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Abstract. - OBJECTIVE: Recurrent glial tu-
mors treated with bevacizumab often develop
diffusion restriction. In this study, we investi-
gated the diffusion restriction pattern after bev-
acizumab treatment along with the relationship
between apparent diffusion coefficient (ADC)
values of regions with diffusion restriction and
survival period as there are conflicting results
on this relationship.

PATIENTS AND METHODS: We retrospec-
tively identified 24 patients treated with bevaci-
zumab for recurrent glial tumor who had low ADC
values after the onset of the treatment. Magnetic
resonance imaging (MRI) findings were analyzed
for the presence of restricted diffusion, time to
onset, location, duration of restriction, and per-
sistence of restriction after cessation of bevaci-
zumab treatment. A retrospective study was per-
formed to investigate the relationship between
ADC values obtained at first post-bevacizumab
scan and survival periods.

RESULTS: Diffusion restriction appeared 2 to
6 months after the onset of bevacizumab thera-
py and persisted up to 24 months while on bev-
acizumab. The restricted diffusion persisted up
to 6 months after cessation of bevacizumab. Our
results showed that there is a negative correla-
tion between ADC values and progression free
survival as well as overall survival. Patients hav-
ing diffusion restriction areas with lower ADC
values after the initiation of bevacizumab treat-
ment, are found to have increased overall and
progression free survival (p<0.05).

CONCLUSIONS: In patients with recurrent gli-
al tumor treated with bevacizumab, diffusion re-
striction can be observed and the ADC values
obtained from these areas at first post-bevaci-
zumab MRI scan correlate with progression free
and overall survival with the worst survival seen

in patients with higher ADC values which there-
fore can be considered as an imaging marker
that can predict the prognosis.
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Introduction

Gliomas are the most common primary bra-
in tumors in adults with a median survival of 15
months'. Standart treatment for newly diagnosed
glioblastoma is surgical debulking followed by
radiotherapy and temozolomide (TMZ) with ad-
ditional maintenance TMZ'. At the time of disea-
se recurrence, few treatment options are available
and bevacizumab (BEV) is one of them.

High-grade gliomas express a high degree of
vascular endothelial growth factor (VEGF) whi-
ch makes them very vascular tumors. BEV, a re-
combinant monoclonal antibody, is an anti-VEGF
agent that blocks its binding to the receptors on
endothelial cells®*. Studies have shown that it im-
proves progression-free survival (PFS)*. Howe-
ver, it has no effect on overall survival (OS)*°.
VEGF inhibitors, such as BEV, reduce and nor-
malize the permeability of the blood-brain barrier
resulting in decreased contrast enhancement and
peritumoral edema on imaging. Therefore, evalu-
ating the treatment response can cause confusion.
Other multiparametric magnetic resonance ima-
ging (MRI) sequences should also be included in
determining the response to BEV.
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Diffusion-weighted imaging (DWI) is an ad-
vanced MRI technique that measures the motion
of water, which might enable evaluation of BEV
response as this parameter is not related to cont-
rast enhancement’®. Low signal intensity on ap-
parent diffusion coefficient (ADC) maps refers
to increased diffusion restriction. Some patients,
when given BEV, develop prominent diffusion
restriction. It has been shown that these areas can
be seen due to either treatment related coagulative
necrosis or tumor recurrence’ 4. It has also been
reported that the ADC values of necrosis areas
are significantly lower than the tumor recurren-
ce areas'™!®, However, there are conflicting results
about the relationship between the ADC values of
regions with diffusion restriction and survival. In
a study®!” that was based on serial MRI scans, it
has been reported that lesions with progressing
BEV related diffusion restriction are associated
with worst overall survival whereas lesions with
stable diffusion restriction have longer survival
periods. In another study'®, it has been shown that
homogeneous dark signal on ADC maps at initial
follow-up scan, which suggests BEV induced nec-
rosis, is associated with longer survival. However,
ADC value- PFS relation was not investigated in
that study. We hereby, investigated the diffusion
restriction pattern associated with bevacizumab
treatment in recurrent glial tumors along with the
relationship between ADC values of regions with
diffusion restriction obtained at first post-bevaci-
zumab scan and OS as well as PFS. We aimed to
find an imaging marker that can predict prognosis
right after the initiation of the bevacizumab treat-
ment of the glial tumors as selection of the patient
group that could benefit from the chosen therapy
is of great importance.

Patients and Methods

Study Population

The study was conducted according to the Dec-
laration of Helsinki with the approval of the Hos-
pital Ethics Committee (2021-06/1220). Informed
consent was obtained from all individual partici-
pants included in the study. We performed a ret-
rospective study on patients who underwent brain
MRI after starting treatment with BEV for recur-
rent gliomas in our hospital, which is an oncology
center. MR imaging studies and medical records
of patients aged 18-65 years who received BEV
treatment for residual or recurrent brain tumors,
were screened. Thirty-one patients with patho-
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logically confirmed initial glioma who had BEV
treatment after the assessment of the recurrence
based on clinical data and MRI findings were ret-
rospectively assessed by using our clinical PACS
system to determine whether diffusion-restricted
lesions developed following treatment onset. Re-
stricted diffusion means regions with low ADC
values, and it was observed in 28 patients. Patients
with missing MR images or treatment records
and patients with low-quality diffusion-weight-
ed images were excluded from the study. Two of
these patients were excluded from our study be-
cause they did not have follow-up MRI scans in
our hospital. One of the patients had low-quality
diffusion weighted images. One other patient had
missing treatment records (Figure 1). All of the
24 patients were followed up with residual or re-
current brain tumor, had used BEV during their
treatment course and had at least one follow-up
MRI study while on BEV treatment. The death
dates of the patients were recorded as well as the
demographic findings. OS was calculated from
the day BEV started to the date of death whereas
PFS was calculated from the day BEV started to
the date of progression.

MRI Analysis and Image Interpretation

MRI was performed on a 1.5T Signa Excite
HDx scanner (GE Healthcare, Waukesha, WI,
USA) equipped with an eight-channel head coil.
Our imaging protocol included pre- and post ga-
dolinium 3D volumetric T1-weighted inversion
recovery spoiled gradient-recalled sequences,
T2-weighted FLAIR sequence, axial, sagittal and
coronal T2-weighted fast spin-echo sequence, and
a spin-echo EPI (echo-planar imaging) DWI sequ-
ence, ADC images were calculated from acquired
DWI data with b=1000 s/mm?* and b=0 s/mm?.
The ADC values were obtained with the largest
ROI that fits within the diffusion restriction area.

Restricted diffusion defines high signal on dif-
fusion-weighted imaging (DWI) and low signal
on apparent diffusion coefficient (ADC) images.
Serial MR scans were obtained at 2 to 3-month
intervals. MRIs were analyzed for presence of
restricted diffusion, time to onset of diffusion
restriction after the start of BEV treatment, lo-
cation, duration of restriction, and persistence of
restriction after cessation of BEV treatment.

Two radiologists with 4 years of experience
(M.F.G.) and 18 years of experience (B.S.) who
were blinded to the clinical status and outcome,
interpreted the images in consensus. ADC mea-
surements were obtained by using region-of-in-
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Figure 1. Flow diagram showing the study recruitment process.

terest (ROI) analysis and quantitative ADC val-
ues were obtained by placing the largest circular
ROI within the region of diffusion abnormality on
every axial ADC slice. The mean ADC value was
recorded for all scan dates for each patient.

Statistical Analysis

Data analysis was performed with statistical
software SPSS, version 20.0, (IBM Corp., Ar-
monk, NY, USA). The Kolmogorov-Smirnov test
was used to check for data normality. Categorical
variables were expressed as number (n) and percen-
tage (%), while continuous variables were reported
as mean, standard deviation (SD), or median values
depending on the distribution. When testing con-
tinuous variables, the Independent Samples #-test
was used if the test’s parametric assumptions were
fulfilled. Otherwise, the Mann-Whitney U test was
used. Statistical significance was set at p<0.05.
ROC curve was drawn for ADC values. Spearman
and Pearson analyses were performed to explore
correlation between ADC values and survival time,
both after BEV initiation and progression free sur-
vival. Kaplan-Meier method was used to evaluate
1-year survival according to ADC threshold.

Results

The cohort consisted of 9 female (37.5%) and
15 male (62.5%) patients with a mean age of 44

(range 24 to 65 years). Tumor histology included
21 glioblastoma (87.5%), one anaplastic oligo-
dendroglioma (4.2%), two grade 3 astrocytoma
(8.3%). All patients received radiation, temo-
zolomide therapy and BEV at tumor recurrence
(100%). The area of diffusion restriction was ad-
jacent to the lateral ventricle in 12 patients (50%),
at centrum semiovale in 7 patients (29.2%), at co-
rona radiata in 4 (16.7%) patients, at corpus callo-
sum in one patient (4.2%).

Diffusion restriction appeared 2 to 6 months
after the onset of BEV therapy and persisted up to
24 months while on Bevacizumab. The restricted
diffusion persisted up to 6 months after cessati-
on of Bevacizumab. Thirteen patients died under
BEYV therapy.

ADC values according to one-year survival
were statistically significant (»p<0.05). Our results
showed negative correlation between ADC valu-
es and survival after BEV initiation (p<0.05, r=-
0.855) (Figure 2). Similarly, significant negative
correlation was present between ADCs and prog-
ression free survival (p<0.05, r=-0.856) (Figure
3). Patients with higher ADC values after the ini-
tiation of BEV treatment are found to have decre-
ased overall survival (p<0.05) (Figures 4 and 5).

ROC analysis revealed an ADC threshold
of 0.697x10° mm?s (AUC: 95%) according to
one-year survival after BEV therapy initiation
(Figure 6). Tumor grade based statistical analyses
were insignificant regarding ADC values, survi-
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Figure 2. Scatter plot of ADC and survival time after BEV therapy initiation.

val after BEV initiation and progression free sur-
vival (p=0.059, p=0.244 and p=0.249, respecti-
vely). Survival analysis showed that patients with
lower ADC values than the threshold, had longer
survival periods (Figure 7).

Discussion

Our results suggest that in patients with re-
current glial tumor treated with BEV, diffusion
restriction can be observed. Besides, ADC val-
ues obtained from these areas at first post-BEV

MRI scan correlate with progression free and
overall survival with the worst survival seen in
patients with higher ADC values which there-
fore can be considered as an imaging marker
that can predict the prognosis. Moreover, our
survival analysis revealed an ADC threshold of
0.697x10~* mm?/s, when compared according to
one-year survival after BEV therapy initiation
with the lower ADC values than the threshold,
having longer survival periods. Recognition of
diffusion restriction characteristics on first fol-
low-up scan is essential as it has potential to
identify the patients who are likely to respond
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Figure 3. Scatter plot of ADC and progression free survival after BEV therapy initiation.
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Figure 4. Axial post-contrast T1-weighted (A), diffusion-weighted imaging (B), ADC (C), perfusion imaging (D) at pre-
BEV scan and corresponding images at first post-BEV scan (E-H). Patient had higher ADC values on first post-BEV MRI
(block arrow) and expired one month after the first post-BEV scan. Note that the contrast enhancement (arrow) and perfusion

decreased after BEV treatment (star).

to BEV treatment and will have longer survival
periods eventually.

Recurrent brain tumors treated with BEV of-
ten develop diffusion restriction. Previous glio-
ma studies*'** investigating post-BEV diffusion
restriction development have found an inverse
correlation between tumor cellularity and ADC.
On the other hand, others®'>!”!? have stated that
these lesions may be BEV-induced necrosis areas
as bevacizumab binds to VEGF and prevents the
development of blood vessels therefore producing
an ischemic environment that eventually ends up
with necrosis. Nguyen et al'7 performed postmor-
tem examination on 6 patients and their findings
suggest that regions of diffusion restriction are
diffusion-restricted coagulative necrosis. Rieger
et al® hypothesized that such regions result from
BEV-induced chronic hypoxia. Some studies’
tried to enlighten this issue by investigating seri-
al MRI scans. They characterized the changes of
the restricted- diffusion lesions and their relation
with survival’. However, survival prediction ba-
sed on serial MRI scans can result in loss of time.

The main purpose of this study was to investi-
gate the relationship between ADC values of re-
gions with diffusion restriction on first follow-up
MRI scan and survival periods as there are conf-

licting publications on this topic in the literatu-
re? 11142123 Neouyen et al'” found that progressing
BEV-induced diffusion restriction causes decrea-
sed survival in patients with recurrent glioblasto-
ma. However, the study by Mong et al® found that
patients who demonstrated diffusion restriction
following BEV treatment had increased overall
survival. Zhang et al'! found that survival was de-
pendent on the size of the focal lesion. In the cur-
rent study, we retrospectively analyzed the dif-
fusion restriction seen right after BEV treatment
and tried to determine whether ADC values on
first post-BEV scan can predict progression-free
or overall survival. We especially focused on first
post- BEV MRI scan to determine the survival
relationship with ADC as this patient group has
relative short life-span and it would be more effe-
ctive if we could make an assessment as soon as
possible. Furthermore, these lesions will eventu-
ally develop viable tumor and therefore BEV-in-
duced diffusion restriction if present would best
be demonstrated at first follow-up scan.

We also analyzed the time-dependent changes
of these diffusion-restriction areas. In a previous
study by Rieger et al®, the diffusion restriction was
detected as early as 4 weeks after the initiation of
the BEV treatment. Besides, they found it main-
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Figure 5. Axial post-contrast T1-weighted (A), diffusion-weighted imaging (B), ADC (C) at pre-BEV scan and corresponding
images at first post-BEV scan (D-F). Patient had lower ADC values (arrow) on first post-BEV MRI and expired seventeen

months after the first post-BEV scan.

tained for up to 80 weeks?. In our study, diffusion
restriction was also observed on the first month
after the treatment initiation whereas in most of
our patients we could detect the diffusion restri-
ction as early as 3 months. For the maintenance
of the restriction, our patient population also de-
monstrated a wide time range. In our study, the
diffusion restriction was observed for up to 18
months but we also found that this restriction was
maintained for up to 6 months after the cessation
of the BEV treatment.

By analyzing the serial changes of these diffu-
sion-restricted lesions, we also aimed to assess the
pathology beneath the ADC changes. We tried to
determine whether the presence of restricted-dif-
fusion lesions was associated with tumor progres-
sion which would correlate with decreased sur-
vival or treatment-induced necrosis which would
be expected to correlate with improved survival.
Apart from measuring the ADC values that appe-
ar after the BEV treatment, we also investigated
the location of the diffusion restriction. The most
common location of these diffusion-restricted
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areas was along the ventricles. Similar studies’
have stated the most common locations as cor-
pus callosum and along the ventricles which was
also compatible with our findings. In this study,
while some of the diffusion restriction appeared
at the tumor site, others were mostly located pe-
riventricular which was far from the tumor site.
We observed that patients that developed diffu-
sion restriction areas that appeared far from the
tumor site after BEV treatment had longer sur-
vival periods with lower ADC values which are
lower than expected from actively growing tu-
mors. All tumors had eventually progressed but
in the patient group with more than one year ove-
rall survival, the diffusion restriction site detec-
ted after BEV treatment was different from tumor
progression site. Moreover, at the time of prog-
ression, the diffusion-restricted arecas that were
not seen at tumor progression site, had low rCBV
and rCBF values in MR perfusion imaging. The-
refore, we hypothesized that the pathology under
the diffusion restriction in these cases would be
BEV-induced coagulative necrosis and the degree
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of diffusion restriction may serve as a useful tool
to differentiate necrosis from tumor recurrence.
This suggests that very low ADC values observed
other than in the tumor site, that probably indica-
tes treatment-induced necrosis at first post-BEV
MRI scan, can predict longer survival periods. In
addition, this situation can be interpreted as ob-
serving treatment-induced necrosis at first post

treatment scan can be an important imaging mar-
ker showing effectiveness of BEV treatment and
predicting survival.

Limitations

Our study has several limitations. First, it was a
retrospective study and the study population is re-
latively small. In addition, we could not include fol-
low-up ADC values in patients who died under be-
vacizumab treatment. Moreover, the frequency of
MR follow-up imaging was not consistent among
the patients. This lack of consistency led to less
accurate tracking of changes in patients with less
frequent imaging. Besides, we had no control over
variables of therapy. All patients received adjuvant
temozolomide, but the dosage varied depending on
tumor response and patient tolerance of the drug.
Our most important limitation would be that we
could not provide histopathologic validation with
autopsy and biopsy which was not possible because
of the retrospective nature of the current study and
because resection was not performed at recur-
rence. Instead, advanced imaging modalities and
follow-up clinical and imaging findings were used
to clarify whether these lesions represent treatment
effect or tumor progression. Additional histopatho-
logical examinations from the site of diffusion re-
striction are necessary to definitively estimate the
etiology of these lesions and more targeted biop-
sies coordinated with the imaging findings would
be helpful for future investigations.
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Conclusions

In patients with recurrent glial tumor treated
with BEV, diffusion restriction can be observed
after the initiation of the treatment. We deter-
mined that the ADC values obtained from these
areas at first post-bevacizumab MRI scan cor-
relate with progression free and overall survival
with the worst survival seen in patients with high-
er ADC values which therefore can be considered
as an imaging marker that can predict the prog-
nosis. Additionally, analyzing the location of the
diffusion restriction along with the ADC values
might also contribute understanding the patholo-
gy that causes diffusion restriction, whether it is
due to recurrence of tumor or treatment-induced
necrosis. However, larger prospective trials are
needed to confirm our findings.
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