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ORIGINAL RESEARCH
BRAIN

Longitudinal Restriction Spectrum Imaging Is Resistant to
Pseudoresponse in Patients with High-Grade Gliomas Treated

with Bevacizumab
P.D. Kothari, N.S. White, N. Farid, R. Chung, J.M. Kuperman, H.M. Girard, A. Shankaranarayanan, S. Kesari, C.R. McDonald, and A.M. Dale

ABSTRACT

BACKGROUND AND PURPOSE: Antiangiogenic therapies, such as bevacizumab, decrease contrast enhancement and FLAIR hyperinten-
sity in patients with high-grade gliomas in a manner that may not correlate with actual tumor response. This study evaluated the ability of
an advanced DWI technique, restriction spectrum imaging, to improve conspicuity within regions of restricted diffusion compared with
ADC in patients treated with bevacizumab and to demonstrate that unlike ADC, restriction spectrum imaging is less affected by bevaci-
zumab-induced reductions in FLAIR hyperintensity.

MATERIALS AND METHODS: Restriction spectrum imaging cellularity maps and DWI were available for 12 patients with recurrent
high-grade gliomas at baseline and following initiation of bevacizumab. VOIs were drawn for regions of restricted diffusion, surrounding
FLAIR hyperintensity, and normal-appearing white matter; and intensity values within regions of restricted diffusion and FLAIR hyperin-
tensity were normalized to normal-appearing white matter. Normalized values were compared between restriction spectrum imaging
cellularity maps and ADC at baseline and on treatment by using repeated-measures ANOVA.

RESULTS: All patients exhibited decreases in contrast enhancement and FLAIR hyperintensity following treatment. Normalized intensity
values were higher on restriction spectrum imaging cellularity maps compared with ADC in regions of restricted diffusion, whereas
intensity values were higher on ADC compared with restriction spectrum imaging cellularity maps in regions of FLAIR hyperintensity.
Bevacizumab-induced decreases in FLAIR hyperintensity had a greater effect on ADC than on the restriction spectrum imaging cellularity
maps, with the relative sensitivity of ADC to changes in FLAIR hyperintensity being �20 times higher than that on restriction spectrum
imaging cellularity maps.

CONCLUSIONS: Restriction spectrum imaging is less influenced by reductions in FLAIR hyperintensity compared with ADC, which may
confer an advantage of restriction spectrum imaging over ADC for interpreting tumor response on imaging following antiangiogenic
therapy.

ABBREVIATIONS: FLAIR-HI � FLAIR hyperintensity; GBM � glioblastoma multiforme; NAWM � normal-appearing white matter; RD � restricted diffusion;
RSI-CMs� restriction spectrum imaging cellularity maps

Current radiographic criteria for monitoring patients with

high-grade glioma are heavily dependent on changes in con-

trast enhancement and FLAIR signal on standard MR images.1

However, with greater use of antiangiogenic treatments such as

bevacizumab, an anti vascular endothelial growth factor antibody,

using contrast enhancement as a surrogate for tumor response has

become increasingly challenging.2 Patients with recurrent high-

grade glioma treated with bevacizumab often exhibit a sharp decrease

in contrast enhancement and edema without a corresponding clini-

cal response—a phenomenon called “pseudoresponse”—due to the

ability of antiangiogenic agents to normalize hyperpermeable tumor

vasculature, thus restoring the blood-brain barrier.3,4

DWI and ADC have been proposed as imaging markers for

tumor response in the presence of antiangiogenic agents to ad-
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dress this issue of pseudoresponse.5-8 Regions of increased cellu-

larity, such as tumor, restrict water diffusion and decrease ADC

values relative to surrounding tissue.9,10 However, concomitant

edema and tumor-related necrosis increase ADC values, thereby

directly opposing the reduction in ADC associated with tu-

mor.11,12 This offset may result in diminished conspicuity of tu-

mor on ADC maps and difficulty distinguishing tumor from

NAWM. In the setting of antiangiogenic treatments, which can

significantly decrease edema, the interpretation of ADC values is

further complicated.13,14

To maximize sensitivity to the restricted diffusion signal

within tumor cells while excluding the hindered diffusion signal

associated with edema, we apply a new, advanced DWI technique

called “restriction spectrum imaging.”15 Whereas ADC reflects

both hindered and restricted diffusion pools within a voxel, RSI

uses multiple b-values and diffusion times to separate out the

spherically restricted water compartment from the hindered wa-

ter compartment, and it has been previously shown to improve

tumor conspicuity relative to high-b-value ADC in patients with

primary and metastatic brain tumors.16 Therefore, RSI may pro-

vide a more sensitive and robust biomarker of cellularity com-

pared with conventional DWI and ADC in the context of antian-

giogenic treatments that result in significant decreases in edema.

In this study, we evaluated the ability of RSI to improve con-

spicuity within regions of RD compared with standard ADC in

patients with recurrent high-grade glioma treated with bevaci-

zumab. In line with our previous work, we hypothesized that RSI

would improve conspicuity within regions of RD over standard

ADC, whereas ADC values within regions of RD would approxi-

mate those in NAWM. Moreover, we predicted that RSI would be

minimally affected by bevacizumab-induced reductions in

FLAIR-HI, whereas changes in ADC would be highly influenced

by treatment-related reductions in FLAIR-HI due to the sensitiv-

ity of ADC to fast hindered diffusion.

MATERIALS AND METHODS
Patients
All patients included in the study signed consent forms approved by

the institutional review board. From December 2010 to August 2012,

one hundred ninety-three patients with primary and metastatic brain

tumors at the UCSD Moores Cancer Center underwent a standard-

ized MR imaging protocol that included the RSI sequence. From this

group, 12 patients met the following inclusion criteria to form the

final study cohort: 1) recurrent pathologically confirmed high-grade

glioma (World Health Organization grade III or IV); 2) at least 1

baseline RSI scan before initiating bevacizumab therapy and a fol-

low-up RSI scan while on bevacizumab; and 3) no significant blood

products on susceptibility-weighted images that would confound

diffusion signals on the ADC or RSI scans. The average age of the final

cohort was 54 years, ranging from 27 to 67 years, with 7 men and 5

women. Nine patients had GBMs, while 3 had grade III gliomas (Ta-

ble). To further avoid contamination from immediate postsurgical

effects such as hemorrhage and cytotoxic edema, we did not perform

MRI within the first 2 months following surgery.

MR Imaging
MR imaging was performed on a 3T Signa Excite HDx scanner (GE

Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel

head coil. Our imaging protocol included pre- and postgadolinium

3D volumetric T1-weighted inversion recovery spoiled gradient-re-

called sequences (TE/TR � 2.8/6.5 ms, TI � 450 ms, flip angle � 8 °,

FOV � 24 cm, matrix � 0.93 � 0.93 � 1.2 mm) and a 3D T2-

weighted FLAIR sequence (TE/TR � 126/6000 ms, TI � 1863 ms,

FOV � 24 cm, matrix � 0.93 �.093 � 1.2 mm). For RSI, a single-

shot pulsed gradient spin-echo EPI sequence was used (TE/TR � 96

ms/17 seconds, FOV � 24 cm, matrix � 96 � 96 � 48) with 4

b-values (b�0, 500, 1500, and 4000 s/mm2) with 6, 6, and 15 unique

diffusion directions for each nonzero b-value, respectively (28 total

volumes, �8-minute scanning time).

Demographic and treatment-related characteristics of the patient sample

Patient
Age (yr)/
Sex Pathology Initial Therapy

Surgery Prior to
Bevacizumab
Scan (mo)a

Pre and Post-
Bevacizumab
Scans (day)b

Post-Bevacizumab
Pathologyc

1 58/F GBMWHO IV XRT� TMZ; TMZ 5/28 GTR, 1 �31,�29 –
2 43/M AGN/WHO III/IV XRT� TMZ; TMZ 3/14 GTR, 12 �22,�16 AA/WHO III/IV
3 62/F GBM / WHO IV XRT� TMZ; TMZ 3/14 STR, 1� �3,�112 GBM/WHO IV
4 49/M GBM/WHO IV XRT� TMZ; TMZ 3/14 STR, 1 �10,�22 –
5 57/F GBM/WHO IV XRT� TMZ; TMZ 5/28,

TMZ 3/14
STR, 6� �13,�49 GBM/WHO IV

6 63/F GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 1 �28,�46 GBM/WHO IV�
radiation effect

7 66/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 5 �2,�34 GBM/WHO IV�
radiation necrosis

8 56/M AOA/WHO III XRT� TMZ; TMZ 5/28 RXN, 4� �15 days,�15 –
9 67/M GBM/WHO IV XRT� TMZ; TMZ 5/28 GTR, 7 �7,�29 days –
10 27/F AA/WHO III XRT� TMZ Bx, 2� �8,�16 –
11 40/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 5� �37,�35 –
12 56/M GBM/WHO IV XRT� TMZ; TMZ 5/28 STR, 7 �49,�27 –

Note:—AOA indicates anaplastic oligoastrocytoma; AA, anaplastic astrocytoma; XRT� TMZ, radiotherapy plus adjuvant temozolomide; TMZ 5/28, temozolomide for 5 days
every 28 days; TMZ 3/14, temozolomide for 3 days every 14 days; GTR, gross total resection; STR, subtotal resection; RXN, craniotomy and resection; Bx, biopsy; AGN, anaplastic
glioneural neoplasm; WHO�World Health Organization.
a Months shown indicate the interval between the surgical event and the first scan obtained during bevacizumab treatment.
b Interval in days between the scan prior to bevacizumab treatment (pre-bevacizumab scan), and initiation of bevacizumab therapy, followed by the interval in days between
initiation of bevacizumab therapy and first scan during bevacizumab treatment (post-bevacizumab scan).
c Pathology after bevacizumab therapy had started.
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Preprocessing, ADC Calculation, and RSI Analysis
Before analysis, raw RSI data were corrected for geometric distor-

tions due to susceptibility, gradient nonlinearities, and eddy cur-

rents.17 This was followed by correction of patient motion by

using in-house software. ADC values were calculated from a ten-

sor fit to the full dataset (all b-values and diffusion directions).

Details of the RSI model and analysis are given in White et

al.16 Briefly, the diffusion signal in each voxel was fit by using a

linear mixture model of restricted and hindered water com-

partments with spheric and cylindric geometries. For this arti-

cle, the resulting spherically restricted water fraction formed

the basis of our RSI cellularity maps. To maximize sensitivity

and specificity to the spherically restricted water fraction, a

beam-forming filter was applied to our RSI-CMs to reduce

residual signal contamination from cylindrically restricted and

hindered water compartments.16

Longitudinal Registration
For longitudinal measurement of RSI-CMs and ADC in defined re-

gions of FLAIR-HI and NAWM, it was necessary to account for the

changes in brain shape caused by tumor growth or surgical resection.

A nonlinear registration, as described in McDonald et al,18 was used

to define a parameterized deformation between the first and second

time points (before and after initiation of bevacizumab therapy). The

T1-weighted precontrast images, weighted by T2-weighted FLAIR to

correct for regions of hypointensity, were used to guide the nonlinear

registration, and the computed deformations were then applied to

the coregistered RSI-CM and ADC volumes.

Region-of-Interest and Imaging Analysis
Volumetric ROIs were drawn manually on baseline (pre-bevaci-

zumab) scans for the contrast-enhancing region, the FLAIR-HI

region surrounding the contrast-enhancing region, and NAWM

by using coregistered 3D T1 postcontrast and 3D FLAIR volumes

with the Amira software package (Visage Imaging, San Diego,

California). NAWM was drawn in isointense white matter con-

tralateral to the tumor on the 3D FLAIR sequence. All manual

ROIs were approved by a board-certified neuroradiologist with 3

years of experience before image analysis. An automated region of

interest was also generated for the region of RD within the region

of contrast enhancement, and this region of interest was used to

approximate the actual area of viable tumor within the contrast-

enhancing region.19 Of note, this RD region of interest was gen-

erated from the RSI sequence because our prior work has shown

improved tumor conspicuity on RSI-CMs compared with ADC.16

In addition, our prior work has demonstrated that ADC tends to

underestimate the area of RD, whereas RSI-CMs are more inclu-

sive of the total area of RD.

Determination of relevant ADC and RSI-CM values was per-

formed in a manner similar to methods described by Gerstner et

al.20 Each patient’s baseline (pre-bevacizumab) and follow-up

(on bevacizumab) scans were used for analysis. The baseline

FLAIR region of interest was coregistered with the RSI-CMs and

ADC maps from each scan date. This coregistration allowed de-

termination of ADC and RSI-CM values within the region of

FLAIR-HI at baseline and determination of ADC and RSI-CM

values within the region of RD at baseline.

Statistical Analysis
Intensity values within the RSI-CMs and ADC maps were trans-

formed into z scores on the basis of the mean-intensity values

within contralateral NAWM [(Pixel Intensity of RSI-CMs or

ADC � Mean Intensity in Contralateral NAWM) / SD in Con-

tralateral NAWM]. The z scores provided a measure of the relative

sensitivity of each technique to RD and FLAIR-HI, normalized to

NAWM. Z scores were used in all subsequent analyses. Repeated

measures ANOVAs were performed within regions of RD and

FLAIR-HI with method (RSI-CMs versus ADC) and treatment

(baseline versus on treatment) as repeating factors. This proce-

dure allowed us to evaluate the relative sensitivity of each method

to RD and FLAIR-HI (main effect of method) and to evaluate

whether the relative sensitivity of each method to RD and

FLAIR-HI varies as a function of treatment with bevacizumab

(method by treatment interaction). The relative sensitivity to

change in FLAIR-HI versus RD was also computed for each mea-

sure and was defined as follows: Mean z Score Change in

FLAIR-HI / Mean z Score in the Region of RD.

RESULTS
In all 12 patients who met the inclusion criteria, a visible decrease

in both contrast enhancement and FLAIR-HI was observed fol-

lowing initiation of bevacizumab therapy. Eight patients showed a

decrease of �50% in T1 contrast enhancement, whereas the re-

maining 4 patients showed a decrease of 25%–50%. Similarly, 2 of

the patients showed a corresponding decrease of �50% in

FLAIR-HI surrounding the enhancing region, whereas all 12 pa-

tients showed a decrease of at least 25% in FLAIR-HI following

treatment with bevacizumab. Figure 1 shows a sample patient at

baseline and on treatment with bevacizumab. The decrease in T1

enhancement and FLAIR-HI can be readily appreciated in this

patient following initiation of treatment. Areas of RD are more

conspicuous on RSI-CMs relative to ADC both at baseline and

following treatment, whereas ADC signal intensity following

treatment (ie, when not surrounded by FLAIR-HI) appears sim-

ilar to that in NAWM. Furthermore, the large region of decreased

signal intensity on ADC following treatment appears to mirror

the decreased signal intensity on the FLAIR image (Fig 1J, -K),

whereas RSI-CM intensity changes do not appear similar to de-

creases in FLAIR hyperintensity (Fig 1K, -L).

Figure 2 shows the normalized values (ie, z scores) for RSI-

CMs and ADC in regions of RD and FLAIR-HI before and on

treatment with bevacizumab averaged across patients. The re-

peated measures ANOVA for RD revealed a main effect of method

[F (1,11) � 18.97, P � .01], indicating that RD intensity values

were higher on RSI-CMs relative to ADC both before and on

treatment. In fact, mean RSI-CM intensity values were approxi-

mately 8 times greater than those in NAWM before and on treat-

ment, whereas mean ADC values were only 0.47 and 1.2 times

greater than NAWM at baseline and on treatment, respectively.

The repeated measures ANOVA within the region of FLAIR-HI

revealed a main effect of method, indicating that FLAIR-HI values

were higher on ADC relative to RSI-CMs [F (1,11) � 88.8, P �

.001]. However, this was qualified by a method by treatment in-

teraction [F (1,11) � 61.1, P � .001], which revealed that de-

creases in FLAIR-HI that occurred on treatment with bevaci-
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zumab had a greater effect on ADC than on RSI-CM intensity

values. As shown in Fig 3, the change in ADC following initiation

of bevacizumab was highly correlated with the change in

FLAIR-HI (r � 0.66, P � .05). In addition, the relative sensitivity

to the change in FLAIR-HI versus RD on treatment was 23.5 times

greater for ADC than for RSI-CMs.

DISCUSSION
Here we demonstrate that RSI, a novel diffusion imaging method,

both improves conspicuity within regions of RD relative to ADC

and is less influenced by bevacizumab-induced decreases in

FLAIR-HI. As shown previously, this effect is because RSI is more

sensitive to RD, whereas ADC is more sensitive to hindered dif-

fusion, as seen in areas of FLAIR-HI. In fact, our results suggest

that the relative sensitivity of ADC to changes in FLAIR-HI is �20

times greater than that derived from RSI-CMs. Thus, RSI-CMs

not only facilitate visualization of areas of true RD associated with

tumor cellularity (Fig 1), but they should also provide a more

robust biomarker of cellularity relative to ADC in the context of

treatment-related decreases in FLAIR-HI.

The utility of ADC for detecting high-grade glioma on the basis of

increased RD has been demonstrated in both humans and in animal

models.9,11 However, concomitant edema and tumor-related necro-

sis increase ADC values, thereby directly opposing the reduction in

ADC associated with tumor. As a result, it can be difficult to discrim-

inate tumor, edema, and NAWM from one another on ADC maps

because ADC values in tumor may approximate those of

NAWM.21-23 Indeed, mouse models and clinical studies of patients

with high-grade glioma have demonstrated that ADC is an unreliable

FIG 1. A 67-year-old man with left parietal GBM status after resection and chemoradiation. Top row shows the T1 postcontrast–T1 precontrast (A),
FLAIR (B), ADC (C), and RSI-CM (D) images before the start of bevacizumab, while the middle row shows the T1 postcontrast–T1 precontrast (E), FLAIR
(F), ADC (G), and RSI-CM (H) images after the initiation of bevacizumab. Arrowheads indicate the contrast-enhancing region (green), the surrounding
region of FLAIR-HI (yellow), and the region of RD on RSI-CMs (red). Although there is a decrease in contrast enhancement and surrounding FLAIR-HI
after the initiationofbevacizumab, the regionofRD increases andbecomesmore confluent; this change suggestsworsening residual/recurrent tumor.
Moreover, this increase in the regionof RD ismuchmore conspicuousonRSI-CMscomparedwith theADC. Thebottom rowdepicts these changeson
“change maps” (change in T1 postcontrast–precontrast) (I), change in FLAIR (J), change in ADC (K), and change in the RSI-CMs (L), with red-yellow
indicating an increase in signal intensity and blue-cyan indicating a decrease in signal intensity. Note that on the ADC change map (K), the area of
increased RD is essentially masked by the decreased signal intensity within the region of surrounding FLAIR-HI.
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tool for differentiating tumor and surrounding edema.11,12,23,24

Therefore, when antiangiogenic therapy is administered, subsequent

reduction in edema further complicates the interpretation of ADC

maps.13,14 Although perfusion imaging has been proposed to iden-

tify residual or recurrent tumor following antiangiogenic therapy,

the results are conflicting. Whereas some studies have shown reduced

perfusion following antiangiogenic therapy purportedly due to di-

minished formation of new blood vessels,25,26 other studies have

shown elevated perfusion possibly due to vascular normalization.3,27

RSI provides a tool to specifically probe the RD compartment in the

brain with minimal influence from the hindered diffusion associated

with edema or from changes in vasculature attributable to antiangio-

genic agents.

One of the limitations to the approach described in this article is

that it requires 3D T1-weighted and FLAIR acquisitions and DWI

with multiple b-values, by using a specialized pulse sequence that

enables estimation and correction of spatial distortions due to B0

field variation. However, we contend that these sequences are neces-

sary to accurately align images across sequences and with time in

patients with high-grade gliomas. In this study, we took several steps

to improve image registration across sequences and time in our pa-

tients. First, we used a method to correct for spatial distortions in EPI

data by combining EPI scans acquired with opposite phase-encoding

polarities and thus opposite spatial distortion patterns.17 Second, we

used a nonlinear registration algorithm to improve the alignment of

images with time.28,29 These methods have been previously applied

to serial MRI in large-scale clinical studies29,30 and have been shown

to have high sensitivity compared with existing methods for measur-

ing brain changes with time.31 In addition, our study is limited by a

small sample size, heterogeneity of our patient sample, a lack of clin-

ical follow-up, and lack of pathologic confirmation of recurrent tu-

mor in many of our patients. A larger sample size with tissue obtained

from targeted biopsies is needed to fully understand the nature of the

local RSI signal and to determine its clinical utility. In particular, RSI,

like ADC, is not specific to tumor cellularity per se, despite the greater

sensitivity of RSI to regions of RD. For example, recent studies have

reported regions of marked persistent RD in certain patients follow-

ing treatment with bevacizumab that do not appear to reflect aggres-

sive tumor.26,32 Although the etiology of these strokelike lesions26 on

DWI/ADC remains uncertain, pathologic confirmation in a handful

of cases has revealed atypical gelatinous necrosis.32 RSI, like ADC, is

unable to differentiate these regions of RD caused by bevacizumab-

induced hypoxia and radiation necrosis from those that reflect in-

creased cellularity due to recurrent tumor.26

In our study, pathology reports from 5 patients after initiation

of bevacizumab therapy revealed that regions of diffusion restric-

tion detected on RSI-CMs and ADC were indeed positive for re-

current high-grade glioma (Table). However, RD secondary to

atypical necrosis that arises from bevacizumab-induced hypoxia

cannot be ruled out in the remaining patients. Using other ad-

vanced imaging modalities, such as PET and perfusion imaging,

may be highly beneficial in disambiguating the true nature of

regions of persistent RD. Of note, multispectral imaging analysis

incorporating PET and perfusion to further probe these regions of

persistent RD would require highly precise image registration. In

this context, using methods that correct for spatial distortions

within each technique and coregistering images by using a non-

linear algorithm, as described above, become paramount. Apply-

ing such a multispectral approach to further interrogate regions of

RD seen on RSI-CMs and to better ascertain the specificity of the

RSI signal is currently underway in our laboratory.

CONCLUSIONS
As the clinical landscape continues to evolve for monitoring re-

sponse to therapy in patients with high-grade gliomas, new imag-

ing techniques will need to be developed that increase the

FIG 2. Bar graphs depicting the mean normalized intensity values (z
scores) of the RSI-CMs (A) and the ADC (B) in regions of RD and
FLAIR-HI before and on treatment with bevacizumab. Error bars re-
flect the standard error.

FIG 3. Scatterplot of the relationship between change in ADC z
scores (on treatment–pretreatment) and change in FLAIR-HI z scores
(on treatment–pretreatment) within the regions of FLAIR-HI. Z scores
represent intensity values normalized to NAWM.
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sensitivity and specificity to residual/recurrent tumor versus

treatment-induced changes. We introduce a new technique, RSI,

that increases the sensitivity to areas of RD and is less influenced

by changes in FLAIR-HI relative to standard ADC. Future re-

search is needed by using multispectral imaging and targeted bi-

opsies in a large cohort of patients to determine the specificity of

RSI to tumor and to evaluate its overall prognostic value.
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