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The paradigm for treating patients with glioblastoma
multiforme (GBM) is shifting from a purely cytotoxic
approach to one that incorporates antiangiogenic
agents. These are thought to normalize the tumor vasculature and have shown improved disease management in
patients with recurrent disease. How this vascular remodeling evolves during the full course of therapy for
patients with newly diagnosed GBM and how it relates
to radiographic response and outcome remain unclear.
In this study, we examined 35 patients who were
newly diagnosed with GBM using dynamic susceptibility contrast (DSC) MRI in order to identify early predictors of radiographic response to antiangiogenic
therapy and to evaluate changes in perfusion parameters
that may be predictive of progression. After surgical
resection, patients received enzastaurin and temozolomide, both concurrent with and adjuvant to radiotherapy. Perfusion parameters, peak height (PH) and
percent recovery, were calculated from the dynamic
curves to assess vascular density and leakage. Sixmonth radiographic responders showed a significant
improvement in percent recovery between baseline and
2 months into therapy, whereas 6-month radiographic
nonresponders showed significantly increased PH
between baseline and 1 month. At 2 months into
therapy, percent recovery was predictive of progression-free survival. Four months prior to progression,
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there was a significant increase in the standard deviation
of percent recovery within the tumor region. DSC perfusion imaging provides valuable information about vascular remodeling during antiangiogenic therapy, which
may aid clinicians in identifying patients who will
respond at the pretherapy scan and as an early indicator
of response to antiangiogenic therapy.
Keywords: antiangiogenic therapy, DSC, enzastaurin,
GBM, MRI, perfusion imaging.

G

lioblastoma multiforme (GBM) is the most
malignant subtype of glioma and is characterized
by extreme heterogeneity, extensive neovasculature, and active angiogenesis. The current standard of
care for patients with newly diagnosed GBM includes
combined radio- and chemotherapy, which comprises
a 6-week cycle of external beam radiation therapy and
oral temozolomide followed by an additional 6 months
of temozolomide.1,2 Antiangiogenic therapies have
recently shown the potential for reducing tumor size
and increasing 6-month progression-free survival
(PFS).3,4 The recent phase II trial of the antiangiogenic
agent bevacizumab, a monoclonal antibody directed
against vascular endothelial growth factor (VEGF),
used alone and in combination with irinotecan reported
dramatic improvement in 6-month PFS and a high
response rate in patients with recurrent GBM.5 It has
been proposed that the use of adjuvant antiangiogenic
therapy in combination with standard radio- and chemotherapy acts to normalize the tortuous tumor vasculature and improve delivery of chemotherapeutics and
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receiving adjuvant AZD2171 during the first 112 days
of therapy. The authors observed a rapid functional vascular normalization in terms of both a reduction in
vessel size and overall permeability, which was found
to be reversible upon drug “holiday.” The changes in
DSC and DCE imaging – derived perfusion parameters
combined with differences in circulating collagen IV
levels between pretherapy and 1-day post-therapy were
combined to create a “vascular normalization index”
that was predictive of overall survival (OS) and PFS for
patients with recurrent GBM who received this
therapy.23 How these parameters evolve during the full
course of therapy for patients with newly diagnosed
GBM and how they relate to radiographic response
and outcome remain unknown.
The previous work with DSC perfusion MRI has made
it an alluring technique for evaluating response to antiangiogenic therapy. There is the potential for addressing
challenges specific to assessing the efficacy of antiangiogenic agents in clinical trials, including (i) the identification of subpopulations that would benefit most from
this therapy and (ii) the recognition of early markers of
progressive disease in the case of tumor recurrence.17
The present study was designed to investigate the use of
DSC perfusion MRI to identify early predictors of
overall response to antiangiogenic therapy as well as to
evaluate distinct changes in MR parameters during
therapy that may be predictive of imminent progression.

Materials and Methods
Patient population
Thirty-five patients who were newly diagnosed with
grade IV GBM based on the WHO criteria were
recruited for this study. Patients received surgical resection and were treated with a standard 6-week cycle of
external beam radiation therapy. In addition to radiotherapy, patients were also administered a chemotherapy regimen that included temozolomide (75 mg/m2
daily during radiotherapy and 200 mg/m2 for 5 days
every 28-day cycle after radiotherapy) and enzastaurin
(250 mg daily) concurrent with and adjuvant to
radiation therapy. Patient age ranged from 25 to 70
years, with a median age of 57 years. Patients were
required to have a Karnofsky performance score (KPS)
of ≥60 in order to be enrolled in the study. Patients
who went off therapy due to side effects were excluded
from the study population. All patients provided
informed consent in accordance with guidelines established by the Committee on Human Research at our
institution.
Imaging
MR exams were performed on a 3T GE EXCITE
scanner (GE Healthcare Technologies) with an
eight-channel phased array receive coil. Patients were
imaged prior to beginning therapy (postsurgical resection) and then serially at 1, 2, 4, 6, 8, 10, and 12
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oxygen.6,7 Enzastaurin (LY317615) is one such antiangiogenic agent that is currently under investigation for
its potential as an adjuvant therapy for patients with
newly diagnosed GBM.8
Enzastaurin selectively inhibits protein kinase Cb
and has been reported to have both direct antitumor
effects, through suppression of tumor cell proliferation
and induced apoptosis, and indirect effects, through
inhibition of tumor-induced angiogenesis.9 Unlike bevacizumab, enzastaurin is a non-VEGF antiangiogenic
agent whose mechanism of action is not yet fully understood.10 Preclinical reports have shown that enzastaurin
and radiation are synergistic in combination to induce
apoptosis in glioma models.11 One of the first multicenter phase II clinical studies of enzastaurin was reported
by Robertson et al.,12 who described a favorable toxicity profile and a single-agent activity in a population
of 55 patients with refractory diffuse large B-cell lymphoma. The authors highlight the possibility of differential sensitivity to enzastaurin based on a small
subset of the study population who showed a long-term
response but showed steady-state drug levels similar to
those of the rest of the population. In the recurrent
GBM population, enzastaurin has not been shown to
have superior efficacy compared with the cytotoxic
chemotherapeutic agent lomustine,13 yet there are
several ongoing phase I/II trials that involve the use
of adjuvant enzastaurin for patients newly diagnosed
with GBM.8,14
The exciting potential of adjuvant antiangiogenic
therapy for improving disease management and increasing PFS has simultaneously highlighted unresolved questions in the field regarding the evaluation of response. As
described in van den Bent et al.,15 there are numerous
challenges in evaluating response to antiangiogenic
therapies in neuro-oncology. Classic Macdonald
criteria16 have used a reduction in contrast-enhancing
volume as a surrogate marker for antitumor effects.
For antiangiogenic therapies, the apparent reduction in
enhancing volume could be due to the transient
normalization of the blood –brain barrier rather than
the antitumor activity.17,18 This complicates the definition of progression and the use of 6-month PFS as a
surrogate endpoint of overall survival. As the paradigm
for GBM therapy shifts from a purely cytotoxic
approach to now incorporating targeted therapies with
cytostatic effects, there is a need to explore the use of
functional imaging techniques in order to better evaluate
and define new criteria for evaluating response to
therapy.
A number of noninvasive imaging techniques have
been used to assess changes in microvasculature and
response to therapy.19 – 21 Dynamic susceptibility contrast (DSC) magnetic resonance imaging (MRI) has
been shown to improve sensitivity compared with conventional MRI alone in determining the glioma
grade.22 Within the context of antiangiogenic therapy,
Batchelor et al.3 used both DSC and dynamic
contrast-enhanced (DCE) MRI, with a variety of other
advanced imaging techniques, to evaluate the normalization of vasculature in recurrent GBM patients
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Table 1. Pattern of therapy and number of DSC patient scans acquired at each time-point
Time (mos)
Baseline

1

2

4

6

8

10

12

Total

Therapy

RT + Drug

RT + Drug

RT + Drug

Drug

Drug

Drug

Drug

Drug

145

DSC scans

29

19

28

22

17

14

11

5

RT indicates external beam radiation therapy (60 Gy, 5 days per week for 6 weeks).
“Drug” includes enzastaurin (250 mg daily) and temozolomide (75 mg/m2 daily during RT; 200 mg/m2 for 5 days every 28 days after
RT).

Conventional MRI and MR spectroscopy imaging—
The MRI examination included pre- and postgadolinium
T1-weighted 3-dimensional spoiled gradient echo
(SPGR) with inversion recovery (repetition time
[TR] ¼ 8.86 milliseconds, echo time [TE] ¼ 2.50
milliseconds, matrix ¼ 256 × 256, slice thickness ¼
1.5 millimeters, field of view [FOV] ¼ 24 × 24 centimeters, inversion time [TI] ¼ 400 milliseconds, flip
angle ¼ 158) and T2-weighted fluid attenuated inversion
recovery (FLAIR) (TR ¼ 150 milliseconds, TE ¼
2.1 milliseconds, TI ¼ 2.38 seconds, matrix ¼ 256 ×
192, slice thickness ¼ 3 millimeters, FOV ¼ 24 ×
24 centimeters) imaging. Patients also received
lactate-edited 3D MR spectroscopy (MRS) with pointresolved spectroscopy sequence localization and very
selective saturation pulses around an excited volume of
80 × 80 × 40 mm3 (TR ¼ 1104 milliseconds, TE ¼
144 milliseconds,
FOV ¼ 16 × 16 × 16 centimeters,
nominal voxel size ¼ 1 × 1 × 1 centimeters, 712 dwell
points, 988 Hz sweepwidth).24 After each examination,
the images were transferred to a SUN Ultra 10 workstation (Sun Microsystems) for postprocessing. The pregadolinium SPGR, FLAIR, and MRS images were aligned
to the postgadolinium SPGR images for each scan
date.25
Perfusion-weighted imaging—In addition to anatomic
and metabolic imaging, patients received DSC imaging,
as summarized in Table 1. Perfusion imaging was performed during the injection of gadolinium chelate contrast (Magnevist, Bayer Healthcare). A bolus injection
of 0.1 mmol/kg contrast agent was administered at
3 mL/s using a power injector. A gradient-echo echoplanar sequence (TR ¼ 1500 milliseconds, TE ¼
54 milliseconds, matrix ¼ 128 × 128, FOV ¼ 24 ×
24 cm2, slice thickness ¼ 4 millimeters, flip angle ¼
358) was acquired for 2:00 minutes for a total of 80
time-points.
Image processing
The T2* signal-intensity time curves acquired during the
first pass of the gadolinium bolus were converted to
change in the relaxation rate (DR2*) and resampled to
match the spatial resolution of the anatomic image

Fig. 1. Summary parameters of susceptibility curve. PH, equal to
the distance a, is the maximum increase in relaxivity and is a
physiologic estimate of vascular density. Percent recovery, equal
to [the distance b/the distance a] × 100, is the relative return to
the baseline of the susceptibility curve and is a physiologic
estimate of leakage.

series. Two parameters were derived from these curves:
peak height (PH), the maximum increase in relaxivity
reflective of the greatest gadolinium influx and a physiologic estimate of vascular density; and percent recovery,
the relative return to baseline of the curve reflective of
the bolus passed through the voxel and a physiologic
estimate of leakage. A schematic representation of
these parameters on the susceptibility curve is illustrated
in Fig. 1. These summary parameters were chosen in lieu
of relative cerebral blood volume and leakage factor,
which can also be derived from the susceptibility curve,
as they have been shown to be proportional to each
other for the data acquisition parameters used in this
study but do not require extensive curve fitting.26 DSC
images were nonrigidly aligned to the precontrast SPGR
image using a B-spline warping by maximization of normalized mutual information.27 The PH value was normalized to the mean value within the normal-appearing white
matter, which was segmented from the precontrast SPGR
images by applying a hidden Markov random field model
with an expectation–maximization algorithm.28
Definition of putative tumor region
The region of risk was identified using both anatomic
and metabolic imaging (Fig. 2). The contrast-enhancing
lesion (CEL) was defined on the postgadolinium
T1-weighted image, and the T2 hyperintense region
(T2All) was defined on the T2 FLAIR image using a
semiautomatic segmentation algorithm29 (Fig. 2A,
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months after beginning therapy. If a patient progressed,
his or her subsequent scans were no longer included in
this study.
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left and middle). A board-certified radiologist approved
all regions of interest. The region of abnormally elevated
choline-to-N-acetylaspartate index (CNI .2)30 was
defined on the MRS image (CNI mask; Fig. 2A, right).
The putative tumor region was defined as including
these 3 abnormality masks (CEL, T2All, and CNI
mask) and excluding the resection cavity, cerebral
spinal fluid, and necrotic regions (Fig. 2B).
Data analysis/statistical considerations
The putative tumor region mask was overlaid on the
parametric maps derived from the DSC perfusionweighted imaging techniques (Fig. 2B). Two measures
of abnormality were extracted from each of the parametric maps within the putative tumor region: the
“intensity” and the “heterogeneity” of the perfusion
parameter value. The intensity of the most extreme
portion of the abnormality for the vascular density parametric maps was defined as the 90th percentile value of
the DSC-derived PH corresponding to elevated vascularization. For the permeability parametric maps, intensity
was defined as the 25th percentile DSC-derived percent
recovery corresponding to elevated permeability. The
perfusion heterogeneity was defined as the standard
deviation of the perfusion parameter value within the
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putative tumor region reflective of the variation in the
extent of vascularization or permeability on the respective parametric map. The logrank test was used to
compare PFS and OS among response groups. PFS was
defined as the time from the patient’s baseline scan to
the scan date of clinical progression, or in the case of
no progression, patients were censored at the date of
last contact. To address the potential for pseudoprogression, the clinical histories of all patients who progressed
within 12 weeks of the completion of radiotherapy as
well as those of all patients with a suspect scan followed
by stable disease were centrally re-reviewed by a
neuro-oncologist. Notation was made regarding
reoperation and location of recurrence to confirm true
progression in accordance with the recommendations
set forth by Wen et al.31 The Wilcoxon rank-sum
test was used to test for differences in imaging parameters between response groups at early time-points,
and the Wilcoxon sign-rank test was used to test for
within-group change between early time-points.
Univariate and multivariate nonparametric Cox
regression analyses were used to evaluate which
parameters were predictive of PFS or OS (landmarked
from scan date of perfusion covariate). Clinical control
factors of baseline KPS, age, gender, and extent of
resection (the few cases of biopsy were collapsed
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Fig. 2. Definition of putative tumor region. (A) Anatomically and metabolically abnormal regions were combined to define the putative
tumor region, which was overlaid on both the percent recovery and PH parametric maps (B).

Essock-Burns et al.: Assessment of perfusion MRI

with subtotal resection) were included in this
analysis. Owing to the exploratory nature of the study,
no formal adjustment of type I error was undertaken;
in all cases, P , .05 was considered statistically
significant.
Definition of radiographic response

Six-month radiographic assessment—The radiologist
reviewed the series of anatomic images from each
patient up to this time-point to determine the changes
in contrast enhancement from the baseline scan.
Patients with decreased enhancement were classified as
“6-month radiographic responders” (n ¼ 14). Patients
with increased (n ¼ 18) or no change (n ¼ 3) in enhancement were classified as “6-month radiographic nonresponders” (n ¼ 21). Figure 4A shows a characteristic
example of a 6-month radiographic nonresponder
(top) and 6-month radiographic responder (middle and
bottom). Note the obvious increase in the CEL of the
nonresponder and decrease in the CEL of the responders.

Fig. 4. Radiographic response assessment. T1-weighted postgadolinium serial images of 3 exemplar patients of each of the response
categories. Six-month nonresponders (top) had a significant increase in contrast enhancement (CE) within the 6-month assessment (A),
while 6-month responders (middle and bottom) did not. Those patients who responded during the 6-month assessment showed 2
distinct patterns of CE upon the further 12-month assessment (B). Patients with a 12-month intermediate response had a dramatic
resurgence of CE (middle), whereas those with a 12-month sustained response did not (bottom).
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Fig. 3. Radiographic response categories schema. Timeline
showing the 2 radiographic response assessments done at 6 and
12 months after the beginning of radiotherapy and a
decision-tree flowchart of the 4 radiographic response categories.
At the 6-month radiographic assessment, patients were divided
into 2 groups. Patients with decreased enhancement were
classified as “6-month radiographic responders” (n ¼ 14).
Patients with increased (n ¼ 18) or no change (n ¼ 3) in
enhancement were classified as “6-month radiographic
nonresponders” (n ¼ 21). The 6-month radiographic responder
patients were further subdivided at the 12-month radiographic
assessment in order to capture the durability of the response.
Six-month responder patients who showed an obvious resurgence
of enhancement by the 12-month radiographic assessment were
classified as having a “12-month intermediate response” (n ¼ 8),
whereas patients who continued to show a decrease or no
change in the enhancement were classified as having a
“12-month sustained response” (n ¼ 6).

Patients were divided into 4 radiographic response categories based on the assessment made by an experienced
board-certified radiologist at 2 different time-points (6
and 12 months). A flowchart illustrating this decisiontree process is displayed in Fig. 3. The assessments
were done blinded to the patients’ perfusion data.
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Twelve-month radiographic assessment—In order to
capture the durability of the response for the 14 patients
who were classified as “6-month radiographic responders,” a second assessment was performed 12 months
after the beginning of radiation. Patients who showed
an obvious resurgence of contrast enhancement were
classified as having a “12-month intermediate response”
(n ¼ 8), and those who continued to show a decrease or
no change in the enhancement were classified as having a
“12-month sustained response” (n ¼ 6). Figure 4B
shows examples of 2 of these patients, one where the
observed response is transient (middle) and the other
where the observed response is sustained (bottom).
This classification allowed the data to be analyzed in
terms of patients who showed no short-term radiographic response; those who showed an intermediate
radiographic response; and those that showed a sustained radiographic response during the 1 year of
follow-up imaging. The rationale for doing both 6and 12-month assessments is 2-fold. First, it reduces
the risk of mistakenly capturing a pseudoprogression
event because the radiographic pattern is assessed at 2
discrete standard clinical time-points. Second, by delineating between intermediate and sustained responses,
it allows the identification of imaging characteristics
associated with patients who benefit the most from
therapy.

Results
A total of 145 patient scans were collected with an
average of 18 patient scans per time-point (Table 1).
The Kaplan –Meier curves describing PFS and preliminary OS of the 35 patients are displayed in Fig. 5.
Thirty-two of the 35 patients were determined by their
neuro-oncologist to have evidence of progression
during the length of the study. All patients who progressed within 12 weeks of the completion of radiotherapy (n ¼ 13) were confirmed to have had true
progression; 11 patients had histological confirmation
at resurgery, 1 patient had new CEL outside of the highdose radiation field, and 1 patient changed therapies and
quickly progressed again. Median PFS for the entire
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population was 30.9 weeks (95% CI: 18.4 – 41.6
weeks) and median OS, based on 26 events, was 75.9
weeks (95% CI: 57.6 – 78.0 weeks). Median follow-up
time for the censored patients at study completion was
98.9 weeks.
Early differences in perfusion parameters among
radiographic response groups
Data were analyzed from baseline pretherapy scan
through progression or furthest follow-up with a particular emphasis on identifying early predictors of
response.
PH: measure of vascularization
Normalization of entire population—The greatest
change in the 90th percentile PH across the patients
occurred within the first 2 months of therapy (Fig. 6B,
top). There was a significant within-patient reduction
in the 90th percentile PH and the standard deviation
of PH in the putative tumor region between baseline
and 2 months after initial therapy scans (Wilcoxon signrank, P ¼ .002; P ¼ .008). After 4 months of therapy,
there were no longer any significant within-patient
changes for either the 90th percentile PH or the standard
deviation of PH between sequential bimonthly scans
across the population.
Radiographic response assessment—Within the first 2
months of antiangiogenic drug administration, there
was a significant reduction in the 90th percentile PH
between the 1- (during RT) and 2-month scans
(Wilcoxon sign-rank, P ¼ .008), but not between the
baseline and 1-month scans. However, this lack of significance is explained by distinct differences within the
radiographic response groups, as summarized in
Table 2.
Figure 6A shows the PH parametric map from a
6-month nonresponder patient, as well as examples of
responder patients with either a 12-month intermediate
response or sustained response, at baseline and 1 month
into therapy. Both the patients with a 12-month
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Fig. 5. The Kaplan– Meier analysis. The Kaplan–Meier PFS and OS curves for the 35 GBM patients.
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intermediate response and the patients with a 12-month
sustained response showed a similar mean decrease
between the baseline and 1-month scans: 20.19 + 0.63
and 20.27 + 0.58, respectively, whereas the 6-month
nonresponders showed a mean increase of 0.21 + 0.57
(Table 2, PH). Although the amount of change was not
significantly different between response groups, it did
have implications for PFS, which is discussed within the
context of progression predictors.
The initial vascularization varied for the various
response groups. Six-month nonresponders and the
patients with a 12-month sustained response had
similar baseline vascularization (90th percentile PHs of
2.68 + 0.51 and 2.67 + 0.62), whereas patients with a
12-month intermediate response were initially lower
(2.45 + 0.93; Table 2, PH) and after the first month of
therapy were significantly reduced compared with the
rest of the population (2.23 + 0.57; Table 2, PH,
Wilcoxon rank-sum, P , .03). The reduced 90th
percentile PH value can also be seen in the patient
example with 12-month intermediate response in
Fig. 6A (middle) compared with the 6-month

nonresponder (top) and 12-month sustained response
patient (bottom) examples.
Percent Recovery: measure of vascular permeability
Normalization of entire population—Unlike PH, the
percent recovery parameter was not found to have a
specific period during which there were significant
within-patient changes for the entire population.
Rather, by as early as 2 months after the initial
therapy, significant differences had begun to emerge in
both the value and heterogeneity of the recovery
within the putative tumor region between response
groups.
Radiographic response assessment—Figure 7A displays
the parametric maps of percent recovery at 2 months
after initial therapy for one 6-month nonresponder
patient and two 6-month responder patients with
either a 12-month intermediate response or sustained
response. Significant differences were found at 2
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Fig. 6. Peak height. (A) PH parametric maps of patient examples of each response category at baseline and 1 month into therapy. Note the
increase in PH of the 6-month nonresponder patient (top) and the decrease in PH of the patient with a 12-month intermediate response
(middle) and the patient with a 12-month sustained response (bottom) within the putative tumor region (black line). (B) PH over time
for the entire population (top) and by the response group (middle and bottom). Greatest amount of change in 90th percentile PH
occurred within the first 2 months of therapy.

Mean heterogeneity (SD)a

Mean intensity (90th percentile value)
Baseline

1 mo

D(Baseline,
1 mo)

2 mos

Progressionb

Baseline

1 mo

2 mos

D(Baseline,
1 mo)

Progressionb

Nonresponders
(n ¼ 21)

2.67 + 0.51

2.82 + 0.64

0.20 + 0.53

2.40 + 0.41

2.29 + 0.64

0.83 + 0.19

0.88 + 0.24

0.06 + 0.22

0.75 + 0.13

0.76 + 0.24

Responders:
intermediate
(n ¼ 8)
Responders: sustained
(n ¼ 6)

2.45 + 0.93

2.23 + 0.57

20.27 + 0.58

2.19 + 0.60

2.30 + 0.56

0.91 + 0.43

0.72 + 0.18

20.22 + 0.33

0.76 + 0.18

0.81 + 0.21

2.67 + 0.62

2.53 + 0.14

20.19 + 0.62

2.29 + 0.36

0.86 + 0.16

0.84 + 0.07

20.05 + 0.14

0.79 + 0.08

2.63 + 0.62

2.57 + 0.59

20.02 + 0.58

2.32 + 0.46

2.29 + 0.60
0.86 + 0.25
Percent recovery

0.82 + 0.20

20.04 + 0.26

0.76 + 0.13

All patients (n ¼ 35)

Mean intensity (25th percentile value)a

0.78 + 0.23

Mean heterogeneity (SD)a

D(Baseline, 2
mos)

Progressionb

Baseline

1 mo

71.8% + 18.5

22.7% + 12.0

75.9% + 17.9

9.4% + 2.6

9.2% + 3.7

12.7% + 5.8

3.1% + 5.1

11.1%v5.7

81.3% + 2.2

82.1% + 4.0

3.9% + 3.8

77.1% + 8.3

10.8% + 3.1

8.7% + 1.8

10.3% + 3.3

20.9% + 4.1

12.0% + 4.8

76.5% + 5.0

80.6% + 4.2

83.7% + 3.5

7.2% + 7.0

10.8% + 4.0

9.30% + 2.8

10.3% + 3.5

20.6% + 6.6

76.1% + 7.8

78.8% + 8.8

76.8% + 14.7

1.0% + 10.3

10.0% + 3.0

9.2% + 2.9

11.6 + 4.88

1.3% + 5.3

Baseline

1 mo

Nonresponders
(n ¼ 21)

75.0% + 9.3

76.4% + 12.4

Responders:
intermediate
(n ¼ 8)

78.8% + 4.5

Responders: sustained
(n ¼ 6)
All patients (n ¼ 35)

2 mos

76.2 + 15.6

2 mos

a

Mean computed across all patients in group.
b
Includes only patients who had progressed, so was analyzed by 6-month radiographic response group.
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PH
a

D(Baseline,
2 mos)

Progressionb

11.3% + 5.4
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Table 2. Summary of PH and percent recovery data during the first 2 months of therapy and at progression for each response group
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months after initial therapy among the 6-month
response groups, as described later. Note the reduced
recovery and increased heterogeneity throughout the
putative tumor for the 6-month nonresponder (top)
compared with both of the 6-month responders
(middle and bottom).
Six-month nonresponders displayed significantly
lower 25th percentile recovery (71.8% + 18.5%) than
6-month responders (82.7% + 3.7%) at 2 months into
therapy (Wilcoxon rank-sum, P ¼ .01). The 6-month
responder group showed significant improvement in
the 25th percentile recovery value between the baseline
and 2-month scan (Wilcoxon sign-rank, P ¼ .008),
whereas the 6-month nonresponders did not show
a significant within-patient change (Wilcoxon sign-rank,

P ¼ .64). Six-month nonresponders had instead undergone a highly variable decrease in the 25th percentile
recovery value (22.7% + 12.5%) and a marginally significant increase in overall heterogeneity (3.1 + 5.3;
Wilcoxon sign-rank, P ¼ .05) by this time-point.
Table 2 (percent recovery) shows the 25th percentile
recovery and the standard deviation for each of the
radiographic response groups.

Early imaging predictors of progression and survival
The data were analyzed to identify any patterns of perfusion parameters that were predictive of imminent progression and of OS. Of the 35 patients enrolled, 32 had
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Fig. 7. Percent recovery. (A) Percent recovery parametric maps of patient examples of each radiographic response category at 2 months into
therapy. Note the reduced percent recovery of the 6-month nonresponder patient (top) compared with the patient with a 12-month
intermediate response (middle) and the patient with a 12-month sustained response (bottom) within the putative tumor region (black
line). The 25th percentile value within the putative tumor region was further predictive of PFS at this time-point. (B) Percent recovery
over time for the entire population (top) and by the response group (middle and bottom).
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clinically progressed and 26 were deceased at the time of
study completion.
Progression-free survival

Overall survival
Percent recovery—Greater 25th percentile percent
recovery at 2 months was a protective factor for PFS,
adjusting for baseline KPS, age, extent of resection,
and gender (multivariate Cox regression, P ¼ .009,
HR ¼ 0.955, 95% CI ¼ 0.926 –0.987). For every 1%
increase in percent recovery at 2 months (mean ¼
76.8% + 14.7%), there was approximately a 5%
reduction in the risk for progression. However, prior
to this 2-month scan, the 25th percentile value of
percent recovery at baseline and at 1 month was not
found to be predictive of PFS (multivariate Cox
regression adjusted for clinical control factors, P ¼ .46
and .11, respectively). This supports the claim that by
as early as 2 months into therapy, not only had differences in permeability emerged between response
groups, but also the extent of permeability within the
tumor region was further predictive of PFS.
Changes in parameters prior to progression
The data were also examined to identify changes in the
perfusion parameters on the scans prior to patients’ progression date that might be indicative of the imminent
progression. Immediately prior to progression, there
were no significant changes in the level of vascularization, in terms of both the 90th percentile value and the
standard deviation (not shown). However, there were
interesting changes in the percent recovery parameter
prior to progression, which are displayed in Fig. 8. At
4 months prior to progression, the heterogeneity of
recovery values within the putative tumor region began
to increase (Fig. 8A, patient example Fig. 8E). There
was a significant increase in the standard deviation of
the recovery at 4 months prior to progression over the
previous (6 months preprogression) scan (Fig. 8A,
Wilcoxon sign-rank, P , .04). Patients with 12-month
intermediate response were similar to the 6-month nonresponders at 4 months prior to progression in terms of
both the 25th percentile recovery value and the overall
standard deviation of recovery within the putative
tumor region (Fig. 8B and C, Wilcoxon rank-sum, P .
.05). Figure 8E shows the percent recovery parametric
maps of a patient with a 12-month intermediate
response leading up to progression. Note the increase
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The greater 25th percentile percent recovery at 2 months
into therapy was a protective factor for OS, adjusted for
baseline KPS, age, extent of resection, and gender (multivariate Cox regression, P ¼ .02, HR ¼ 0.957, CI ¼
0.926 – 0.991). For each 1% increase in percent recovery
at 2 months, there was an associated 4% reduction in the
risk for death. Prior to the 2-month scan, percent recovery was not predictive of OS (multivariate Cox
regression adjusted for clinical control factors, baseline
P ¼ .08 and at 1 month P ¼ .16).

Discussion
DSC imaging was used to identify periods of vascular
remodeling during the course of antiangiogenic
therapy. Changes in the neovasculature that occurred
within the first 2 months of therapy were related to
both response and PFS. The marked decrease in PH
that was observed during the first 2 months of therapy
is consistent with the vascular normalization window
that was reported by Batchelor et al.3 They reported
that the relative vessel size, as determined using a dual
gradient- and spin-echo DSC sequence, reversed
toward abnormal values at day 56 after initial therapy
with AZD2171 and interpreted this as the end of the vascular normalization window.
When perfusion has normalized and the vasculature
becomes more patent, it may be expected that intravascular gadolinium no longer leaks as readily into the
extracellular extravascular space and that as a result
the contrast enhancement on T1-weighted anatomical
images decreases. This underlines the challenge in
terms of using the standard response criteria to evaluate
response to antiangiogenic therapy. The advantage of
using 6- and 12-month assessments to analyze radiographic response to antiangiogenic therapy is that they
incorporate the full pattern of response rather than just
the date of progression. Some patients present with a
marked decrease in contrast enhancement early in
therapy that is suggestive of positive response, but
possess a drastic return and/or growth of contrast
enhancement by the 12-month assessment. Identifying
which patients will have this pattern of response prior
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Peak height—An increase in the 90th percentile PH
value between baseline and 1 month was a risk factor
for PFS adjusted for the baseline heterogeneity (SD) of
PH and the clinical control factors of baseline KPS,
age, extent of resection, and gender (multivariate Cox
regression, P ¼ .02, hazard ratio [HR] ¼ 5.408, 95%
CI ¼ 1.259 – 24.420). For every 1 unit increase in the
change in the 90th percentile PH between baseline and
1 month (mean change ¼ 20.02 + 0.58), patients were
at approximately a 5-fold greater risk for progression.

in the heterogeneity of percent recovery within the putative tumor region at 4 months preprogression. This functional change can be seen on the percent recovery
parametric map prior to the increase in enhancement
on the T1-contrast-enhanced images (Fig. 8D). The
observed changes in the percent recovery map are not
limited to within the CEL (Fig. 8D), but rather are
seen throughout the broader putative tumor region
(Fig. 8E). Patients had very similar percent recovery
levels at progression date (Fig. 8B and C, Wilcoxon
rank-sum, P . .2). At progression, the mean percent
recovery value was 76.2% + 15.6%, and the mean standard deviation within the putative tumor region was
11.3% + 5.4% for the entire population.
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Fig. 8. Preprogression percent recovery. (A) Standard deviation of percent recovery within the putative tumor region increased 4 months
prior to progression. (B and C) Both 6-month nonresponders and patients with a 12-month intermediate response converged as they
neared progression in percent recovery intensity and heterogeneity. Note patient example showing an increase in heterogeneity of
percent recovery (E) prior to the increase in CE (D).
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the heterogeneity of recovery within the putative tumor
region began to increase, suggesting the end of the normalization period of the therapy for the individual
patient and the beginning of reduced perfusion function.
As Fig. 8D and E demonstrates, this change may occur
prior to changes in appearance of the CEL, and it will
be crucial to investigate the potential of this parameter
in future studies.
The observation that the entire population, regardless
of radiographic response group, had similar perfusion
parameters at progression is suggestive of a “progression
profile.” In the radiographically challenging case of
patients with 12-month intermediate response, perfusion parameters were similar to the 6-month nonresponders at 4 months prior to progression. However,
these patients remained on therapy due to the stable
appearance of their CEL. Early changes in the heterogeneity of percent recovery that may precede the increase in
appearance of contrast enhancement have great potential for improving the management of patients on antiangiogenic therapy. Future prospective studies will validate
these findings in a larger patient population and with
other antiangiogenic therapies.

Conclusion
This study demonstrated changes in tumor vasculature
on DSC MRI during the first 2 months of therapy for
patients with GBM who were being treated with radiation therapy, temozolomide, and enzastaurin. Patients
who had a large decrease in PH after 1 month of
therapy and improvement in percent recovery after 2
months of therapy seemed to respond best, which may
aid in identifying patients who would benefit most
from antiangiogenic therapy in the future. The level of
recovery present at the end of this 2-month normalization window was found to be predictive of PFS and OS.
These results support the hypothesis that DSC perfusion
imaging provides valuable information about changes in
vascular function during therapy, which may ultimately
aid clinicians in identifying patients who are likely to
respond prior to therapy and as an early indicator of
patient response to antiangiogenic therapy.
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to the resurgence of enhancement would allow alternative therapies to be considered at a time-point when
they may be more effective. Interestingly, not all patients
present in this way. Patients who show sustained
response through both 6- and 12-month assessments
may be interpreted as showing substantial benefit from
antiangiogenic therapy. The ability to make an early distinction between these 2 patterns of radiographic
response may therefore be of critical clinical importance
for choosing the most effective therapy.
The disadvantage of using the 6- and 12-month
response assessment is that it does not provide a continuous scale on which to measure response and to test predictive hypotheses. Although the use of the Macdonald
criteria to evaluate PFS is limited in the evaluation of
response to antiangiogenic therapy,15 it does provide a
scale for evaluating early biomarkers. OS may be a
more appropriate endpoint in evaluating response to
antiangiogenic therapy but is limited by the influence
of salvage treatments.15 The advantage in integrating
the discrete 6- and 12-month radiographic assessment
with the continuous PFS and OS scales is that 2 main
challenges could be addressed: (i) elucidating perfusion
differences in order to identify radiographic response
groups and (ii) evaluating perfusion parameters during
therapy that may predict outcome.
The subpopulation of patients who have a large
decrease in vascular density after 1 month of therapy
and an improvement in permeability after 2 months of
therapy appeared to show the best response to therapy.
Patients who show an increase in vascular density after
1 month of therapy and no improvement in permeability
after 2 months did not respond within the first 6 months
and thus had reduced PFS. In future prospective studies,
this combination of early change in vascular density and
permeability may be tracked as a biomarker of response
and may ultimately aid in tailoring antiangiogenic
therapy to individual patient characteristics.
The most challenging question lies in identifying
patients who display an intermediate positive response to
therapy but then suddenly progress. Patients with intermediate response showed a similar response pattern as
patients with sustained response (decrease in vascular
density after the first month and improvement in recovery
after the second month) but had lower initial levels of vascularization. This suggests that an initially wellvascularized tumor, which improves in patency during
initial therapy, is associated with better patient response.
It seems that the combination of vascularization and permeability best describes the pattern of response.
Since most patients with GBM recur, it is critical to
identify changes in perfusion that may be predictive of
imminent progression.17 When adjusted for the initial
heterogeneity of tumor vascularization, the decrease in
vascular density was predictive of PFS. This highlights
interesting questions regarding the relationship
between the extent and the spatial distribution of
tumor vascularization and the PFS of patients on antiangiogenic therapy. The level of abnormal recovery that
occurred after 2 months of therapy was predictive of
both PFS and OS. Four months prior to progression,
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