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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 
months1. Standart treatment for newly diagnosed 
glioblastoma is surgical debulking followed by 
radiotherapy and temozolomide (TMZ) with ad-
ditional maintenance TMZ1. 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 cells2,3. Studies have shown that it im-
proves progression-free survival (PFS)4. Howe-
ver, it has no effect on overall survival (OS)5,6. 
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 enhancement7,8. 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 recurrence9-14. It has also been 
reported that the ADC values of necrosis areas 
are significantly lower than the tumor recurren-
ce areas15,16. However, there are conflicting results 
about the relationship between the ADC values of 
regions with diffusion restriction and survival. In 
a study9,17 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 study18, 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-

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/mm2 and b=0 s/mm2. 
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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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 t-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 
BEV 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 0.697×10-3 mm2/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-

Figure 1. Flow diagram showing the study recruitment process.
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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 
0.697×10-3 mm2/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 

Figure 2. Scatter plot of ADC and survival time after BEV therapy initiation.

Figure 3. Scatter plot of ADC and progression free survival after BEV therapy initiation.
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to BEV treatment and will have longer survival 
periods eventually.

Recurrent brain tumors treated with BEV of-
ten develop diffusion restriction. Previous glio-
ma studies2,19,20 investigating post-BEV diffusion 
restriction development have found an inverse 
correlation between tumor cellularity and ADC1. 
On the other hand, others9,12,17,19 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 al17 performed postmor-
tem examination on 6 patients and their findings 
suggest that regions of diffusion restriction are 
diffusion-restricted coagulative necrosis. Rieger 
et al3 hypothesized that such regions result from 
BEV-induced chronic hypoxia. Some studies9 
tried to enlighten this issue by investigating seri-
al MRI scans. They characterized the changes of 
the restricted- diffusion lesions and their relation 
with survival9. 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-
re3,9,11,14,21-23. Nguyen et al17 found that progressing 
BEV-induced diffusion restriction causes decrea-
sed survival in patients with recurrent glioblasto-
ma. However, the study by Mong et al9 found that 
patients who demonstrated diffusion restriction 
following BEV treatment had increased overall 
survival. Zhang et al11 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 al3, the diffusion restriction was 
detected as early as 4 weeks after the initiation of 
the BEV treatment. Besides, they found it main-

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).



B. Savran, M.F. Göç, F.U. Öztürk, A.O. Duran, Ö. Ünal

4158

tained for up to 80 weeks3. 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 

areas was along the ventricles. Similar studies9 
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 areas 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 

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.
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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.

Figure 6. ROC analysis of ADC values for differentiating 
survival less than one year.

Figure 7. One-year survival of BEV therapy 
induced patients with diffusion restriction, 
when ADC threshold of 0.697×10-3 mm2/s was 
implemented.
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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.

Conflict of Interest 
The Authors declare that they have no conflict of interests.

Acknowledgements
None.

 
Informed Consent
Informed consent was obtained from all individual partici-
pants included in the study.

 
Availability of Data and Materials 
The datasets generated and analyzed during the current study 
are available from the corresponding author, (B.S.), upon rea-
sonable request.

 

Ethics Approval
The study was conducted in accordance with the Declara-
tion of Helsinki, and the protocol was approved by the Eth-
ics Committee of SBU Dr. Abdurrahman Yurtaslan Ankara 
Oncology Training and Research Hospital (2021-06/1220).

Funding 
This research received no external funding. The authors 
have no relevant affiliations or financial involvement with 
any organization or entity with a financial interest in or 
financial conflict with the subject matter or materials dis-
cussed in the manuscript. No writing assistance was utilized 
in the production of this manuscript.

Authors’ Contributions 
Burcu Savran had contributions to conception and design 
of the study, acquisition and analysis of data, drafting and 
writing the article, validation and final approval of the ver-
sion of the article to be published. Mehmet Fatih Göç had 
contributions to acquisition and analysis of data, drafting 
the article and final approval of the version of the article to 
be published. Funda Ulu Öztürk had contributions to anal-
ysis and interpretation of data, drafting the article and final 
approval of the version of the article to be published. Ayşe 
Ocak Duran had contributions to acquisition of data, draft-
ing the article, validation, and final approval of the version 
of the article to be published. Özkan Ünal had contributions 
to conception and design of the study, acquisition of data, 
making critical revisions related to relevant intellectual 
content of the manuscript, supervision, validation, and final 
approval of the version of the article to be published. All 
authors have read and agreed to the published version of the 
manuscript.

ORCID ID 
Burcu Savran: 0000-0003-0150-8618.
Muhammed Fatih Göç: 0000-0002-2739-6653. 
Funda Ulu Öztürk: 0000-0003-2782-2824.
Ayşe Ocak Duran: 0000-0002-1703-726X. 
Özkan Ünal: 0000-0001-5024-8918.

References

  1)	 Stupp R, Mason WP, Van Den Bent MJ, Weller 
M, Fisher B, Taphoorn MJB, Belanger K, Brandes 
AA, Marosi C, Bogdahn U, Curschmann J, Janzer 
RC, Ludwin SK, Gorlia T, Allgeier A, Lacombe D, 
Cairncross JG, Eisenhauer E, Mirimanoff RO. Eu-
ropean Organisation for Research and Treatment 
of Cancer Brain Tumor and Radiotherapy Groups, 
National Cancer Institute of Canada Clinical Trials 
Group. Radiotherapy plus concomitant and adju-
vant temozolomide for glioblastoma. N Engl J 
Med 2005; 352: 987-996.

  2)	 Batchelor TT, Sorensen AG, Di Tomaso E, Zhang 
WT, Duda DG, Cohen KS, Kozak KR, Cahill DP, 
Chen PJ, Zhu M, Ancukiewicz M, Mrugala MM, 
Plotkin S, Drappatz J, Louis DN, Ivy P, Scadden 
DT, Benner T, Loeffler JS, Wen PY, Jain RK. 
AZD2171, a pan-VEGF receptor tyrosine kinase 
inhibitor, normalizes tumor vasculature and alle-
viates edema in glioblastoma patients. Cancer 
Cell 2007; 11: 83-95. 

  3)	 Rieger J, Bahr O, Muller K, Franz K, Steinbach 
J, Hattingen E. Bevacizumab induced diffusion 
restricted lesions in malignant glioma patients. J 
Neurooncol 2010; 99: 49-56.

  4)	 Friedman HS, Prados MD, Wen PY, Mikkelsen T, 
Schiff D, Abrey LE, Yung WKA, Paleologos N, Ni-
cholas MK, Jensen R, Vredenburgh J, Huang J, 
Zheng M, Cloughesy T. Bevacizumab alone and 
in combination with irinotecan in recurrent gliobla-
stoma. J Clin Oncol 2009; 27: 4733-4740.



Diffusion restriction associated with bevacizumab treatment in glial tumors

4161

  5)	 Chinot OL, Wick W, Mason W, Henriksson R, 
Saran F, Nishikawa R, Carpentier AF, Xuan KH, 
Kavan P, Cernea D, Brandes AA, Hilton M, Abrey 
L, Cloughesy T. Bevacizumab plus radiotherapy- 
temozolomide for newly diagnosed glioblastoma. 
N Engl J Med 2014; 370: 709-722.

  6)	 Gilbert MR, Dignam JJ, Armstrong TS, Wefel JS, 
Blumenthal DT, Vogelbaum MA, Colman H, Cha-
kravarti A, Pugh S, Won M, Jeraj R, Brown PD, 
Jaeckle KA, Schiff D, Stieber VW, Brachman DG, 
Wasik MW, Lukats IWT, Sulman EP, Aldape KD, 
Curran Jr WJ, Mehta MP. A randomized trial of 
bevacizumab for newly diagnosed glioblastoma. 
N Engl J Med 2014; 370: 699-708.

  7)	 Svolos P, Kousi E, Kapsalaki E, Theodorou K, Fe-
zoulidis I, Kappas C, Tsougos I. The role of diffu-
sion and perfusion weighted imaging in the diffe-
rential diagnosis of cerebral tumors: a review and 
future perspectives. Cancer Imaging 2014; 14: 20.

  8)	 Mabray MC, Barajas RF Jr, Cha S. Modern brain 
tumor imaging. Brain Tumor Res Treat 2015; 3: 8-23.

  9)	 Mong S, Ellingson BM, Nghiemphu PL, Kim HJ, 
Mirsadraei L, Lai A, Yong W, Zaw TM, Cloughesy 
TF, Pope WB. Persistent diffusion- restricted le-
sions in bevacizumab-treated malignant gliomas 
are associated with improved survival compared 
with matched controls. AJNR Am J Neuroradiol 
2012; 33: 1763-1770.

10)	 Hwang EJ, Cha Y, Lee AL, Yun TJ, Kim TM, Park 
CK, Kim JH, Sohn CH, Park SH, Kim IH, Heo DS, 
Lee SH, Choi SH. Early response evaluation for 
recurrent high grade gliomas treated with bevaci-
zumab: a volumetric analysis using diffusion-wei-
ghted imaging. J Neurooncol 2013; 112: 427-435.

11)	 Zhang M, Gulotta B, Thomas A, Kaley T, Karimi 
S, Gavrilovic I, Woo KM,  Zhang Z, Perez JA, Ho-
lodny AI, Rosenblum M, Young RJ. Large-volume 
low apparent diffusion coefficient lesions predict 
poor survival in bevacizumab- treated glioblasto-
ma patients. Neuro Oncol 2016; 18: 735-743.

12)	 Gupta A, Young RJ, Karimi S, Sood S, Zhang Z, 
Mo Q, Gutin PH, Holodny AI, Lassman AB. Iso-
lated diffusion restriction precedes the develop-
ment of enhancing tumor in a subset of patients 
with glioblastoma. AJNR Am J Neuroradiol 2011; 
32: 1301-1306.

13)	 Gerstner ER, Frosch MP, Batchelor TT. Diffusion 
magnetic resonance imaging detects pathologi-
cally confirmed, nonenhancing tumor progression 
in a patient with recurrent glioblastoma receiving 
bevacizumab. J Clin Oncol 2010; 28: 91-93.

14)	 Farid N, Almeida-Freitas DB, White NS, McDo-
nald CR, Muller KA, Vandenberg SR, Kesari S, 
Dale AM. Restriction-spectrum imaging of beva-
cizumab-related necrosis in a patient with GBM. 
Front Oncol 2013; 3: 258.

15)	 LaViolette PS, Mickevicius NJ, Cochran EJ, Rand 
SD, Connelly J, Bovi JA, Malkin MG, Mueller WM, 
Schmainda KM. Precise ex vivo histological vali-
dation of heightened cellularity and diffusion-rest-
ricted necrosis in regions of dark apparent diffu-
sion coefficient in 7 cases of high-grade glioma. 
Neuro Oncol 2014; 16: 1599-1606. 

16)	 Farid N, Almeida-Freitas DB, White NS, McDo-
nald CR, Kuperman JM, Almutairi AA, Muller 
KA, Vandenberg SR, Kesari S, Dale AM. Combi-
ning diffusion and perfusion differentiates tumor 
from bevacizumab-related imaging abnormality 
(BRIA). J Neurooncol 2014; 120: 539-546.

17)	 Nguyen HS, Milbach N, Hurrell SL, Cochran E, 
Connelly J, Bovi JA, Schultz CJ, Mueller WM, 
Rand SD, Schmainda KM, LaViolette PS. Prog-
ressing Bevacizumab- induced diffusion restric-
tion is associated with coagulative necrosis sur-
rounded by viable tumor and decreased overall 
survival in patients with recurrent glioblastoma. 
AJNR Am J Neuroradiol 2016; 37: 2201-2008. 

18)	  Goyal P, Tenenbaum M, Gupta S, Kochar PS, 
Bhatt AA, Mangla M, Kumar Y, Mangla R. Survi-
val prediction based on qualitative MRI diffusion 
signature in patients with recurrent high grade 
glioma treated with bevacizumab. Quant Imaging 
Med Surg 2018; 8: 268-279. 

19)	 Alvarez-Linera J, Benito-Leon J, Escribano J, 
Ray G. Predicting the histopatho-logical grade 
of cerebral gliomas using high b value MR DW 
imaging at 3-Tesla. J Neuroimaging 2008; 18: 
276-281.

20)	 Ellingson BM, Malkin MG, Rand SD, Connel-
ly JM, Quinsey C, LaViolette PS, Bedekar DP, 
Schmainda KM. Validation of functional diffusi-
on maps (fDMs) as a biomarker for human glio-
ma cellularity. J Magn Reson Imaging 2010; 31: 
538-548.

21)	 Rahman R, Hamdan A, Zweifler R, Jiang H, Nor-
den AD, Reardon DA, Mukundan S, Wen PY, Hu-
ang RY. Histogram analysis of apparent diffusion 
coefficient within enhancing and nonenhancing 
tumor volumes in recurrent glioblastoma patients 
treated with bevacizumab. J Neurooncol 2014; 
119: 149-158.

22)	 Pope WB, Kim HJ, Huo J, Alger J, Brown MS, 
Gjertson D, Sai V, Young JR, Tekchandani L, 
Cloughesy, T, Mischel PS, Lai A, Nghiemphu P, 
Rahmanuddin S, Goldin J. Recurrent glioblasto-
ma multiforme: ADC histogram analysis predicts 
response to bevacizumab treatment. Radiology 
2009; 252: 182-189.

23)	 Jeyaretna DS, Curry WT Jr, Batchelor TT, Stem-
mer-Rachamimov A, Plotkin SR. Exacerbation 
of cerebral radiation necrosis by bevacizumab. J 
Clin Oncol 2011; 29: 159-162.


