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ABSTRACT

BACKGROUND AND PURPOSE: The interpretation of the radiologic response of bevacizumab-treated patients with recurrent high-
grade gliomas represents a unique challenge. Delayed-contrast MR imaging was recently introduced for calculating treatment-response-
assessment maps in patients with brain tumors, providing clear separation between active tumor and treatment effects. We studied the
application of standard and delayed-contrast MR imaging for assessing and predicting the response to bevacizumab.

MATERIALS AND METHODS: Twenty-four patients with recurrent high-grade gliomas were scanned before and during bevacizumab treat-
ment by standard and delayed-contrast MR imaging. The mean change in lesion volumes of responders (overall survival, �1 year) and nonre-
sponders (overall survival, �1 year) was studied. The lesion volumes at baseline and the changes in lesion volumes 1 month after treatment
initiation, calculated from standard and delayed-contrast MRIs, were studied as possible predictors of outcome. In scans acquired at progression,
the average change in lesion volume from previous follow-up in standard and delayed-contrast MRIs was compared.

RESULTS: Response and progression patterns were identified from the mean change in lesion volumes, depicted from conventional T1WI,
delayed contrast-enhanced MR imaging, and DSC MR imaging. Thresholds for early prediction of response were calculated by using these
sequences. For each predictor, sensitivity, specificity, positive predictive values, and negative predictive values were calculated, reaching 85.7%,
87.5%, 75%, and 93.3% for conventional T1WI; 100%, 87.5%, 77.8%, and 100% for delayed-contrast MR imaging; and 75%, 78.6%, 50%, and 91.7% for
DSC MR imaging. The benefit of delayed-contrast MR imaging in separating responders and nonresponders was further confirmed by using
log-rank tests (conventional T1WI, P � .0022; delayed-contrast MR imaging, P � .0001; DSC MR imaging, P � .0232) and receiver operating
characteristic analyses. At progression, the increase in lesion volumes in delayed-contrast MR imaging was 37.5% higher than the increase in
conventional T1WI (P � .01); these findings suggest that progression may be depicted more effectively in treatment-response-assessment maps.

CONCLUSIONS: The benefit of contrast-enhanced MR imaging for assessing and predicting the response to bevacizumab was demon-
strated. The increased sensitivity of the treatment-response-assessment maps reflects their potential contribution to the management of
bevacizumab-treated patients with recurrent high-grade glioma.

ABBREVIATIONS: BlueV � blue volume calculated from the TRAMs; FLAIRV � FLAIR hyperintense volume calculated from precontrast FLAIR MRI; HGG �
high-grade glioma; HPV � hyperperfusion volume calculated from DSC MRI; OS � overall survival; PFS � progression-free survival; RANO � Response Assessment in
Neuro-Oncology; T1GdV � enhancing volume calculated from contrast-enhanced T1WI; TRAM � treatment-response-assessment map

Bevacizumab is an antiangiogenic drug, FDA-approved for pa-

tients with recurrent glioblastoma multiforme. Bevacizumab

commonly results in prolonged progression-free survival (PFS)

and faster reduction of corticosteroid treatment; however, the

role of bevacizumab in overall survival (OS) remains controver-

sial.1-4 Radiologically, bevacizumab treatment is often accompa-
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nied by a dramatic decrease in contrast enhancement due to vas-

cular normalization, causing unique challenges in interpreting

the radiographic response.5-7

Several studies have demonstrated that treatment-response crite-

ria and changes on contrast-enhanced T1WI may serve as predictors

of PFS and OS in patients treated with bevacizumab,8-12 while other

studies have identified only weak relationships between imaging and

OS. This difference may be explained by the difficulty in defining

subtle enhancing tumor boundaries after the start of bevacizumab

therapy.12 In addition, several physiologic parameters such as relative

CBV and hyperperfusion volume (HPV, the fraction of contrast-

enhancing volume with relative CBV above a predetermined thresh-

old), calculated from DSC MR imaging, and ADC histogram analysis

and functional diffusion maps, calculated from DWI, were also

shown to be associated with outcome.13-16 The clinical utility of these

physiologic imaging techniques has not yet been confirmed, and me-

thodic concerns such as standardization of measurement parame-

ters, artifact minimization, and improvement of spatial resolution

remain unresolved.6,7

Treatment-response-assessment maps (TRAMs) were recently

introduced, providing high-resolution differentiation between tu-

mor and nontumor tissues (such as radionecrosis and pseudopro-

gression) in patients with high-grade gliomas (HGGs) and those with

brain metastases undergoing standard treatment.17,18 TRAMs are

calculated by subtracting conventional T1WI (acquired a few min-

utes postcontrast) from delayed T1WI (acquired with a delay of �1

hour postcontrast). These maps depict the spatial distribution of

contrast accumulation and clearance.

This model-independent technique is based on robust T1WI

sequences, enabling separation between active tumor (contrast

clearance at the delayed time point, blue in the TRAMs) and treat-

ment effects (contrast accumulation, red). The TRAMs were val-

idated histologically in 51 patients having undergone resection,

resulting in 100% sensitivity and 92% positive predictive value to

active tumor. One explanation for the difference between the 2

populations may be found in the vessel morphology typically

present in these regions17,18: In blue tumor regions, vessel lumens

were viable and undamaged, while vessels in the red regions pre-

sented different stages of vessel necrosis. Here, we studied the

application of standard and delayed-contrast MR imaging for as-

sessing and predicting the response to bevacizumab.

MATERIALS AND METHODS
Patients and Treatment
This prospective study was conducted after approval of the local

ethics committee at Sheba Medical Center. Written informed

consent was obtained from all patients.

Included were patients with recurrent HGG who failed the

standard first-line therapy (maximal surgical resection, radiation

therapy, and concomitant and adjuvant chemotherapy with te-

mozolomide) and were candidates for bevacizumab, older than

18 years of age, and willing to sign the informed consent form.

Exclusion criteria were World Health Organization performance

status of �3, contraindications to undergoing MR imaging, and

contraindications to bevacizumab administration.

Twenty-four patients with HGG who underwent standard

chemoradiation treatment and had progressed were recruited and

scanned before and periodically after the initiation of bevaci-

zumab treatment (10 mg/kg every 14 days). Six were women, and

the mean age at recruitment was 54 � 13 years, ranging from 25 to

73 years. At recruitment, 15 patients had undergone gross total

resection; 2, subtotal resections; and 7, biopsies. HGG histology

included the following: 17 with World Health Organization grade

IV (16 with glioblastoma multiforme; 1 gliosarcoma) and 7 grade

III (3 with anaplastic astrocytomas; 3 with anaplastic oligoden-

droglioma; 1 with anaplastic oligoastrocytoma).

MR Imaging: Data Acquisition
Patients underwent MR imaging before treatment (following pro-

gression), 1 month posttreatment, and every 2–3 months thereaf-

ter or earlier according to their clinical condition. Patients were

scanned between 2 and 8 times, up to 94 imaging sessions. All

patients had a pretreatment scan, acquired 15 � 9 days before

treatment, and a 1-month follow– up scan, acquired 36 � 9 days

posttreatment.

The MRIs were acquired by using 1.5T and 3T MR imaging

systems (Optima MR450w and Signa HD; GE Healthcare, Mil-

waukee, Wisconsin). The patients were scanned up to �30 min-

utes after contrast injection by using the hospital standard brain

tumor protocol, which included DSC MR imaging, FSE T2WI,

pre- and postcontrast T2-FLAIR imaging, EPI-based DWI, SWI,

and high-resolution spin-echo T1WI, which were acquired

before and 2 minutes 54 seconds � 1 minute 24 seconds,

on average, after contrast injection (immediately after DSC MR

imaging). The patients were then taken out of the MR imaging

system and were asked to return for a short scan performed 75

minutes 12 seconds � 6 minutes 6 seconds after contrast injec-

tion, which included the same high-resolution, spin-echo T1WI

sequence. T1WIs were acquired with TE � 22 ms, TR � 240 ms,

FOV � 26 � 19.5 cm, section thickness of 5 mm with a 0.5-mm

gap, and 512 � 512 pixels. DSC MRIs were acquired with TE � 50

ms, TR � 2000 ms, flip angle � 70°, FOV � 26 � 19.5 cm,

5/0.5-mm section thickness, and 96 � 128 pixels. A standard sin-

gle dose (0.1 mmol/kg) of Gd-DOTA (Dotarem, 0.5 mmol/mL;

Guerbet, Aulnay-sous-Bois, France) was injected intravenously

by using an automatic injection system 6 seconds after starting

DSC MR imaging.

MR Imaging: Data Analysis
All image analysis was performed by using Matlab (Version

R2010a; MathWorks, Natick, Massachusetts).

The TRAMs were calculated as previously described,17,18 and

several parameters were calculated from conventional and de-

layed-contrast MR imaging, as defined below:

● Enhancing volume calculated from contrast-enhanced T1WI

(T1GdV)

● FLAIR hyperintense volume calculated from precontrast

FLAIR MRI (FLAIRV)

● Blue volume calculated from the TRAMs (BlueV), representing

efficient clearance of contrast from the tissue

● Hyperperfused volume calculated from DSC-MRI (HPV)

● Mean ADC value calculated from DWI (mean ADC).
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T1GdVs, FLAIRVs, and BlueVs were calculated by using a

semiautomatic segmentation algorithm. A detailed description of

this algorithm and the calculations of HPV and mean ADC are

presented in On-line Appendix A.

Assessment of Progression
For each follow-up scan, radiologic outcome was assessed from

the change in T1GdVs and FLAIRVs from the previous scan, by

using the same thresholds for 2D-T1WI prescribed by the Re-

sponse Assessment in Neuro-Oncology (RANO) group guide-

lines.5 In short, a decrease of �50% in T1GdV with stable or

reduced FLAIRV was considered a response; an increase of �25%

in T1GdV or an increase of �25% in FLAIRV, not attributed to

other causes, or the appearance of any new lesion was considered

progression. PFS was calculated as the time difference between

initiation of bevacizumab treatment and the acquisition of the

first MR imaging scan indicating progression.

Separating Responders and Nonresponders
Patients with an OS of �1 year were considered responders, and

those with an OS of �1 year, nonresponders.

Response Patterns
In an attempt to identify reliable imaging parameters for early assess-

ment of response and nonresponse to bevacizumab, the mean values

of the changes in lesion volumes were plotted separately for respond-

ers and nonresponders as a function of time for the following param-

eters: T1GdVs, FLAIRVs, BlueVs, HPVs, and mean ADCs. The sep-

aration between responders and nonresponders was studied for the

different parameters at the 1-month follow-up.

Early Assessment of Response to Bevacizumab Treatment
To determine the threshold for each predictor, we plotted the

logarithmic values of patients’ PFS as a function of the logarithmic

values of the change (ratio) in lesion volume after 1 month of

treatment for T1GdVs, BlueVs, and HPVs. A linear function was

fitted to each plot (log-log plots of PFS versus volume change) and

thresholds for differentiating responders and nonresponders

were determined for each of the 3 parameters by calculating the

change (ratio) in lesion volume corresponding to a PFS of 6

months.

To establish the validity of these predictors for early (1-

month) assessment of response to bevacizumab, we divided the

patients into 2 groups defined by the thresholds of each of the 3

predictors determined above (T1GdV, BlueV, and HPV): Re-

sponders were below the threshold; nonresponders, above it. The

median OS of the groups determined by these thresholds was

calculated and compared by using log-rank analysis.

Receiver operating characteristic analysis was performed for

comparing the ability of the 1-month change in T1GdV, BlueV,

and HPV to aid early prediction of PFS and OS, by using the area

under the curve as a measure of performance.

Statistical Analysis
Statistical analysis was performed by using GraphPad InStat (Ver-

sion 3.05; GraphPad Software, San Diego, California).

The median OS of the responders and nonresponders was cal-

culated and compared by using log-rank analysis. Comparison of

the unpaired differences between responders and nonresponders

and comparison of the baseline radiologic parameters of the re-

sponders with those of the nonresponders were performed by

using an unpaired t test with a Welch correction. The correlation

between patients’ PFS and OS was studied by using linear

regression.

In all follow-up scans for which progression was determined,

the change (ratio) in T1GdVs since the previous follow-up was

compared with that of BlueVs and HPVs by using Wilcoxon

matched-pairs signed ranks. This method was also used to com-

pare FLAIRVs and mean ADC values before and after treatment.

In all analyses, P � .05 was considered a significant difference.

RESULTS
Separating Responders and Nonresponders
Seven of the 24 recruited patients (29.2%, of which 57.1% were

grade IV; 42.9%, grade III; 28.6% underwent biopsy; 14.3%, sub-

total resection; 57.1%, gross total resection) were responders, and

17 (70.8%, of which 76.5% were grade IV; 23.5%, grade III; 29.4%

underwent biopsy; 11.8%, subtotal resection; 58.8%, gross total

resection) were nonresponders.

The median PFS of all patients was 3.5 months (95% CI, 2.3–

7.6 months). Eight of the 24 patients had a PFS of �6 months, and

16 had a PFS of �6 months. The median OS of all patients was 9.2

months (95% CI, 8.2–11.6 months). The median OS of the re-

sponders was significantly higher than that of the nonresponders:

24.1 months (95% CI, 14.8 –34.4 months) versus 8.7 months

(95% CI, 5.4 –9.2 months) (P � .0001). Significant correlation

was found between patients’ PFS and OS (r2 � 0.94, P � .0001).

Seven of the 8 patients with a PFS of �6 months reached an OS of

�1 year (3 were alive at the time of analysis), and all patients with

a PFS of �6 months did not.

At 1 month, the response was determined in 15 (62.5%) pa-

tients. However, 8 of them showed only short-term benefit (OS of

�1 year, with a median OS of 6.9 months; 95% CI, 5.2–11.4

months), while only 7, as mentioned above (less than half of the

initially responding patients), showed a long-term response.

Treatment Outcome is Independent of Pretreatment
Radiologic Markers
No statistically significant differences were found between any of

the baseline parameters of the responding and nonresponding

patients: T1GdV: 32.9 � 13.4/29.4 � 4.6 mL, P � .81; BlueVs:

17.3 � 7.7/15.1 � 2.2 mL, P � .80; FLAIRVs: 156.5 � 34.3/

127.7 � 15.0 mL, P � .46; HPV: 14.2 � 5.1/12.6 � 2.2 mL,

P � .79; mean ADCs: 9.8 � 1.0/1.1 � 0.6 � 10�3 mm2/s, P � .57.

Examples demonstrating that the response to bevacizumab is

independent of pretreatment tumor volumes are given in Fig 1.

Response Patterns
Responders showed a significant decrease in lesion volumes at the

1-month follow-up (T1GdVs: decrease to 20.1% � 3.8% of base-

line volume; BlueVs: 13.7% � 2.3%; HPVs: 15.1% � 5.5%), fol-

lowed by decreased and stable lesion volumes on the next follow-

ups. Nonresponders showed a smaller decrease at the 1-month

follow-up (T1GdVs: 64.7% � 9.3%; BlueVs: 63.3% � 9.4%;

AJNR Am J Neuroradiol ●:● ● 2016 www.ajnr.org 3



HPVs: 53.4% � 13.4%), followed by a significant increase in the

next follow-ups (Fig 2).

The separation between responders and nonresponders was

studied at the 1-month follow-up and was found significant for

the following: T1GdVs: P � .0003; BlueVs: P � .0001; HPVs:

P � .017.

When we compared FLAIRVs and mean ADCs before and

after 1 month of treatment for all patients (responders and non-

responders), the decrease after the initiation of treatment was

significant (FLAIRVs: P � .001; mean ADCs: P � .0002), but

there was no significant difference between responders and non-

responders (FLAIRVs: P � .29 and ADCs: P � .49).

Early Assessment of Response to Bevacizumab Treatment
When plotted on a log-log scale, PFS showed significant linear

correlation with the change in lesion volume for all 3 predictors:

The correlation coefficient of BlueV ( r2 � 0.80; P � .0001) was

found to be higher than that of T1GdV (r2 � 0.58; P � .0002), and

HPV ( r2 � 0.55; P � .0015).

The thresholds for differentiating responders and nonre-

sponders calculated from this fit analysis were 0.32 for T1GdV,

0.29 for BlueV, and 0.19 for HPV. Accordingly, if the change in

lesion volume 1 month after initiation of bevacizumab is lower

than these thresholds (for example, if T1GdV decreases to below

29% of its pretreatment volume, ie,
T1GdV1 month

T1GdVbaseline

� 0.29, the

patient is predicted to be a responder; if the change is above these

thresholds, the patient is predicted to be a nonresponder. The

Table summarizes the median OS of the groups determined by

these thresholds and the P values resulting from log-rank analysis.

Kaplan-Maier curves are presented in Fig 3.

Using the thresholds determined from PFS values, we calcu-

lated the sensitivity, specificity, positive predictive values, and

negative predictive values to the response (OS of �1 year) for each

of the 3 predictors reaching 100%, 87.5%, 77.8%, and 100% for

TRAMs; 85.7%, 87.5%, 75%, and 93.3% for contrast-enhanced

MR imaging; and 75%, 78.6%, 50%, and 91.7% for DSC MRI.

Receiver operating characteristic analysis applied to pre-

defined clinical end points of PFS at �6 months and OS at �1

year demonstrated the added value of the TRAMs (Fig 3): For

prediction of PFS, the areas under the curve were the following:

0.831 � 0.099, P � .03 for T1GdV; 0.938 � 0.062, P � .005 for

BlueV; and 0.815 � 0.106, P � .04 for HPV. For OS of �1 year,

the areas under the curve were the following: 0.893 � 0.079,

P � .02 for T1GdV; 0.946 � 0.056, P � .008 for BlueV; and

0.821 � 0.119, P � .06 for HPV.

Sensitivity to Progression
Progression was determined in 13 of the 94 imaging sessions.

When we compared the change in T1GdVs relative to the pre-

vious follow-up with that of the BlueVs, the increase in BlueVs

was found to be 37.5% higher than the increase in T1GdVs

(95% CI, 6%– 81%, P � .013), suggesting that progression may

be depicted more effectively in the TRAMs. An example is

shown in Fig 4.

When we compared the change in T1GdVs relative to the pre-

vious follow-up with that of the HPVs, the difference in the in-

crease was not significant (P � .91).

Comparison of the TRAMs with conventional MR imaging

can be found in On-line Appendix B. The effects of re-irradi-

ation during bevacizumab treatment can be found in On-line

Appendix C.

DISCUSSION
The application of the TRAMs for differentiating tumor and non-

tumor tissues in patients with brain tumor following conven-

tional treatment was recently demonstrated and validated histo-

logically.17,18 Unlike other methods (such as PWI), the TRAMs

present a model-independent approach with minimal sensitivity

to susceptibility artifacts. We applied the TRAMs to monitor 24

patients before and during bevacizumab treatment. The primary

end point was to assess whether the TRAMs provide additional

information regarding a recurrent HGG response to bevacizumab

treatment over conventional MR imaging. Response and progres-

sion patterns were identified from the mean change in lesion vol-

umes with time, depicted from conventional T1WI, delayed con-

trast-enhanced MR imaging, and DSC MR imaging. Thresholds

for early (1 month) prediction of response were calculated by

using these sequences. The predictor calculated from the TRAMs

demonstrated higher sensitivity, specificity, and positive and neg-

ative predictive values. The benefit of delayed-contrast MR imag-

ing in separating responders and nonresponders was further con-

firmed by using log-rank and receiver operating characteristic

analyses, showing improved performance as measured by the area

under the curve for prediction of PFS at �6 months compared

with T1GdV and HPV. For prediction of OS at �1 year, both

FIG 1. Examples demonstrating that the response to bevacizumab is
independent of pretreatment tumor volumes: Shown are axial con-
trast-enhanced T1-weighted MRIs and TRAMs calculated 5 days be-
fore bevacizumab treatment and 79 days post-initiation of treatment
of a nonresponding patient (left) with a relatively small pretreatment
tumor. Also shown are contrast-enhanced T1-weighted MRIs and
TRAMs calculated 7 days before bevacizumab treatment and 387 days
post-initiation of treatment of a responding patient (right) with a
relatively large pretreatment tumor. One month after the initiation of
treatment, the nonresponding patient’s tumor volumes increased
(blue up to 131% of initial volume, and T1, up to 103%). Despite the large
initial tumor volume, the responding patient showed significant re-
duction in tumor volume (blue down to 21% of initial volume, and T1,
down to 25%), which remained low for �15 months posttherapy. Both
patients showed decreased FLAIR volumes.
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BlueV and T1GdV seem to be strong predictors. At progression,

the increase in lesion volumes in delayed-contrast MR imaging

was significantly higher than the increase in conventional T1WI;

these findings suggest that progression may be better depicted in

the TRAMs.

Despite 62.5% of the recruited patients showing a positive

radiologic response to bevacizumab at the 1-month standard

MR imaging, only 29.2% demonstrated a long-term response.

These numbers suggest that a more reliable tool for early pre-

diction of long-term response to bevacizumab is required.

When studying the response pattern to bevacizumab, we noted

that responders presented an initial sharp decrease in tumor

volume, which persisted for a prolonged time. Although an

initial decrease in tumor volume was also evident in the non-

responding group, it was significantly less and was followed by

significant growth, occurring �3 months after initiation of

treatment, signifying tumor progression. This difference be-

tween responders and nonresponders depicted in Fig 2 for

T1GdVs, BlueVs, and HPVs suggested that these parameters

may be strong predictors of long-term response.

It is claimed19 that bevacizumab may reduce the enhancing

volumes in patients with recurrent HGG by reducing treatment

effects and not necessarily by antitumor effects. Here, the ability

of the TRAMs to differentiate tumor and treatment effects pre-

treatment is applied to demonstrate the antitumor effects of bev-

acizumab. All 7 responders had significant BlueVs in the pretreat-

ment TRAMs. This finding, together with significant correlations

between the reduction in BlueVs and outcome, suggests that be-

vacizumab not only reduces the treatment effects, but induces

antitumor effects. Most interesting, the response to bevacizumab

showed no correlation with initial tumor volumes or any other

baseline radiologic parameter.

The estimated median OS in our study (9.2 months) is in

agreement with that in previous publications.2,8 Specifically, the

Bevacizumab and Irinotecan or Temozolomide in Treating Pa-

tients With Recurrent or Refractory Glioblastoma Multiforme or

Gliosarcoma (ACRIN/RTOG) study presented a similar OS of

270 days for 123 patients with recurrent HGG treated with bev-

acizumab.8 Similarly, the authors applied contrast-enhanced T1

as a predictor for OS. However, they used the RANO cutoff as a

threshold to demonstrate the prognostic value of early radiologic

progression in OS, while we derived a threshold by using PFS data,

which are based on the extent of early response. The percentage of

early progression at 1-month follow-ups in our data (12.5%) is

also consistent with the early progression rate seen at 8 weeks in

their study (12%). However, our predictors separated responders

and nonresponders efficiently at 1 month, while in the ACRIN/

RTOG results, the difference in median OS between initially re-

sponding patients and those with stable disease (by using the

RANO cutoff at 50%) was not found to be statistically significant.
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FIG 2. Response patterns. The mean values of the changes in lesion volumes relative to baseline were plotted separately for the responders
(blue) and nonresponders (red) as a function of time (days) after initiation of bevacizumab treatment for the following parameters: enhancing
volumes on contrast-enhanced T1-weighted MR imaging, FLAIR hyperintensity volumes on precontrast FLAIR, blue volumes on the TRAMs, and
hyperperfused volumes on perfusion-weighted MR imaging– based maps.

Log-rank analysis of suggested predictorsa

Method

Median PFS
(95% CI) (mo)
(Responders/

Nonresponders)

P Value
(Log-Rank
Analysis)

Median OS
(95% CI) (mo)
(Responders/

Nonresponders)

P Value
(Log-Rank
Analysis)

T1GdV 11.3 (5.6–19.6) .0112 14.8 (11.6–20.7) .0022
2.8 (1.8–4.5) 8.2 (5.4–9.2)

BlueV 15.4 (9.1–31.4) �.0001 20.7 (14.6–34.4) �.0001
2.8 (1.3–3.5) 6.9 (5.2–9.2)

HPV 5.6 (3.3–9.1) .0837 11.6 (9.0–14.8) .0232
2.8 (1.8–4.5) 6.6 (5.2–9.2)

a The patients were divided into responders and nonresponders using predictors
from T1GdV, BlueV, and HPV. The median PFS and OS values of the responders and
nonresponders as determined by these thresholds are presented and compared with
log-rank analysis.

AJNR Am J Neuroradiol ●:● ● 2016 www.ajnr.org 5



We noted that the mean ADC of all patients decreased

slightly (but statistically significantly) posttreatment. This de-

crease may be explained by the reduction of extracellular fluids

after vessel wall normalization. Still, our ADC data did not

provide predictive information regarding response and nonre-

sponse to bevacizumab.

A significant disadvantage of the TRAMs is their inability to
depict nonenhancing tumor components. In our experience,
images in most patients depicted a decrease in tumor enhance-
ment during bevacizumab treatment, which may be due to
blood vessel normalization; however, vessel normalization
does not seem complete because most cases had some level of
contrast leakage, enabling us to study its late clearance and
accumulation by using the TRAMs. The low number of re-
sponding patients (n � 7) requires additional studies to estab-
lish the results demonstrated here. We also assumed that sim-
ilar to standard treatments, blue in the TRAMs represents
active tumor, while red represents nontumor tissues, consid-
ering that nonenhancing regions may consist of additional tu-
mor tissues. Histologic validation of these assumptions is yet to
be performed.

Generally, PFS is considered a good surrogate for OS. How-

ever, in the case of recurrent HGG treated by bevacizumab,

determination of radiologic progression is challenging and

6-month PFS values may not be reliable. In this study, response

was determined by using OS, also a reliable measure of clinical

outcome in the case of bevacizumab treatment, and predictors

of response were confirmed to provide significant separation

in OS by log-rank analysis. Moreover, the calculated PFS by

using the method described here was significantly correlated

with OS.

The studied cohort of patients was heterogeneous with re-

spect to histology, previous resections, and re-irradiation

treatment received after failure of bevacizumab, which can po-

tentially give rise to confounding results. However, the median

OS of patients with grades III and IV was not found to be

statistically different, and the percentages of patients previ-

ously undergoing gross total resection and subtotal resection

and biopsy in the responding and nonresponding groups were

similar; this finding suggests no significant bias due to these

considerations. The 7 patients who underwent re-irradiation

were all from the nonresponding group, suggesting no signif-

icant bias toward the response due to this difference as well.

FIG 3. Kaplan-Maier curves demonstrating the application of 3 MR imaging– based predictors for separating responders to bevacizumab from
nonresponders. Shown are Kaplan-Maier curves by using 1-month change (ratio) in T1GdV � 0.32 (upper left), BlueV � 0.29 (upper middle), and
HPV � 0.19 (upper right) as predictors for OS. Receiver operating characteristic curves of the 3 predictors applied for prediction of 6-month PFS
(left) and 1-year OS (right) are presented below.
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CONCLUSIONS
The benefit of standard and delayed-contrast MR imaging for

assessing and predicting the response to bevacizumab was dem-

onstrated. The increased sensitivity of delayed-contrast MR im-

aging reflects its potential contribution to the management of

bevacizumab-treated patients with recurrent HGG.
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FIG 4. An example of a patient progressing under bevacizumab and
responding to re-irradiation under bevacizumab: Shown are axial con-
trast-enhanced T1WI (upper row), TRAMs (middle row), and T2 FLAIR
images (lower row), at baseline, 27 days, 82 days, and 139 days after
initiation of bevacizumab treatment. Lesion volumes at baseline were
the following: enhancing T1: 54.1 mL; blue: 21.2 mL; and FLAIR hyperin-
tensity: 165.9 mL. At 1 month, a reduction was seen in all: T1 reached
59% of its baseline volume; blue, 79%; and FLAIR, 43%. At day 83,
progression was determined, consistent with the patient’s clinical de-
terioration. T1 reached 84% of its baseline volume (but an increase to
142% relative to the previous scan volume), and blue reached 140% of
its baseline volume (an increase to 177% relative to the previous scan),
reflecting the stronger sensitivity of TRAMs to progression. FLAIR
hyperintensity continued to decrease (25%). At this point, it was de-
cided that the patient should undergo re-irradiation and continue
bevacizumab treatment. The next follow-up, at day 139, was acquired
1 month after the initiation of re-radiation. Compared with the previ-
ous examination, there was a dramatic increase in FLAIR (172%), as can
be expected postirradiation; no change in T1 (99.7%); and a dramatic
decrease in blue (61%). In addition, hyperperfused volume increased
to 132%; and average apparent diffusion coefficient, to 108% (data not
shown). The patient was clinically stable after re-irradiation and lived
5 more months.
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