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Abstract A subset of patients with high-grade glioma
and brain metastases who are treated with bevacizumab
develop regions of marked and persistent restricted diffu-
sion that do not reflect recurrent tumor. Here, we quantify
the degree of restricted diffusion and the relative cerebral
blood volume (rCBV) within these regions of bev-
acizumab-related imaging abnormality (BRIA) in order to
facilitate differentiation of these lesions from recurrent
tumor. Six patients with high-grade glioma and two
patients with brain metastases who developed regions of
restricted diffusion after initiation of bevacizumab were
included. Six pre-treatment GBM controls were also
included. Restriction spectrum imaging (RSI) was used to
create diffusion maps which were co-registered with tCBV
maps. Within regions of restricted diffusion, mean RSI
values and mean rCBYV values were calculated for patients
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with BRIA and for the GBM controls. These values were
also calculated for normal-appearing white matter
(NAWM). RSI values in regions of restricted diffusion
were higher for both BRIA and tumor when compared to
NAWM; furthermore RSI values in BRIA were slightly
higher than in tumor. Conversely, rCBV values were very
low in BRIA—lower than both tumor and NAWM. How-
ever, there was only a trend for rCBV values to be higher in
tumor than in NAWM. When evaluating areas of restricted
diffusion in patients with high-grade glioma or brain
metastases treated with bevacizumab, RSI is better able to
detect the presence of pathology whereas rCBV is better
able to differentiate BRIA from tumor. Thus, combining
these tools may help to differentiate necrotic tissue related
to bevacizumab treatment from recurrent tumor.
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Abbreviations
BRIA Bevacizumab-related imaging abnormality

GBM Glioblastoma multiforme
NAWM Normal-appearing white matter
NSCLC Non-small cell lung cancer
rCBV Relative cerebral blood volume

RSI Restriction spectrum imaging
VEGF Vascular endothelial growth factor

Introduction

Malignant glioma is the prototypical example of a highly
vascularized tumor, with pathological angiogenesis largely
attributable to vascular endothelial growth factor (VEGF).
As a result, there has been a great deal of interest in the
development and evaluation of anti-VEGF agents, such as
bevacizumab, in the treatment of recurrent GBM [1]. More
recently, investigators have also started to evaluate the
efficacy of anti-VEGF agents in the treatment of brain
metastases, [2] particularly brain metastases from non-
small cell lung cancer (NSCLC) [3]. With the increasing
use of antiangiogenic agents in the treatment of high-grade
gliomas and to a lesser extent in the treatment of brain
metastases, we are becoming increasingly aware of dis-
tinctive imaging findings seen in patients treated with these
agents.

The phenomenon of “pseudoresponse” is well docu-
mented and refers to a marked decrease in contrast
enhancement and edema on MR imaging that often occurs
after the initiation of bevacizumab therapy, without sig-
nificant effect on overall survival [4]. This pseudoresponse
is attributed to normalization of the blood-brain barrier.
Another interesting phenomenon is the development of
regions of marked and persistent restricted diffusion in a
subset of patients with malignant glioma and brain
metastases after starting bevacizumab therapy. Figure 1
illustrates this bevacizumab-related imaging abnormality
(BRIA) in a patient with brain metastasis from NSCLC. As
expected, the degree of contrast enhancement and the
surrounding FLAIR hyperintensity significantly decrease
on the 6 month follow-up scan after initiation of bev-
acizumab. However, a region of marked restricted diffu-
sion appears just 1 month after initiating bevacizumab,
increases in size on the 6 month follow-up scan, and per-
sists at 12 months.

Previous studies have described this phenomenon in a
subset of patients with malignant glioma [5-7].
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Histopathologic data from these studies showed “atypical
gelatinous necrosis” and fibrotic, hyalinized blood vessels
in the regions of restricted diffusion rather than viable
tumor. Furthermore, these lesions have been correlated
with improved survival [6]. However, based on standard
MR imaging, differentiating these lesions from areas of
viable tumor, which are also associated with restricted
diffusion, [8, 9] remains challenging. Although prior
studies have suggested that the degree of diffusion
restriction within these lesions as well as hypoperfusion on
DSC perfusion imaging may help to distinguish these
lesions from recurrent tumor, [6, 7] there has been no
systematic comparison of the diffusion and perfusion
characteristics of these lesions to known tumor.

Furthermore, whereas prior studies have evaluated these
areas of restricted diffusion using standard DWI and ADC,
we employ restriction spectrum imaging (RSI), an
advanced DWI technique that maximizes sensitivity to the
restricted diffusion signal within cells while excluding the
hindered diffusion signal associated with edema [10]. We
have previously shown that RSI offers improved tumor
conspicuity relative to high b-value ADC in patients with
primary and metastatic brain tumors [11]. We have also
shown that it is less influenced by bevacizumab-induced
decreases in FLAIR hyperintensity than standard ADC and
therefore may serve as a more robust biomarker of tumor
cellularity in the setting of pseudoresponse [12]. Given
these previous findings, we evaluate whether RSI, like
DWI, demonstrates marked and persistent restricted dif-
fusion in a subset of patients treated with bevacizumab.

In the current study, we perform a systematic compari-
son between patients with BRIA and those with treatment-
naive high-grade glioma in order to determine whether the
degree of restricted diffusion and the rCBV can help to
differentiate between these entities. We hypothesize that by
using RSI and DSC perfusion in combination, we will be
able to reliably differentiate between BRIA and recurrent
tumor.

Materials and methods
Patients

All patients included in the study signed consent forms
approved by the institutional review board. Medical
records of 191 patients with high-grade glioma (i.e., WHO
grade III or IV) or brain metastases, who had undergone
MR imaging with a standardized brain tumor protocol at
UCSD Moore’s Cancer Center between December 2010
and June 2013, were reviewed. Of those 191 patients, 67
(35 %) had received bevacizumab therapy at some point
during their treatment regimen, in addition to standard
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Fig. 1 72 year old female with brain metastasis from NSCLC. T1
post-contrast (first row), FLAIR (second row), and RSI (third row)
images are shown from 1 month a—c, 6 months d—f, and 12 months
g-i after initiation of bevacizumab therapy. Contrast enhancement

chemotherapy and radiation. After initiating bevacizumab
therapy, eight (12 %) of these 67 patients developed
regions of marked restricted diffusion which persisted on at
least two sequential MRI’s, with the restricted diffusion
persisting on average 8 months and up to 16 months in

12 months

and surrounding FLAIR hyperintensity significantly decrease on the 6
and 12 month follow-up scans. However, the region of marked
restricted diffusion on the RSI map increases in size on the 6 month
follow-up scan and persists at 12 months

duration. Four patients had GBM, two had anaplastic
astrocytoma, and two had brain metastases. The average
age of this final cohort was 55 years, ranging from 29 to
79 years, with five males and three females (Table 1). In
addition, six patients with GBM were selected as treatment
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Table 1 Patients characteristics

Patient ~ Age/ Pathology Radiation therapy Chemotherapy Length of time with
Gender BRIA (months)

1 44/F GBM Hypofractionated XRT; subsequent SRS TMZ, Sirolimus, Erlotinib 11

2 55/M GBM Standard fractionated XRT TMZ, Nilotinib 16

3 58/M GBM Standard fractionated XRT TMZ, Irinotecan, Carboplatin 5

4 62/M GBM Standard fractionated XRT T™Z 10

5 45/M AA Standard fractionated XRT TMZ, Lomustine 9

6 29/F AA Standard fractionated XRT TMZ, Carboplatin

7 72/F Met (NSCLC) SRS Systemic 12

8 79/M Met (Melanoma) SRS Systemic 2

F female, M male, GBM glioblastoma, AA anaplastic astrocytoma, Met Metastasis, XRT radiation therapy, SRS stereotactic radiosurgery, TMZ

temozolomide, BRIA bevacizumab-related imaging abnormality

naive controls (i.e., no surgery, no chemotherapy, and no
radiation at the time of initial imaging) in order to establish
the baseline diffusion and perfusion characteristics of
known tumor. The average age of the GBM controls was
70 years, ranging from 52 to 85 years, with three males
and three females.

MR imaging

MR imaging was performed on a 3.0T GE Signa Excite
HDx scanner equipped with an 8-channel head coil. Our
imaging protocol included pre- and post-Gadolinium 3D
volumetric T1-weighted IR-SPGR sequences (TE/
TR = 2.8/6.5 ms; TI = 450 ms; FA = 8°; FOV = 24 cm;
093 x 093 x 1.2 mm) and a 3D T2-weighted FLAIR
sequence (TE/TR = 126/6000 ms; TT = 1863 ms; FOV =
24 cm; 0.93 x .093 x 1.2 mm).

RSI was available for all patients and controls in the
study and was obtained using a single-shot pulsed-field
gradient spin-echo (PGSE) echo-planar imaging (EPI)
sequence (TE/TR = 96 ms/17 s; FOV = 24 cm, matrix =
96 x 96 x 48) with four b-values (b = 0, 500, 1,500, and
4,000 s/mm?2), and 6, 6, and 15 unique diffusion directions
for each non-zero b-value, respectively (28 total vol-
umes, ~8 min scan time).

DSC perfusion was available for 6 of the patients with
BRIA and for four of the GBM controls. Using a gradient-
echo EPI sequence (TE/TR = 35/1 600 ms; FA = 90°
section thickness 5 mm with intersection gap of 1 mm;
22 sections; matrix 96 x 96), 20 mL of gadobenate di-
meglumine (Gd-BOPTA; 0.1 mmol/kg body weight; Mul-
tihance, Bracco Imaging) was injected intravenously with
an MR-compatible power injector at a rate of 3 mL/s
through an antecubital angiocatheter, followed immedi-
ately by a 20-mL continuous saline flush. The multisection
image set was acquired every 1-2 s during the first pass of
the contrast agent until 60 time points were obtained.

@ Springer

Image processing

Prior to analysis, raw RSI data were corrected for geo-
metric distortions due to susceptibility, gradient nonlin-
earities, and eddy currents [13].This was followed by
correction of patient motion using in-house software. ADC
values were calculated from a tensor fit to the full dataset
(all b-values and diffusion directions). The RSI model and
analysis are detailed in White et al. [11] Briefly, the dif-
fusion signal in each voxel was fit using a linear mixture
model of restricted and hindered water compartments with
spherical and cylindrical geometries. For this analysis, the
resulting spherically-restricted water fraction formed the
basis of our RSI maps. To maximize sensitivity and spec-
ificity to the spherically-restricted water fraction, a beam-
forming filter was applied to our RSI maps to reduce
residual signal contamination from cylindrically-restricted
and hindered water compartments [11].

DSC perfusion data was post-processed using previously
published methods [14] and commercially available soft-
ware (NordicICE Perfusion Analysis module, NordicNeu-
roLab, Bergen, Norway), and normalized T,/T, leakage
corrected rCBV maps were generated.

RSI maps and rCBV maps were then co-registered in
order to assess the rCBV within the regions of restricted
diffusion in both the patients with BRIA as well as in the
GBM controls.

ROIs

Volumetric ROIs were drawn manually on the RST maps to
delineate the region of restricted diffusion for both the
patient group with BRIA as well as for the control group
with treatment-naive GBM. This was done using the
Amira® software package (Visage Imaging, Inc.). For each
patient, the entire area of restricted diffusion was included,
i.e., all voxels which demonstrated high signal intensity on
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Fig. 2 Plot of individual RSI a and normalized rCBV b values for
each of the patients with BRIA and tumor, as well as for NAWM. RSI
values are displayed as signal intensity (S.I.) values, and rCBV values
are displayed as arbitrary units (a.u.). RSI data is available for all
patients with BRIA and all GBM controls (eight and six, respec-
tively), whereas rCBV data is available for six of the patients with

the RSI map were included in the ROI. NAWM ROI’s
were also drawn within the white matter contralateral to the
area of restricted diffusion on the 3D FLAIR sequence. All
manual ROIs were drawn by two board-certified neurora-
diologists, both with 3 years of experience prior to image
analysis.

Statistical analysis

Due to the small sample size and non-normal distribution
of the data, Mann—Whitney U tests were used to test for
group differences in RSI and rCBV between the patients
with BRIA and the GBM controls. Wilcoxin rank-sum tests
were used to test for differences between areas of restricted
diffusion and NAWM within each of the groups.

Results

RSI values in regions of restricted diffusion were signifi-
cantly higher than in NAWM both for patients with BRIA
[z (13) = —2.52, p = 0.012] as well as for patients with
tumor [z (13) = —2.20 = 0.028]. Moreover, RSI values
were higher in the patients with BRIA than in the patients
with tumor [U (13) = 8.0, p = 0.039]. Conversely, rCBV
values within the regions of restricted diffusion were very
low in patients with BRIA-lower than in patients with
tumor [U (9) = 1, p = 0.019] as well as lower than in
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BRIA and four of the GBM controls. While the RSI values for
patients with BRIA are higher than for those with tumor, rCBV values
demonstrate a much larger magnitude of difference between these
entities, [Please note, two of the data points for the patients with
BRIA on the rCBV graph are overlapping due to very similar
numerical values (0.55 and 0.59 a.u.)]

BRIA

NAWM [z (9) = —2.2, p = 0.028). In our patient sample,
there was only a trend for rCBV values in patients with
tumor to be higher than rCBV in NAWM [z (9) = —1.46,
p = 0.068].

Figure 2 demonstrates these results with a graphical
representation of the individual RSI and rCBV values for
patients with BRIA, patients with tumor, as well as for
the NAWM. Figure 3 also illustrates these results with a
direct comparison of two patients with GBM—one treated
with chemoradiation and bevacizumab and the other
without any treatment prior to the acquisition of these
images. The degree and homogeneity of restricted diffu-
sion is greater in the patient treated with bevacizumab
than in the pre-treatment GBM control. Furthermore, the
rCBV maps demonstrate that the rCBV in the region of
restricted diffusion is remarkably low in the patient
treated with bevacizumab—not only lower than rCBV in
the GBM control but also lower than in the contralateral
NAWM.

Neuropathologic data from subsequent autopsy was
available for two of the eight patients (25 %) with BRIA,
both of which showed similar results. Sections taken from
the areas corresponding to the diffusion restriction, as
highlighted in Fig. 4, revealed areas of eosinophilic coag-
ulative necrosis, hyalinized blood vessels, reactive astro-
cytosis/gliosis, and scattered atypical gemistocytes. Due to
the presence of the scattered atypical gemistocytes, Ki-67
immunostains were performed and found to be entirely
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Fig. 3 Comparison of 55 year old male with GBM treated with
chemoradiation and bevacizumab (fop row) and 66 year old male
with GBM prior to any treatment (bottom row). T1 post-contrast
images a, d, RSI maps b, e, and rCBV maps c, f are shown. Degree
and homogeneity of restricted diffusion is greater in the patient

negative (Fig. 3D), confirming that there was no evidence
of proliferating, recurrent tumor.

Discussion

Previous studies have described the development of a
unique type of necrosis, characterized by marked and
persistent restricted diffusion, in a subset of patients with
malignant glioma treated with bevacizumab [5-7]. This
phenomenon has complicated diagnostic and treatment-
related decisions in these patients, since recurrent tumor is
also associated with restricted diffusion [8, 9]. Further-
more, recent studies have highlighted the role of bev-
acizumab in the treatment of radiation necrosis both
following standard radiation therapy for malignant glioma
as well as following stereotactic radiosurgery for brain

@ Springer

treated with bevacizumab than in the pre-treatment GBM control
(images scaled identically with same window and level), whereas
rCBV in the region of restricted diffusion is remarkably low in the
patient treated with bevacizumab—lower than in the GBM control
and lower than in the NAWM

metastases [15, 16]. Although these findings appear to be
contradictory, they highlight the fact that the necrosis
associated with BRIA is different than that associated with
radiation therapy alone.

Prior reports have relied on standard DWI/ADC to
determine the nature of these areas of restricted diffusion
[5-7]. In the present study, we describe this same phe-
nomenon using a recently developed, advanced diffusion-
weighted technique called RSI. RSI has shown greater
sensitivity to restricted diffusion compared to standard
DWI/ADC because it utilizes multiple b-values and diffu-
sion times to separate out the spherically restricted water
compartment from the hindered water compartment [10].
Using both RSI and rCBV, we demonstrate that patients
with BRIA show higher signal on RSI coupled with lower
rCBV relative to patients with pathology-confirmed GBM.
However, whereas RSI values were on average one and a
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Fig. 4 Micrographs of brain autopsy tissue from two patients with
bevacizumab-treated GBM. Hematoxylin and eosin (H&E) stained
sections a—b from an area of restricted diffusion demonstrate
eosinophilic coagulative necrosis, necrotic/hyalinized blood vessels
(arrow in b), and a few dystrophic calcifications. An H&E stained

half times greater in patients with BRIA relative to patients
with tumor, rCBYV values in these patients were nearly five
times lower than in patients with tumor and were even
lower than those seen in NAWM. These results suggest that
while RSI is very useful in detecting pathology and dif-
ferentiating abnormal tissue from NAWM, its ability to
discriminate BRIA from tumor is less than DSC perfusion
as the rCBV values demonstrate a much larger magnitude
of difference when comparing these entities. On the other
hand, in our patient sample, rCBV values in tumor were not
significantly higher than those in NAWM indicating that
the ability of rCBV to detect the presence of pathology is
less than RSI. These conclusions underscore the comple-
mentary nature of these two imaging modalities, with RSI
clearly demonstrating the restricted diffusion associated
with these pathologies and rCBV better at distinguishing
the type of pathology (i.e., tumor vs. BRIA).

The perfusion characteristics of BRIA are not unex-
pected with the low rCBV values reflecting the anti-VEGF
properties of bevacizumab. However, the diffusion

section ¢ from another area of restricted diffusion shows scattered
atypical gemistocytes adjacent to a hyalinized vessel (arrowheads in
¢) on a background of gliotic white matter. Ki-67 immunostain
d corresponding to the H&E stain from part C is entirely negative. (a:
200x, b, ¢, d: 400x magnifications)

characteristics of BRIA are less well understood since
DWI/ADC has previously been validated as a biomarker
for human glioma cellularity [17]. However, in the case of
BRIA neither DWI/ADC nor RSI are reflecting tumor
cellularity. This raises the question of why this particular
type of necrosis demonstrates such marked restricted dif-
fusion which persists over time, especially since it is well
established that typical radiation necrosis actually facili-
tates diffusion due to liquefaction within the area of
necrosis [18]. We propose that due to the anti-VEGF
properties of bevacizumab which not only reduces the
number of vessels within the tumor bed but also leads to
fibrosis and hyalinization of the remaining vessels, mac-
rophages that would normally remove the cells that have
undergone necrosis due to radiation can no longer access
the area of radiation necrosis. As a result, so-called “ghost
cells” remain in the irradiated tumor bed [19]—-cells which
are characterized by relatively intact plasma membranes
filled with cytoplasm but devoid of nuclei or organelles.
These cells will restrict diffusion due to their intact plasma
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membranes and the intrinsically high T2 of their cyto-
plasm, and this restriction will persist as macrophages
cannot access the area to remove them. Further investiga-
tion with animal models is underway in our laboratory in
order to test this theory.

In addition to demonstrating BRIA in patients with high-
grade glioma, as has been done in prior studies [5—7], the
current study also demonstrates this phenomenon in
patients with brain metastases treated with bevacizumab.
This highlights the essential contribution of radiation
therapy to the development of BRIA since patients with
both high-grade glioma and brain metastases undergo
radiation therapy, whereas the chemotherapeutic regimen
of these two patient groups varies greatly.

Neuropathologic data in our study is very similar to
the prior studies with a recurring theme of coagulative
necrosis and fibrotic, hyalinized blood vessels. We also
found scattered areas of gliosis with many reactive
gemistocytes. Some gemistocytes, particularly those
around blood vessels, had an atypical appearance.
However, we utilized Ki-67 immunostains in both of the
cases for which histology was available. This allowed us
to verify that none of the scattered atypical cells were
proliferating tumor cells, but rather likely represented
reactive cells.

Limitations of our study include the small sample
size, lack of perfusion data for a subset of the patients
and controls, and histologic validation for only 25 % of
our patient group. Furthermore, the neuropathologic data
for the two patients with BRIA came from subsequent
autopsy, resulting in inherent pre-selection bias. How-
ever, follow-up MRI’s were available for all of the
patients with BRIA and demonstrated that the restricted
diffusion persisted on average 8 months and up to
16 months in duration, further corroborating the
assumption that these lesions were related to bev-
acizumab therapy rather than recurrent tumor.

In conclusion, we show that by combining the ability of
RSI to detect pathology and differentiate it from NAWM
and the ability of DSC perfusion to clearly distinguish the
high rCBV of tumor from the remarkably low rCBV of
BRIA, we can increase our diagnostic certainty in dis-
criminating areas of bevacizumab-related necrosis from
recurrent tumor.
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