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Abstract The purpose of the current study was to quantify

the reduction in T2 signal abnormality accompanying

administration of the anti-angiogenic drug bevacizumab in

recurrent glioblastoma (GBM) patients using a voxel-wise

differential quantitative T2 (DQT2) mapping technique.

Twenty-six patients with recurrent GBM treated with bev-

acizumab were scanned before and 4–6 weeks after treat-

ment on a 1.5T clinical MR scanner. Quantitative T2 maps

were created from proton density and T2-weighted images

acquired using a standard multi-echo fast-spin echo

sequence. T2 maps after treatment were co-registered with

T2 maps prior to treatment in the same patient, and then

voxel-wise subtraction was performed to create DQT2 maps

for each patient. Results suggest DQT2 maps allow visuali-

zation and quantification of voxel-wise T2 changes resulting

from anti-VEGF therapy. Results demonstrated a significant

decrease in T2 within pre-treatment T2 abnormal regions

(mean reduction = 49.4 ms at 1.5T) following anti-VEGF

treatment (Wilcoxon signed rank test, P \ 0.0001). An

elevated residual, post-treatment, median T2 was predictive

of both progression-free (Log-rank, P = 0.0074) and overall

survival (Log-rank, P = 0.0393).
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Introduction

Glioblastoma multiforme (GBM) is the most common and

most aggressive type primary brain tumor. Vascular

endothelial growth factor (VEGF), a potent mediator of

cerebrovascular permeability, and its receptors are often

overexpressed in GBM compared to other types of brain

tumors [1]. This overexpression of VEGF is thought to play

a role in malignant transformation, tumor progression, and

tumor angiogenesis [2, 3]. Thus, there has been consider-

able interest in therapeutics that target VEGF and its

receptors for the treatment of recurrent GBM in order to

reduce tumor angiogenesis and potentially slow tumor

growth.

Bevacizumab, a monoclonal antibody to VEGF [4], has

shown a progression-free survival (PFS) benefit [5–7]

compared to historic controls [8]. These results, however,

were based on a modified Macdonald criteria [9] that

focuses primarily on the amount of contrast enhancement

in T1-weighted images. Since anti-VEGF therapies sig-

nificantly reduce the amount of contrast agent extravasa-

tion due to a decrease in vascular permeability [10, 11], the

response assessment in neuro-oncology (RANO) criterion
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was developed [12], which also takes into consideration the

amount of non-enhancing tumor burden.

Although the T2-weighted signal abnormality is now

used to assess changes in non-enhancing tumor burden and

the extent of vasogenic edema according to the RANO

criteria [12] and many studies have illustrated the dramatic

reduction in vasogenic edema after administration of anti-

VEGF therapy as measured on T2-weighted images [5, 10,

11, 13], no studies have actually quantified the change in

T2 associated with administration of anti-VEGF therapies.

In the current study, we quantify the distribution of T2

before and after treatment with anti-VEGF therapy within

regions of containing both suspected non-enhancing tumor

and vasogenic edema, explore the voxel-wise change in T2

due to anti-VEGF therapy using a novel technique termed

differential quantitative T2 (DQT2) mapping, and deter-

mine if these parameters are predictive of PFS and overall

survival (OS) in recurrent GBM treated with bevacizumab.

Materials and methods

Patients

All patients participating in this study signed institutional

review board-approved informed consent to have their data

in our institution’s neuro-oncology database. Data acqui-

sition was performed in compliance with all applicable

Health Insurance Portability and Accountability Act (HI-

PAA) regulations. The study spanned 11-15-2005 to 8-31-

2010. Patients were retrospectively selected from our

institution’s neuro-oncology database. A total of n = 26

patients who met the following criteria were selected: (1)

pathology confirmed GBM with recurrence based on MRI

and clinical data, (2) regularly treated every 2 weeks per

cycle with bevacizumab (Avastin, Genentech, South San

Francisco, CA; 5 or 10 mg/kg body weight), alone (n = 1),

or in combination with chemotherapy (carboplatin, n = 3;

irinotecan, n = 20; lomustine, n = 2), and (3) baseline

(pre-bevacizumab treatment) and minimum of one follow-

up MRI scans that include multiple echo T2 images (proton

density ? T2-weighted images) before and after treatment.

In the rest of the patients treated with bevacizumab

between 2005 and 2010, fluid attenuated inversion recov-

ery (FLAIR) images were used instead of multiecho

T2 images. Baseline scans were obtained approxi-

mately 1 week pre-treatment (mean = 6.9 days ± 2.5

days SEM). Follow-up scans were obtained at approxi-

mately 4–6 week intervals (mean = 32 days ± 3.0 days

SEM). At the time of last assessment (August, 2010) all

patients but one had progressed and all patients but one

were deceased. For bevacizumab-treated patients, 16

patients were on steroids at the time of initial imaging

(dose range 0.75–48 mg dexamethasone) and 10 patients

were not on steroids. Of the 16 patients on steroids, 6

patients had no change in dose between the MRI scans

examined, 3 patients had a decrease in steroid dose, and 7

patients had an increase in steroid dose. A total of 10

patients were treated at first recurrence, 9 at second recur-

rence, and 7 at third or more recurrence. Karnofsky Per-

formance Score (KPS) ranged from 40 to 90 and averaged

around 80. Approximately 19% (5/26) of patients had a

decline in KPS between MRI scans, one patient improved,

and the rest had no change. All patients were treated with

radiation therapy (typically 6000 cGy) and maximal tumor

resection at time of initial tumor presentation.

Magnetic resonance imaging

Data was collected on a 1.5T MR system (General Electric

Medical Systems, Waukesha, WI) using pulse sequences

supplied by the scanner manufacturer. Standard anatomical

MRI sequences included axial T1 weighted (TE/TR =

15 ms/400 ms, slice thickness = 5 mm with 1 mm inter-

slice distance, number of excitations (NEX) = 2, matrix

size = 256 9 256, and field-of-view (FOV) = 24 cm),

proton density weighted images (TE/TR = 9.6–16 ms/

4000 ms, slice thickness = 5 mm with 1 mm interslice

distance, NEX = 2, matrix size = 256 9 256, and FOV =

24 cm), T2 weighted fast spin-echo (TE/TR = 126–130

ms/4000 ms, slice thickness = 5 mm with 1 mm interslice

distance, NEX = 2, matrix size = 256 9 256, and FOV =

24 cm), and FLAIR images (TI = 2200 ms, TE/TR = 120

ms/4000 ms, slice thickness = 5 mm with 1 mm interslice

distance, NEX = 2, matrix size = 256 9 256, and

FOV = 24 cm). Additionally, gadopentetate dimeglumine

enhanced (Magnevist; Berlex, Wayne, NJ; 0.1 mmol/kg)

axial and coronal T1 weighted images (coronal: TE/TR =

15 ms/400 ms, slice thickness 3 mm with 1 mm interslice

distance, NEX = 2, a matrix size of 256 9 256, and

FOV = 24 cm) were acquired immediately after contrast

injection. Quantitative T2 maps were generated using the

effective echo times from the two echoes acquired during a

fast-spin echo preparation (i.e., using the proton density and

T2-weighted images).

Definition of disease progression

Disease progression was defined by both the standard

Macdonald criteria [9], indicated by a 25% increase in

enhancing tumor, as well as a modified criteria that

includes progression of a non-enhancing tumor evident by

an increased mass effect and/or architectural distortion

such as blurring of the gray–white interface [14]. Both

progression-free survival (PFS) and overall survival (OS)

were with respect to the post-treatment MRI scan date.
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Differential quantitative T2 (DQT2) mapping

All images for each patient were registered to a high-reso-

lution (1.0 mm isotropic), T1-weighted brain atlas

(MNI152; Montreal Neurological Institute) using a mutual

information algorithm and a 12-degree of freedom trans-

formation using FSL (FMRIB, Oxford, UK; http://www.

fmrib.ox.ac.uk/fsl/). Fine registration (1–2 degrees and 1–2

voxels) was then performed using a Fourier transform-based,

6-degree of freedom, rigid body registration algorithm [15]

followed by visual inspection to ensure adequate alignment.

After proper registration was visually verified, voxel-wise

subtraction was performed between T2 maps acquired post-

treatment and baseline, pre-treatment T2 maps to create the

resulting DQT2 maps.

Region of interest (ROI) determination

In the current study, we chose to examine T2 distributions

in regions of T2 (n = 24) or FLAIR signal abnormality

(n = 2) on pre-treatment T2-weighted or FLAIR images.

No cases were mixed T2 and FLAIR ROIs. FLAIR and T2-

weighted images were acquired pre-contrast. This ROI was

chosen based on RANO recommendations, the observation

that tumor infiltration into normal brain parenchyma typi-

cally results in an increase in T2-weighted, or FLAIR,

abnormal signal [16–19], and recommendations from

multiple investigations suggesting that T2 signal abnor-

malities should be routinely used to visualize the extent of

malignant infiltrating tumor [20–24]. ROIs were created

using a semi-automated, thresholding and region-growing

technique described in a previous publication [25]. In order

to assess reproducibility of the T2 measurements we also

measured T2 within a 5 mm diameter spherical ROI placed

within normal-appearing white matter near the cingulate

cortex (i.e., cingulum bundle) both pre- and post-treatment.

Hypothesis testing

Based on results from previous investigations [5, 10, 11,

13], we hypothesized that administration of anti-VEGF

therapeutics would result in a significant reduction of

vasogenic edema leading to a decrease in measured T2. In

order to test this hypothesis, we performed a non-para-

metric, paired Wilcoxon signed rank test on the median T2

within the regions of pre-treatment abnormal T2 signal,

evaluated both pre- and post-treatment.

Next, we explored whether the median T2 within

regions of pre-treatment abnormal T2 signal evaluated pre-

and post-treatment were significant predictors of PFS or

OS, which are common clinical endpoints. We also

explored whether the median difference in T2, as measured

with DQT2 mapping, was a significant predictor of PFS or

OS. Survival analysis was performed using linear regres-

sion and log-rank statistical analysis on Kaplan–Meier

data. All statistical tests were performed using GraphPad

Prism� version 4.0.

Results

Approximately 88% (23 of 26) of patients examined had

either a reduction in contrast enhancement or a reduction in

T2/FLAIR signal abnormality at the first follow-up time

after administration of bevacizumab. Approximately 77%

(20 of 26) had both a decrease in contrast enhancement and

reduction in T2/FLAIR signal abnormality. The mean PFS

was 167.5 ± 34.5 days SEM (median PFS = 114.5 days)

and the mean OS was 300.2 ± 49.1 days SEM (median

OS = 248 days) for all patients evaluated from the time of

the post-treatment MRI scans.

DQT2 maps allow visualization and quantification

of voxel-wise T2 changes

For the majority of patients, standard post-contrast T1-

weighted and T2-weighted images demonstrated significant

changes following the first dose of bevacizumab (Fig. 1).

This change in T2-weighted image features was also evi-

dent on quantitative T2 maps and easily visualized and

quantified using the DQT2 mapping technique. Specifi-

cally, qualitative examination of DQT2 maps suggested

patients having a larger decrease in T2 following the first

treatment of bevacizumab were more likely to have a

longer PFS and OS. Figure 1a illustrates standard MR

images before and after treatment in a patient with a

modest PFS and OS. Note that the DQT2 images showed a

subtle decrease in T2 within areas of signal abnormality on

pre-treatment T2-weighted images. On the other hand,

Fig. 1b demonstrated a patient with a similar radiographic

response on standard MR images; however, DQT2 images

showed a substantial reduction in T2 within areas of pre-

treatment T2 signal abnormality. These results suggest

DQT2 maps may provide added value to standard ana-

tomical MR evaluation of response to bevacizumab.

Anti-VEGF therapy results in a significant reduction

in tissue T2

As expected, the distribution of T2 within regions of

abnormal T2 signal intensity prior to treatment were sig-

nificantly elevated with respect to normal white matter for

all patients (Fig. 2a; F-test, mean T2 vs. 77.4 ms from [26],

P \ 0.0001 for all patients). Similarly, the distribution of

T2 within pre-treatment regions of abnormal T2 signal

intensity evaluated after treatment were also elevated with
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respect to normal white matter (Fig. 2b; F-test, mean T2 vs.

77.4 ms from [26], P \ 0.0001 for all patients).

Results suggest anti-VEGF therapy leads to a significant

reduction of tissue T2 within regions of long T2, while

maintaining T2 within regions of normal pre-treatment T2.

Median T2 within pre-treatment T2/FLAIR signal abnor-

mality was significantly reduced after treatment compared

to the median T2 estimate prior to treatment (Fig. 2d;

Wilcoxon signed rank test, pre- vs. post-treatment, P \
0.0001). Similarly, DQT2 maps generated after adminis-

tration of bevacizumab suggest a significant reduction in T2

(Fig. 2c; F-test, mean DT2 vs. 0 ms, P \ 0.0001 for all

patients). Note that for the first comparison we used the

median T2 pre- and post-treatment to examine the

magnitude of the effect, whereas for the second comparison

(i.e., using DQT2 mapping) we examined the median voxel-

wise change in T2. These two techniques provided statis-

tically distinct estimates of the reduction in T2 after bev-

acizumab (Wilcoxon signed rank test, median T2 pre-

treatment—median T2 post-treatment vs. median DT2 from

voxel-wise DQT2 mapping, P = 0.002). In regions of nor-

mal appearing white matter within the cingulate cortex (i.e.,

cingulum), tissue T2 measured approximately 101 ms and

there was no change after treatment (Fig. 2e; Wilcoxon

signed rank test, pre- vs. post-treatment, P = 0.9268).

These results support the hypothesis that anti-VEGF ther-

apy reduces vasogenic edema, which is manifested as a

decrease in tissue T2 on MRI, and the DQT2 mapping

Fig. 1 Effects of anti-VEGF

therapy on post-contrast T1-

weighted images and pre-

contrast T2-weighted images on

conventional MRI and

differential quantitative T2

(DQT2) maps. a Patient with a

relatively short progression-free

survival (PFS) and overall

survival (OS) despite a

radiographic response on

standard MR images. DQT2

maps demonstrate only a

moderate reduction in T2 within

non-enhancing tumor regions.

b Patient with a long PFS and

OS showing a similar

radiographic response on

standard MR images to patient

in a; however, DQT2 maps

show a significantly larger

decrease in T2 within regions

suspected of containing non-

enhancing tumor or edema
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technique provides a unique perspective on the change in

T2 accompanying anti-VEGF therapy.

Median post-treatment T2 predicts progression-free

and overall survival

Regression results suggest the median post-treatment T2

was linearly correlated with both PFS (Fig. 3a; Pearson’s

correlation coefficient, R2 = 0.1711, P = 0.0398) and OS

(Fig. 3b; R2 = 0.1947, P = 0.0272); however, no linear

trend was found between median pre-treatment T2 and

either PFS (Fig. 3a; Pearson’s correlation coefficient,

R2 = 0.0127, P = 0.5918) or OS (Fig. 3b; R2 = 0.0483,

P = 0.2913). In particular, patients having a lower median

T2 post-treatment were more likely to progress later and

live longer than patients having a higher median T2 after

the first treatment. DQT2 estimates of median DT2 were

significantly correlated with OS (Fig. 3d; Pearson’s cor-

relation coefficient, R2 = 0.2267, P = 0.0161), but not

PFS (Fig. 3c; R2 = 0.1190, P = 0.0912). Although the

Fig. 2 Distribution of T2 within regions of suspected tumor and/or

edema a before and b after administration of anti-VEGF therapy.

c Distributions of DT2 from DQT2 mapping shows an overall

reduction in T2 within these areas. d Median T2 pre- and post-

treatment showing an overall reduction in T2 after treatment with

anti-VEGF therapy (Wilcoxon Rank Sum, P \ 0.0001). e Pre- and

post-treatment T2 measurements in normal appearing white matter

within the cingulated cortex showing no change in T2 in normal tissue

after anti-VEGF therapy (Wilcoxon Rank Sum, P = 0.9268)
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correlation coefficient was relatively low for all parameters

examined, results suggest patients showing a low T2 after

bevacizumab, or larger change in T2 as a result of bev-

acizumab treatment, may be more likely to progress later

and live longer than patients having a higher post-treatment

T2 or lower magnitude of change in T2.

Log-rank analysis of Kaplan–Meier survival data sug-

gested that patients having a post-treatment median T2

higher than 160 ms were more likely to progress earlier than

patients having a post-treatment median T2 lower than

160 ms (Fig. 4a; PFS: Log-rank, P = 0.0074) as well as

have a shorter overall survival (Fig. 4b: OS: Log-rank,

P = 0.0393). Interestingly, results suggested no progres-

sion-free or overall survival advantage for those having a

median reduction in T2, as measured with DQT2 maps,

higher or lower than 25 ms (Fig. 4b, c; PFS: Log-rank,

P = 0.2203; OS: Log-rank, P = 0.3761). These results

suggest post-treatment median T2 may be a valuable pre-

dictive imaging biomarker for early disease progression and

overall survival in recurrent GBM treated with bevacizumab.

Discussion

Although most studies examining the effects of anti-VEGF

therapy have noted a reduction in vascular permeability

resulting in decreased vasogenic edema as manifested on

T2-weighted images [27–30], this is the first study to find

that treatment with anti-VEGF therapy results in a signif-

icant reduction in tissue T2 within regions of T2/FLAIR

signal abnormality thought to contain both non-enhancing

tumor and vasogenic edema. Specifically, we found a

decrease in tissue T2 around 50 ms (at a field strength of

1.5T) with respect to pre-treatment T2/FLAIR abnormal

regions, which is likely due to the reduction in water

concentration within these brain regions.

Another important finding in the current study worth

noting is that DQT2 maps provide additional insight into

regional changes in T2 as a result of anti-VEGF treatment

beyond that of conventional MR imaging or simple com-

parison of pre- and post-treatment T2 maps. Previous

investigations examining the volumetric changes in tissue

having T2 hyperintensity found no correlation with the

degree of volume change and patient survival [25]. As

demonstrated in Fig. 1, the volume extent of tissue having

abnormal T2 hyperintensity is independent of the degree of

change in tissue T2, largely due to the extreme heteroge-

neity of human GBM. The use of voxel-wise changes in

MR parameters, however, is not a completely novel con-

cept. Voxel-wise changes in apparent diffusion coefficients

from diffusion MRI [31–33] and relative cerebral blood

volume from perfusion MRI [34] have been proposed as

Fig. 3 Scatter plots showing trends between a, b pre- and post-treatment median T2 and c, d DT2 from DQT2 mapping as a function of

progression-free survival (PFS) or overall survival (OS)
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useful imaging biomarkers for the evaluation of human

gliomas. Additionally, voxel-wise changes in T2 have been

utilized to characterize neurodegenerative changes,

including multiple sclerosis [35]; however, these voxel-

wise analyses are typically performed across patients

instead of within the same patient over time. As such, this

is the first study to demonstrate the possible utility of

voxel-wise changes in T2, termed DQT2 mapping, as a

method for evaluating changes in edematous tissue over

time.

Similar to other imaging studies involving anti-VEGF

therapy, our results suggest early T2 changes did not seem

to be particularly useful in predicting patient outcomes

after treatment; however, our results have demonstrated

that median post-treatment T2 was able to significantly

stratify short and long-term PFS and OS. The lack of robust

prediction of clinical endpoints using the change in T2

suggests that a change in water concentration due to

clearing of vasogenic edema ultimately does not reflect the

inherent aggressiveness of the tumor, nor does it reflect

growth characteristics, which are both thought to influence

overall patient survival in GBM. Interestingly, our results

demonstrate that an elevated residual, or post-treatment, T2

is a significant predictor of both PFS and OS. In combi-

nation with a recent study demonstrating that residual

contrast-enhancement also predicts PFS and OS [25], our

results suggest that the amount of abnormal signal after the

first treatment with bevacizumab is predictive of long-term

progression-free and overall survival.

It is important to mention that many valuable bio-

markers have shown the ability to predict patient survival

in anti-angiogenic therapies, including [18F]-fluorothymi-

dine PET [36], dynamic contrast-enhanced (DCE)-MRI

combined with blood serum markers [37], pre-treatment

diffusion MR characteristics [38], conventional MR

imaging characteristics [25], and functional diffusion maps

(fDMs) using serial diffusion MR data [39, 40]. These

techniques, however, are distinctly different from the

DQT2 mapping technique in that they quantify particular

aspects of tumor growth, metabolism, or vasculature

instead of changes in tissue T2 characteristics likely due to

change in water homeostasis.

Fig. 4 Kaplan–Meier curves for progression-free (PFS) and overall

survival (OS) stratifying patients by a, b post-treatment (Tx) median

T2 higher or lower than 160 ms, or c, d median DT2 for DQT2 higher

or lower than a 25 ms reduction (note lower than 25 ms reduction is

considered more reduction). The median PFS for patients having a

post-treatment median T2 higher than 160 ms was 68 days, compared

with a median PFS of 169 days for patients having a post-treatment

median T2 lower than 160 ms. Median OS for patients having a post-

treatment median T2 higher than 160 ms was 166.5 days, compared

with a median OS of 315.5 days for patients having a post-treatment

median T2 lower than 160 ms

J Neurooncol

123



Technical limitations and considerations

One possible limitation to the current manuscript is the use

of only two echo times to estimate T2 characteristics for

the tissue. It is possible that the variability in T2 mea-

surements within the regions of interest may have been

significantly lower if more echoes were collected; however,

due to the retrospective nature of the current study we were

only able estimate T2 from two echoes. To address ques-

tions on reproducibility, T2 measurements were taken from

regions of normal-appearing white matter within the cin-

gulate cortex. The average value of tissue T2 pre-treatment

was found to be 101.8 ± 1.3 ms (standard error of the

mean) and post-treatment was estimated at 101.3 ±

1.1 ms, which is consistent with previous multiecho esti-

mates of normal white matter from the literature [41].

These results suggest T2 measurements from only two

echoes in the current study likely do not vary considerably

from T2 measurements acquired using more echoes.

Contributions of changes in steroid dose and concomi-

tant chemotherapy on tissue T2 were also a possible limi-

tation in the current study. Corticosteroids are known to

reduce vasogenic edema in GBMs, which is manifested as

a reduction in T2 hyperintensity. Increasing steroid doses

were present in 7 of the 26 patients in the current study.

Additionally, changes in tissue T2 may have resulted from

concomitant chemotherapy, which occurred in 25 of the 26

patients in the current study. Future studies examining

changes in T2 resulting from bevacizumab monotherapy

are necessary to determine the precise contributions of each

of these factors.

An additional limitation to the current technique is the

use of a rigid-body image transformation in order to reg-

ister T2 maps to the baseline images. Significant mass

effect from tumor growth or intracranial pressure induced

by edema may cause inaccuracies in the registration

between T2 maps and anatomical datasets. Suspected

tumor regions near gyri, sulci, or the ventricles should be

considered with caution, since erroneous results in these

regions can occur as a result of misregistration. To over-

come these challenges, we chose to use two sequential

automated registration steps followed by manual inspec-

tion. In addition, we attempted to exclude regions sus-

pected of containing cerebrospinal fluid contamination

from image misregistration near boundaries of tissue mis-

match. An additional step of elastic (non-linear) registra-

tion may potentially be beneficial for the registration of

significantly distorted datasets. The last limitation to the

current study was the size of our patient population.

Although our database contains over 300 patients with

recurrent GBM treated with anti-VEGF therapies, only 26

had pre- and post-treatment proton density and T2-weigh-

ted images that could be used for calculation of T2 maps. It

is conceivable that a larger patient cohort may be beneficial

to more definitively determine whether DQT2 mapping is a

valuable surrogate biomarker for patient survival.

In summary, the current results suggest that DQT2

mapping may be advantageous for evaluating changes in

tissue water content (i.e., edema) such as the expected

changes following anti-angiogenic therapy.
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