyma using diffusion-weighted images, and 
then these regions of interest were transferred to apparent diffusion coefficient maps. The paired t-test was used to compare the change between pre- 
and post-treatment apparent diffusion coefficient values of the treated and the contralateral liver lobe.

Results: The mean apparent diffusion coefficient value of the treated lobe was 1079.416 ± 194.57 mm2/s before and 963.10 ± 171.87 mm2/s after 
the treatment. A significant difference was observed between pre- and post-treatment mean apparent diffusion coefficient values of the treated lobe 
(P = .001). The mean apparent diffusion coefficient value of the contralateral lobe was 1114.24 ± 110.63 mm2/s before and 1116.20 ± 96.52 mm2/s 
after the treatment. No difference was observed between pre- and post-treatment mean apparent diffusion coefficient values of the contralateral lobe 
(P = .057).

Conclusion: We observed reduced apparent diffusion coefficient values in the treated lobe of the liver, and our results suggest that reduced apparent 
diffusion coefficient values might reflect liver injury secondary to radioembolization.
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Introduction
External beam radiation therapy (EBRT) could efficiently destroy 

tumors of the liver regardless of their origin. However, normal liver 
parenchyma has also very low tolerance to radiation, and paren-
chymal injury is inevitable after EBRT. The liver disease after EBRT, 
known as radiation-induced liver disease, is a well-defined com-
plication.1,2 Intra-arterial radioembolization (RE) with yttrium-90 
(Y-90)-embedded microspheres is a novel minimally invasive treat-
ment method, which is being extensively used for unresectable 
primary liver malignancies or chemorefractory hepatic metasta-
ses.3 Normal liver parenchyma is primarily supplied by the portal 
vein, while primary and secondary hepatic malignancies are pref-
erentially vascularized by the hepatic arterial system.4 Given the 
vascular supply of the tumors, Y-90 microspheres which are given 
into the relevant hepatic artery almost exclusively are delivered to 
the tumor while relatively sparing surrounding nontumoral liver 
parenchyma. However, the distribution of Y-90 microspheres in 
the relevant hepatic lobe depends on the density of the capillary. 
In cases of hypovascular tumors, the degree of distribution of Y-90 

microspheres in nontumoral liver parenchyma will increase com-
pared to cases of hypervascular tumors. Unfortunately, despite this 
highly selective route of the delivery, nontumoral liver parenchyma 
is exposed to a certain dose of radiation, and some patients show 
clinical and laboratory signs of hepatotoxicity after the RE treat-
ment.5 Liver diseases secondary to RE, namely radio embol izati 
on-in duced  liver disease (REILD), have been reported in several 
studies.6-12 Radio embol izati on-in duced  liver disease is clinically 
characterized by jaundice and ascites appearing 1-2 months after 
the Y-90 RE treatment in the absence of tumor progression or bile 
duct occlusion. The main pathological change in these patients 
is consistent with veno-occlusive disease (VOD), which is char-
acterized by sinusoidal congestion, atrophy, bleeding, and necro-
sis with phlebosclerotic lesions of the central veins.13-15 Currently, 
there is no established method to identify pathological changes of 
disease before the clinical symptoms of REILD appear. Moreover, 
we have no knowledge regarding whether the patients without 
any clinical or biochemical signs of REILD also have pathologi-
cal changes after the treatment. Hence, a non-invasive modality 
to assess potential pathological alterations in the liver parenchyma 
after the treatment is highly desirable.

Diffusion-weighted imaging (DWI) is a magnetic resonance 
imaging (MRI) method, which is able to quantitatively measure the 
extracellular movement of the water, namely Brownian motion, 
by applying apparent diffusion coefficients (ADCs). In the current 
decade, liver DWI has seen an exponential increase in popularity 
and clinical applicability, and DWI has been increasingly used for 
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assessing diffuse or focal liver pathologies.16-26 The feasibility and 
accuracy of DWI in assessing liver fibrosis has been demonstrated 
in several studies.16-23 However, to our knowledge, no single study 
exists, which has investigated the role of DWI in assessing poten-
tial liver injury after RE treatment.

In this study, we aimed to investigate the diagnostic value of DWI 
in assessing liver injury after RE via measuring and comparing pre- 
and post-treatment ADC values of nontumoral liver parenchyma 
in patients who underwent RE for secondary hepatic malignancies.

Methods

Patient Population
The local ethics committee of İstanbul University-Cerrahpaşa, 

Cerrahpaşa School of Medicine approved this retrospective single-
center study, which was conducted between January 2018 and 
January 2021 (Date: August 8, 2018, Number: 40695). Informed 
consent was not required for retrospective review of the medical 
and radiological data of the patients. We reviewed our database 
for patients who underwent RE for secondary hepatic malignancies 
in our institute. Patients who had pre- and post-resonance imag-
ing (RE) MRI including DWI sequences within 1 month prior to 
treatment and at an interval of 2-4 months after the treatment were 
included in the study. Exclusion criteria were having a chronic liver 
disease, MR images with significant motion or magnetic susceptibil-
ity artifacts, MR images with low contrast-to-noise ratio preventing 
interpretation of the images, and any history of previous local liver-
directed interventional therapies including RE, transarterial chemo-
embolization, and radiofrequency ablation.

Magnetic Resonance Imaging Acquisition
Both pre- and post-procedural MRI were performed by the same 

1.5 T MRI unit (Avanto Tim®, Siemens Healthcare, Forchheim, 
Germany) using a phased-array body coil. To ensure the reliabil-
ity of the measurements, all MRIs were performed with the same 
device since ADC values were significantly affected by gradient 

linearity.27 Our standard MRI protocol consisted of pre-contrast 
axial T1-weighted (T1W) and T2-weighted (T2W) sequences, 
pre-contrast coronal T2W sequence, post-contrast axial T1W 
sequences, and diffusion-weighted sequences. Diffusion-weighted 
imaging was performed using echo planar imaging in the axial 
plane using the following parameters: repetition time/echo time = 
3500/75 ms, bandwidth = 1736 kHz, number of channels = 16, 
slice thickness = 5 mm, time of acquisition = 1.51 s, and range of 
field of view = 400, with b-values of 0 and 800 s/mm2. Apparent 
diffusion coefficient maps were generated with voxel-by-voxel 
basis using the following equitation: ADC (mm2/s) = [ln(S0/Sb)]/b 
in which S0 and Sb represent the signal intensities of the images 
with different gradient b factors, and b is the difference between 
gradient b factors.

Radioembolization Procedure
The decision of RE was made by a multidisciplinary tumor 

review board, which was attended by interventional radiolo-
gists, body radiologists, radiation therapists, hepatobiliary sur-
geons, oncologists, and nuclear medicine specialists. This tumor 
review board made their decisions in conjunction with previously 
described criteria for RE.28

All RE procedures were performed by 2 interventional radiolo-
gists with more than 15 years of experience in interventional radi-
ology. Diagnostic catheter angiography and both planar and single 
photon emission computed tomography following an intra-arterial 
injection of 200-400 MBq of 99mTc-macroaggregated albumin 
were utilized to detect the percentage of pulmonary and intra-
abdominal shunting. Aberrant vessels arising from the relevant 
hepatic artery were embolized using coils to impede non-target 
embolization. Radioembolization treatment was utilized within 
the following 2 weeks after the catheter angiography. Yttrium-90 
microspheres (TheraSphere; BTG, London, England) were given 
into appropriate branches of the hepatic artery. The body surface 
area method was used to calculate the administered activity of 
Y-90 microspheres.29

Figure 1. Axial diffusion-weighted images and apparent diffusion coefficient (ADC) maps images at b values of 800 s/mm2 in a patient 
with right lobe colorectal liver metastases. (A) One month prior to RE treatment of the right lobe (mean ADC value of the right lobe: 
1150.36 mm2/s, mean ADC value of the left lobe: 1248.8 mm2/s). (b) Three months after RE treatment of the right lobe (mean ADC value 
of the right lobe: 1021.65 mm2/s, mean ADC value of the left lobe: 1219.14 mm2/s).
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Image Interpretation
Two radiologists, blinded to all clinical data concerning the 

patients, with more than 5 years of experience in body radiology, 
performed all the measurements in a consensus. All measurements 
were performed using a dedicated workstation (Extreme worksta-
tion, ExtremePACS System, Ankara, Turkey). Apparent diffusion 
coefficient measurements of the nontumoral liver parenchyma 
were performed from 3 consecutive slices in the medial and lateral 
left lobe and the anterior and posterior right lobe of nontumoral 
liver parenchyma. First, the observers placed the ellipsoid regions 
of interest (ROIs) onto the nontumoral liver parenchyma using dif-
fusion-weighted images with a b value of 0 s/mm2 as a guide, and 
then these ROIs were automatically transferred to ADC maps. Care 

was taken to avoid vessels, biliary ducts, and focal liver lesions 
during the measurements. The measured area of ROI was set at 
approximately 1 cm2. The observers place 1 ROI in the mentioned 
segments and performed measurements for the following 3 sec-
tions of the liver. The average ADC value was calculated and noted 
for the right and left lobes after the measurements. All images were 
achieved using our picture archiving and communication system 
(PACS, ExtremePACS System, Ankara, Turkey). Figure 1 depicts 
ADC measurements of the liver parenchyma step by step.

Statistical Analyses
Statistical analyses were performed using the Statistical Package 

for Social Sciences version 21.0 (IBM SPSS Corp.; Armonk, NY, 
USA). Descriptive analyses were presented using means and 
SDs. The variables were investigated using visual (histograms and 
probability plots) and analytical methods (Shapiro–Wilk test) to 
determine whether the variables were normally distributed or not. 
Pre- and postoperative ADC values and other continuous vari-
ables were compared using the paired t-test. A P-value less than 
.05 was accepted as significant. All variables were expressed as 
mean ± SD unless otherwise specified. The parameters affecting 
ADC changes were investigated using Spearman/Pearson correla-
tion tests. A multiple linear regression model was used to iden-
tify independent predictors of ADC changes. The model fit was 
assessed using appropriate residual and goodness-of-fit statistics. 
A 5% type-1 error level was used to infer statistical significance.

Results
Finally, 21 patients (10 female and 11 male; mean age 61.52 

years; age range 42-78 years) were included in the study. The 
detailed characteristics of the study cohort are summarized in 
Table 1, and detailed laboratory findings before and after the treat-
ment are listed in Table 2. The mean ADC value of the treated 
lobe was 1079.416  ± 194.57 mm2/s before and 963.10  ± 
171.87  mm2/s after the treatment. A significant difference was 
observed between pre- and post-treatment mean ADC values 
of the treated lobe (P = .001). The mean absolute ADC change 
was –123.90 ± 165.85 mm2/s, and the relative ADC change was 
–10.64%. The mean ADC value of the contralateral lobe was 
1114.24 ± 110.63  mm2/s before and 1126.20 ± 96.52 mm2/s 

Table 1. Characteristics of the Patients

Demographics and Clinical Characteristics Finding

Age (years)* 42.0 ± 11.38

Gender

 Male 10

 Female 11

Primary tumor type 21

 Colorectal carcinoma 9/21 (42.5%)

 Cholangiocarcinoma 4/21 (19%)

 Breast carcinoma 3/21 (14.3%)

 Lung cancer 2/21 (9.5%)

 Neuroendocrine tumor 1/21 (4.8%)

 Medullary thyroid carcinoma 1/21 (4.8%)

 Bladder cancer 1/21 (4.8%)

Presence of extrahepatic metastases

 No 16

 Yes 5

Presence of ascites before the intervention

 No 17

 Yes 4

Treated lobe of the liver

 Right lobe 16

 Left lobe  3

Sequential treatment of each lobe**  2

Previous systemic chemotherapy

 No  5

 Yes 16

The mean administered activity/target volume 
(GBq/L)*

4.53 ± 2.47

*Values are expressed as mean ± SD.
**Sequential lobar treatment delivering partitioned doses to the right 
and left liver lobe at an interval of 4-6 weeks.

Table 2. Laboratory Findings of the Patients Before and After the RE 
Treatment

Pre-treatment Post-treatment P

Total bilirubin (mg/dL) 0.56 ± 0.18 1.55 ± 3.10 .024

Creatinine (mg/dL) 0.67 ± 0.2 0.67 ± 0.21 NS

ALT (IU/L) 29.71 ± 0.3 16.54 ± 48.63 .001

AST (IU/L) 31.66 ± 24.57 60.57 ± 44.76 .001

Platelet count (103/mm3) 257.28 ± 93.71 242.87 ± 96.24 NS

Albumin (g/dL) 3.80 ± 0.66 3.38 ± 0.9 .013

GGT (IU/L) 100.7 ± 47.86 115.7 ± 40.55 NS

International normalized 
ratio

1.05 ± 0.06 0.98 ± 0.05 .034

Leukocyte count (103/mm3) 6571 ± 1672 5938 ± 1303 NS

ALT, alanine aminotransferase; AST, aspartate transaminase; GGT, 
gamma glutamyl transferase; NS, not significant RE, radioembolization.
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after the treatment. No difference was observed between pre- and 
post-treatment mean ADC values of the contralateral lobe (P = 
.057) (Table 3). Among 21 patients, none of the patients developed 
REILD. We also evaluated that the potential effect of age, gender, 
the amount of administered activity per target volume, and the 
existence of prior chemotherapy over ADC value decreases in the 
treated lobe of the liver after the RE using multiple linear regres-
sion analysis; however, we observed that none of these param-
eters affected nor correlated with decreased ADC values (P > .05) 
(Table 4).

Discussion
We demonstrated that nontumoral liver parenchyma’s mean 

ADC value of the RE-treated lobe was significantly lower com-
pared to the contralateral lobe. To our knowledge, we conducted 
the first study investigating the diagnostic value of the DWI for 
evaluating the liver injury after RE.

Though we did not have any pathological data regarding the 
nontumoral liver parenchyma, we suggest that several explana-
tions for the reduced ADC values of the treated lobe’s parenchyma 
could be proposed. First, to understand these potential mecha-
nisms, we should briefly discuss the basic physical principles of 
DWI. Diffusion-weighted imaging could indirectly assess the com-
position of the tissues within the voxel by exploiting Brownian 
molecules of the protons, particularly protons. In tissues with high 
cellular concentration or with swollen cells, such as in tumors 
or acute ischemic stroke, or with increased amount of interstitial 
components, such as in fibrosis, the free random movement of the 
extracellular water is strictly restricted, and such tissues have bright 
signal on DWI and decreased ADC values on ADC maps. .30-32

Various morphological features were seen in patients’ liver, which 
was partially absorbed at a dose of radiation over 30 Gray.13-15 The 
main histological changes in these patients is VOD, and the typical 
pathologic findings of VOD are disruption of the hepatic microcir-
culation accompanied by extravasation of inflammatory cells into 
the sinusoidal space, subendothelial deposition of von Willebrand 
factor, and fibrinogen in central venules, as documented by sev-
eral histological studies.33-37 Moreover, in some patients, portal tract 
crowding and also periportal fibrosis could be seen to a certain 

extent at the later periods during the recovery phase.38 It is very 
obvious that all of the mentioned pathological changes related to 
VOD in the earlier periods after the treatment (first 4 months) and 
also fibrosis (generally after 4 months)2-39 would impede free diffu-
sion of the water molecules, which eventually leads to restricted 
diffusion and reduced ADC values. We performed all follow-up 
MRIs at an interval of 2-4 months after the treatment; thus, which 
factors played the dominant role in the reduced ADC values could 
not be exactly inferred from our results. Moreover, we should admit 
that all of the previous pathological studies focused on patients with 
REILD; hence, the link between the reduced ADC values and these 
potential pathological alterations are only assumptions. However, 
an experimental animal study by Dong et al.40 also documented 
reduced ADC values in rabbits exposed to radiation injury in which 
alterations suggested that VOD was demonstrated histopathologi-
cally, which is in line with our findings and assumptions. Overall, 
our preliminary work must be interpreted with caution and should 
be taken as providing evidence that requires validation with histo-
logical findings in a larger patient cohort.

The natural course of REILD/hepatotoxicity after RE has a broad 
variation; it can either be transient and self-limiting or result in 
fulminant hepatic failure and death. Also, as a late complica-
tion of RE and REILD, portal hypertension is increasingly being 
reported.39,41-43 Radioembolization treatment is generally com-
menced in a sequential manner rather than the whole lobe treat-
ment sessions, and there is usually an interval of weeks between 2 
RE therapy sessions.8 Currently, there is no recommended imaging 
modality for the evaluation of the liver parenchyma status, which 
is already hampered by the previous RE or systemic chemotherapy. 
We suggest that predicting the early pathological changes using 
DWI after RE, even before any clinical symptoms of hepatotoxicity 
appear, might play an important role in helping the physicians to 
individually select and form best therapy options for the patient.

Researchers have found several risk factors for liver injury after 
RE and REILD.6,9,12,44-48 Liver-directed treatments such as pre-RE 
or post-RE chemotherapy,6,9,45,47 history of previous RE46 or other 
intraarterial therapies,47 and preexisting chronic liver disease 
have been associated with increased risk of liver injury after 
RE.48 Furthermore, the amount of activity administered relative 
to the total volume was described as an independent risk factor. 
Alzugaray et al9 described activity per target volume as a signifi-
cant risk factor for REILD, which occurs in most patients with a 
dose of higher than 0.8 GBq/L. However, in the present study, nei-
ther a history of previous chemotherapy nor radiation activity per 
target volume was associated with the ADC value decrease of the 
treated lobe. We believe that a small number of participants might 
have caused our inconsistent results with the previous literature.

We had several limitations in the present study. The first, and 
foremost, limitation was the retrospective study design. Hence, we 
could not obtain histopathological data to compare and confirm 
our radiological findings. However, in our study, no identifiable 
factor occurred in or was utilized for the patients, which could 

Table 3. Mean Pre- and Post-radioembolization ADC Measurements of the Treated and Contralateral Lobes of the Tumor-Free Liver Parenchyma

Pre-treatment Post-treatment
Absolute ADC 

Difference
Relative ADC 

Difference P

Treated lobe ADC values (mm2/s) 1079.416 ± 194.57 963.10 ± 171.87 –123.90 ± 165.85 –10.64% ± 12.13 .001

Contralateral lobe ADC values (mm2/s) 1114.24 ± 110.63 1126.20 ± 96.5 –25.27 ± 54.10 –2.14% ± 4.61 .057

All values are expressed as mean ± SD.
ADC, apparent diffusion coefficient.

Table 4. Multivariate Linear Regression Analyses of Factors on ADC 
Value Reduction

Variable P Beta

Age .236 0.267

Gender .962 0.012

History of previous chemotherapy .697 –0.107

Administered activity .213 0.351

ADC, apparent diffusion coefficient.
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have led to hepatotoxicity or pathological changes in the inter-
val between the treatment and follow-up MRI. So, although the 
adverse effects of Y-90 in cases with chronic liver disease are clini-
cally important, we excluded the cases having chronic liver dis-
ease. Because among the cases with chronic liver disease, reduced 
ADC values may also occur due to progression of cirrhosis. Thus, 
we assume that reduced ADC values were most likely to have 
occurred given the treatment. Second, since the present study is a 
single-center study with strict inclusion criteria, the patient popu-
lation was relatively small to investigate the association between 
multiple risk factors and the alterations of ADC values. Prospective 
randomized trials with larger populations are needed to set up a 
more certain conclusion. Third, we did not give the correlation 
between the degree of ADC value decrease and the changes of 
blood tests such as bilirubin, alanine aminotransferase, aspartate 
transaminase, and albumin. In cases of progression of the tumor or 
bile duct occlusion, the laboratory values do not reflect the liver 
injury related to RE treatment on nontumoral liver parenchyma.

Conclusion
In conclusion, we demonstrated that ADC values of the liver 

lobe undergoing Y-90 RE showed a considerable reduction after 
the treatment; though not histopathologically proven, we sug-
gest that these changes might reflect hepatotoxicity secondary to 
embolization procedure. We highlight that DWI may represent an 
important clinical tool for the prediction of liver injury after RE, 
yet more comprehensive works with histopathological data are 
needed to confirm our results.
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