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Abstract
Background.  In Radiation Therapy Oncology Group (RTOG) 0825, a phase III trial of standard therapy with 
bevacizumab or without (placebo) in newly diagnosed glioblastoma, 44 patients underwent dynamic contrast 
enhanced (DCE) and/or dynamic susceptibility contrast (DSC) MRI in the American College of Radiology Imaging 
Network (ACRIN) trial 6686. The association between early changes in relative cerebral blood volume (rCBV) and 
volume transfer constant (Ktrans) with overall survival (OS) was evaluated.
Methods.  MRI was performed at postop baseline (S0), immediately before (S1), 1 day after (S2), and 7 weeks after 
(S3) bevacizumab or placebo initiation. Mean normalized and standardized rCBV (nRCBV, sRCBV) and Ktrans were 
measured within contrast-enhancing lesion. Wilcoxon rank sum tests compared parameter changes from S1–S2 
and S1–S3. Association with OS and progression-free survival (PFS) were determined using Kaplan–Meier and log-
rank tests. Treatment response for groups stratified by pretreatment nRCBV (S0, S1) was explored. The intraclass 
correlation coefficient and repeatability coefficient for the placebo arm (S1–S2) were used to assess repeatability.
Results.  Evaluable were 27–36 datasets per time point. Significant differences between treatment arms were found 
for changes in nRCBV and sRCBV from S1–S2 and S1–S3, and in Ktrans for S1–S3. Improved PFS (P = 0.05) but not 
OS (P = 0.46) was observed. High pretreatment rCBV predicted improved OS for bevacizumab-treated patients. 
Based on the intraclass correlation coefficient, sRCBV (0.92) was more repeatable than nRCBV (0.71) and Ktrans 
(0.75), consistent with repeatability coefficient values.
Conclusions.  Bevacizumab significantly changes rCBV but not Ktrans as early as 1 day posttreatment in newly diag-
nosed glioblastoma unrelated to outcomes. Improvements in clinical trial design to maximize rCBV benefit are 
indicated.

Key Points

1. �This is the first multicenter trial of CBV and Ktrans in bevacizumab-treated new 
glioblastoma.

2. � Measures of rCBV and Ktrans repeatability are provided.

3. � Evidence suggests use of rCBV for future trial stratification.
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Each year, nearly 70,000 patients are newly diagnosed 
with primary central nervous system tumors. Of these, 
one-third are malignant, of which 80% are gliomas.1 
Glioblastomas are the most common and most aggressive 
gliomas in adults, with a median overall survival (OS) of 
15 months.2 Standard-of-care treatment consists of max-
imal safe resection, followed by chemoradiation therapy 
(CRT) using temozolomide (TMZ).3 At tumor recurrence, 
common4 treatment options include re-irradiation, tumor 
treating fields, and bevacizumab, which inhibits angiogen-
esis.5 Bevacizumab received accelerated FDA approval for 
recurrent glioblastoma based on 2 prospective phase II 
clinical trials where the 6-month progression-free survival 
(PFS), based on MacDonald6 and Response Assessment 
in Neuro-Oncology (RANO)7 criteria, was 42.6% and 29%, 
respectively, compared with the historical control rate of 
15%, but with no apparent improvement in OS.8 Similarly, 
in a large randomized trial of radiation plus chemotherapy 
with and without bevacizumab for newly diagnosed gli-
oblastoma (Radiation Therapy Oncology Group [RTOG] 
0825),9 the PFS was significantly improved (10.7 vs 7.3 
mo, P = 0.007) but the OS was not (15.7 and 16.1 mo, P = 
0.21). Currently, standard practice considers bevacizumab 
a treatment option for recurrent but not newly diagnosed 
glioblastoma.

Understanding the true efficacy of bevacizumab for 
both newly diagnosed and recurrent glioblastoma is 
further nuanced by the growing understanding that 
conventional MRI insufficiently evaluates the response 
of glioblastoma to anti-angiogenic therapies such as 
bevacizumab.10,11 Since these agents decrease blood–
brain barrier permeability to gadolinium-based con-
trast agents (GBCAs), decreased contrast enhancement 
on T1-weighted MRI and fluid-attenuated inversion re-
covery (FLAIR) hyperintense signal on post-bevacizumab 
MRI may not reflect cytotoxic effect. This phenomenon, 
termed “pseudoresponse,” 12 may also partly explain 
why improved PFS but not OS was observed in early 
bevacizumab-treated glioblastoma trials.

Recent studies measuring relative cerebral blood 
volume (rCBV) using dynamic susceptibility contrast (DSC) 
MRI demonstrated improved OS with bevacizumab treat-
ment for subsets of patients with recurrent and newly 
diagnosed glioblastoma in both single institution13–17 and 
multicenter trials.18 These results suggest that meaningful 
prediction of response to bevacizumab requires an ad-
vanced imaging marker that interrogates tumor hemody-
namics. However, it remains unclear when rCBV should be 
measured or whether absolute or relative change in rCBV 
is most predictive. For example, some studies show utility 

in measuring rCBV pretreatment13,15,17 or at 2 or 4 weeks 
posttreatment,18 but others produced mixed results at 
7–8 weeks posttreatment,13,18–20 a finding dependent on 
whether absolute rCBV or rCBV changes were measured. In 
another study, changes in both DSC-MRI and dynamic con-
trast enhanced (DCE) MRI perfusion parameters, including 
rCBV and Ktrans (volume transfer coefficient), were noted as 
early as 1 day posttreatment with the anti-angiogenic agent 
cediranib.21 In this context, the planned objective of the 
American College of Radiology Imaging Network (ACRIN) 
trial 6686 was to assess the association between OS and 
changes in rCBV and Ktrans 1 day after treatment initiation 
with bevacizumab compared with placebo, in patients with 
newly diagnosed glioblastoma. Parameter changes meas-
ured at 7–8 weeks posttreatment with bevacizumab or pla-
cebo were also assessed.

Methods

RTOG (now NRG Oncology), in collaboration with ACRIN 
(now the Eastern Cooperative Oncology Group [ECOG]-
ACRIN), both funded by the National Cancer Institute, 
conducted a prospective, phase III double-blind placebo-
controlled multicenter trial comparing conventional con-
comitant chemoradiation and adjuvant TMZ without 
(placebo arm) versus with bevacizumab in patients with 
newly diagnosed glioblastoma (RTOG 0825/ACRIN 6686). 
Each participating institution obtained institutional review 
board approval before subject accrual and conducted the 
trial in compliance with the Health Insurance Portability 
and Accountability Act of 1996. Informed consent was 
obtained for all subjects.

Patients

As described in the primary report for this study,22 all pa-
tients had newly diagnosed, histologically proven gli-
oblastoma or gliosarcoma (World Health Organization 
[WHO] grade IV astrocytoma) confirmed on central review. 
Inclusion and exclusion criteria are available at https://
www.rtog.org/ClinicalTrials/ProtocolTable/StudyDetails.
aspx?study=0825. Patients were randomly assigned to re-
ceive standard CRT plus bevacizumab or standard therapy 
alone (referred to as the placebo arm). Bevacizumab (for 
the bevacizumab arm) was administered (10 mg/kg i.v., 
days 1 and 15 of a 28-day cycle) at the end of week 3 of 
CRT, until disease progression, severe treatment-related 
toxicity, or completion of adjuvant therapy (24 doses over 

Importance of the Study

This is the first multicenter study to address the use of 
DSC-MRI and DCE-MRI in bevacizumab-treated newly 
diagnosed glioblastoma. The results show rCBV but 
not Ktrans to be a sensitive biomarker of early biological 
changes following initiation of bevacizumab therapy, 

yet without an association with outcomes. Future clin-
ical trials should consider using advanced MRI bio-
markers to stratify treatment groups, rather than the 
standard approach of randomized assignment where 
subpopulations of responding patients might be missed.

https://www.rtog.org/ClinicalTrials/ProtocolTable/StudyDetails.aspx?study=0825
https://www.rtog.org/ClinicalTrials/ProtocolTable/StudyDetails.aspx?study=0825
https://www.rtog.org/ClinicalTrials/ProtocolTable/StudyDetails.aspx?study=0825


 316 Schmainda et al. Perfusion MRI for bevacizumab-treated de novo GBM

12 cycles, maximum). Maintenance chemotherapy (TMZ) 
began 4 weeks after completion of CRT.23

MRI Acquisition

MRI was performed at both 1.5 T (Siemens Espree, Siemens 
Magnetom Avanto, GE Signa Excite, GE Signa HDx) and 
3T (GE Signa HDx, GE Signa Excite). Conventional MRI 
included precontrast T1-weighted, T2-weighted, FLAIR, 
and diffusion-weighted imaging.24 Following intrave-
nous injection of GBCA (0.1 mmol/kg), axial 2D spin-echo 
postcontrast T1-weighted images with or without 3D vol-
umetric T1-weighted images were acquired. The imaging 
protocol remained fixed at each site and across all time 
points.

For patients participating in the advanced component 
of the trial, DCE-MRI and/or DSC-MRI was also performed. 
For DCE-MRI, pre-injection T1 data were obtained using 
the multiple flip angle (FA) 3D T1-weighted spoiled gra-
dient echo/magnetization prepared gradient echo (SPGR/
MPRAGE ) technique (repetition time [TR] = 4.2–8.3 ms 
for all FA, minimum echo time [TE], and 2°, 10°, 15°, 20°, 
and 30° FA). Dynamic 3D T1-weighted SPGR/MPRAGE im-
ages (TR = 4–7.4 ms, minimum TE, 20–30° FA) were then 
obtained every <6.3 sec, for a total imaging time of 4–6 min 
during the first power-injected bolus of GBCA adminis-
tered at a rate of 3–5 cc/sec. This was followed by standard 
postcontrast imaging, using the same precontrast 
T1-weighted technique described above. Next, DSC-MRI 
was performed using gradient-echo or spin-echo echo-
planar imaging with gradient-echo TE = 30–40 msec and 
spin-echo TE = 70–105 msec; TR = 1.0–1.5 sec, with 30–60 
sec of acquisition before and 1 min of acquisition after a 
power-injected bolus of 0.1 mmol/kg dose of GBCA, for a 
total of 120 acquired time points. The first GBCA dose used 
for DCE-MRI and postcontrast imaging served as a pre-
load for DSC-MRI, thereby diminishing confounding GBCA 
leakage effects.25

Imaging Timeline

ACRIN 6686 enrolled 44 patients for advanced imaging, 
and OS information was available for 42 of these patients. 
Of these, 22 patients received bevacizumab (bevacizumab 
arm) and 20 did not (placebo arm). DSC-MRI and DCE-
MRI were performed 0–5 days pre-CRT (S0), 0–3 days be-
fore (S1), 0–1 day (S2), and 7 weeks (S3) after treatment 
initiation with bevacizumab or placebo. (Note the S1 and 
S2 time points take place during week 4 of the 6 weeks 
of CRT.) DSC-MRI data from 6 of the 42 patients was ex-
cluded because gradient-echo data were not available at 
any of the 4 time points. Spin-echo data was excluded 
due to the well-known differences in susceptibility con-
trast between gradient-echo and spin-echo methods26 and 
the small number of spin-echo datasets obtained. For the 
remaining 36 patients, datasets for the bevacizumab/pla-
cebo arms at S0, S1, S2, and S3 were 27 (14/13), 31 (16/15), 
31 (17/14), and 29 (15/14). (See Supplementary Figure 1.) 
For the following reasons, 26 individual datasets were ex-
cluded: no DSC data (n = 6), spin-echo data collected  (n 

= 1), poor DSC signal due to lesion location (n = 9), incor-
rect or no contrast agent administration (n = 2), no con-
trast agent preload given or precontrast T1 not collected (n 
= 4), an enhancing lesion was not present (n = 4). Overall, 
this resulted in a small number of excluded datasets (11 of 
144 total) for direct DSC-MRI issues, such as poor signal or 
difficulties with contrast agent injection. For DCE-MRI, the 
number of evaluable datasets of acceptable image quality 
for the bevacizumab/placebo arms at S0, S1, S2, and S3 
are 30 (16/14), 35 (18/17), 36 (17/19) and 33 (15/18), respec-
tively. As listed in Supplementary Figure 1, 34–39 DCE-MRI 
datasets were obtained at each time point. Datasets were 
excluded if the DCE-MRI data were incomplete (n = 5) due 
to shortened imaging durations, lack of baseline images, 
or use an incorrect FA, and when the arterial input function 
could not be determined (n = 3) or the precontrast T1 map 
was not obtained (n = 5).

Image Analysis

Central reader analysis.—As previously described,9,22 all 
local imaging was transmitted to ACRIN for central review 
with each distinct contrast-enhancing target lesion (≥1 cm 
diameter, ≥1 cm from other enhancing lesions), evaluated 
according to RANO guidelines.7 MRI at postop/pre-CRT 
baseline (S0) and pre–cycle 4 of adjuvant TMZ (about 22 wk 
after starting CRT and 19 wk after beginning bevacizumab/
placebo treatment) were used to determine response. 
Consistent with RANO criteria, progression on 2D-T1 oc-
curred when there was a >25% increase with respect to the 
nadir, or in this case postop baseline, or new measurable 
enhancing tumor. Radiologic response was defined as a 
≥50% decrease with respect to baseline, confirmed on the 
subsequent time point. Steroid dosage and clinical status 
were unavailable to the readers for this study.

Advanced MRI analysis.—For DSC-MRI analysis, rCBV 
maps normalized (nRCBV) to normal-appearing white 
matter (NAWM) and standardized (sRCBV) to a universal 
scale27 were corrected for contrast agent leakage effects25,28 
using IB Neuro TM (Imaging Biometrics LLC, Elm Grove, 
WI). For consistency of analysis across patients, NAWM 
was selected by one person (M.A.P.) for all datasets within 
deep frontal white matter free of FLAIR hyperintensity.

DCE-MRI analysis was performed by first computing the 
pre-injection T1 map from the multi-FA T1-weighted SPGR 
data, and then using this map to convert signal intensities 
from the dynamic acquisition into estimates of GBCA con-
centrations over time (∆R1(t)). Parameter maps of Ktrans 
were computed using a matrix-based linearization method 
to fit ∆R1(t) to the extended Tofts model.29

Using IB DeltaSuite TM (Imaging Biometrics LLC, 
Elm Grove, WI), contrast-enhancing regions of interest 
(ROIs) were defined from deltaT1 (dT1) maps, which 
are calibrated, quantitative difference maps computed 
from standardized post- and standardized precontrast 
T1-weighted images.30 The dT1 maps facilitate visualization 
of enhancing lesion, free of intrinsically increased T1 signal 
from blood products or proteinaceous material. Because 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa167#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa167#supplementary-data
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dT1 maps are quantitative, a single threshold can be ap-
plied to all cases for consistent delineation of contrast-
enhancing tumor ROI. The tumor ROIs were applied to both 
rCBV and Ktrans parameter maps, which were coregistered 
to the T1-weighted images and the mean and median pa-
rameter values extracted.

Statistical Analysis

Descriptive statistics were computed for nRCBV, sRCBV, 
and Ktrans. The Wilcoxon rank sum tests were used to com-
pare the percent changes in nRCBV, sRCBV, and Ktrans 
from time points S1–S2 and S1–S3 between bevacizumab 
and placebo-treated patients. The absolute change was 
also determined for parameter changes from S1 to S2. 
The Kaplan–Meier method and log-rank test were used 
to compare PFS and OS between patients treated with 
bevacizumab versus placebo, and between patients with 
increasing versus no change/decreasing nRCBV, sRCBV, 
and Ktrans. The choice for this comparison was based on 
a previous multicenter study using rCBV, where positive 
versus negative/no-change differences demonstrated a 
significant difference in outcomes.18

An exploratory analysis was performed where the pa-
tients were divided into “high” and “low” nRCBV groups, 
defined as the pretreatment nRCBV being above or below 
the median nRCBV value. This analysis was performed for 
nRCBV obtained pre-CRT (S0) and pre-bevacizumab/pla-
cebo (S1). Within each “low” and “high” nRCBV group, 
the Kaplan–Meier method and log-rank test were used to 
compare OS between patients treated with bevacizumab 
versus placebo.

Finally, the repeatability of nRCBV, sRCBV, and Ktrans 
measurements was determined from imaging data col-
lected for the placebo arm, obtained 1 day apart (at S1 
and S2), by constructing Bland–Altman plots and com-
puting the repeatability coefficient (RC) and intraclass cor-
relation coefficient (ICC).31 Statistical computations were 
performed using SAS v9.4 software or R v3.4.4 software 
(R project; https://www.r-project.org), with P-values <0.05 
considered statistically significant.

Results

Example images and parameter maps from one pa-
tient are shown in Fig. 1. Summary statistics for nRCBV, 
sRCBV, and Ktrans for each treatment arm are provided as 
Supplementary Table 1. The percent and absolute changes 
in parameter values from pretreatment (S1) to 1 day 
posttreatment (S2) are also given in Supplementary Tables 
2–5. Comparing treatment arms from S1–S2, significant 
differences in percent change were noted for nRCBV (P 
= 0.03) and sRCBV (P = 0.03) (Fig. 2A-B). Likewise, signif-
icant differences in absolute change resulted for nRCBV 
(P = 0.03) and sRCBV (P = 0.02) (Fig. 2D-E). From S1–S3, 
significant differences in percent change were noted for 
nRCBV (P = 0.007) and sRCBV (0.01) (Fig. 2G-H). (The ab-
solute change was not computed for S1–S3.) There were 
no significant differences between treatment arms for 
Ktrans for S1–S2 percent change (P = 0.28) (Fig. 2C) or 

absolute change (P = 0.23), (Fig. 2F) but there was a sig-
nificant difference in percent change Ktrans for S1–S3 (P = 
0.045) (Fig. 2I).

Although the median survival of the bevacizumab-
treated group was 593 days compared with 492 days for the 
placebo arm, there was no significant difference in OS (P = 
0.46) (Fig. 3A). Yet marginally significant differences in PFS 
(P = 0.05) were observed (Fig. 3B), with 380 versus 258.5 
days for the bevacizumab and placebo treatment arms, 
respectively. There was no significant difference in OS be-
tween those with increasing compared with decreasing 
percent change in nRCBV, sRCBV, or Ktrans from S1–S2 or 
S1–S3, for individual treatment arms or when combining 
data from both arms. However, due to the small sample 
size of this study, firm conclusions cannot be made. Larger 
studies addressing the utility of rCBV to predict treatment-
based survival differences are still needed.

The exploratory analysis (Fig. 4) revealed a significant 
prolongation for bevacizumab-treated patients with high 
pre-CRT nRCBV (S0) (Fig. 4A). For those with low pre-
CRT nRCBV, bevacizumab did not show an improvement 
in OS compared with placebo (Fig. 4B). A significant 
difference in treatment-based outcomes did not re-
sult when using nRCBV measured after CRT and before 
bevacizumab/placebo treatment (S1) (Fig. 4C, D). Though 
these results show that rCBV can be used to identify 
patients with newly diagnosed glioblastoma whose 

  
T1+C Ktrans

nRCBV

A B

C D

sRCBV

Fig. 1  Example images and parameter maps for case 193 prior to 
bevacizumab/placebo treatment. Shown are the (A) postcontrast 
T1-weighted images along with the corresponding (B) Ktrans map 
from the DCE-MRI data and (C) normalized rCBV (nRCBV) and (D) 
standardized rCBV (sRCBV) maps from DSC-MRI data.

  

https://www.r-project.org
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa167#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa167#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa167#supplementary-data
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survival will be prolonged with bevacizumab, these re-
sults are not conclusive given the small sample size for 
this analysis.

The ICC was highest for the sRCBV parameter (0.92) 
compared with the nRCBV and Ktrans parameters (0.71 and 
0.75, respectively); however, the 95% confidence intervals 
overlapped. Likewise, the best repeatability coefficient was 
found for sRCBV (RC = 0.49) compared with nRCBV (1.87) 
meaning that it will be easier to detect a given change 
using sRCBV than with nRCBV because of its greater 

reproducibility.31 The Bland–Altman plots given in Fig. 5 
show the reliability of each parameter.

Discussion

This study demonstrates an immediate (1 day) biologic 
response to bevacizumab treatment compared with pla-
cebo, with a significant decrease in absolute and percent 
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change in rCBV measured with DSC-MRI. This signifi-
cant difference is maintained at 7 weeks posttreatment 
initiation. Conversely, Ktrans measured with DCE-MRI did 
not show a difference between treatment groups at the 
early time point but was significantly different at the 
later time point. Both PFS and OS were longer for pa-
tients receiving bevacizumab treatment compared with 
placebo, the with marginal significance for PFS. Also, 
the rCBV differences between treatment arms are not 
associated with PFS or OS. Yet this deserves further in-
vestigation, since an important limitation to this study 
is that ACRIN 6686 had a very low accrual rate and 
was ended without sufficient participants to power the 
study. Consequently, we performed an ad-hoc power 
analysis to compare the percent change in nRCBV and 
sRCBV from S1 to S2 between the 2 arms. Two-sided, 
2-sample Wilcoxon rank sum tests were used at a signif-
icance level of 0.05. Given 30 available participants, the 
powers were 51.5% and 37.3% for the percent change 
in nRCBV and sRCBV, respectively. We therefore do not 
have sufficient power to confirm that nRCBV or sRCBV 
are not associated with PFS or OS, and additional 
studies are warranted.

What also might explain the results, at least in part, is the 
fact that the rCBV differences measured at the 7–8 week 
time point might be less sensitive to effects of bevacizumab 
compared with other time points. In a previous multicenter 
trial of bevacizumab-treated recurrent glioblastoma, 
changes in rCBV at 2 and 16 weeks after bevacizumab initia-
tion were predictive of both PFS and OS, whereas changes 
at 7–8 weeks were not.18 Likewise, a single-center study of 
bevacizumab-treated recurrent glioblastoma found that al-
though changes in rCBV at the 7–8 week time point were 
not predictive of OS, stratification by baseline absolute 

rCBV values were predictive of outcome.13 Patients with 
the best outcomes had rCBV values that started low and 
remained low, whereas patients with the worst outcomes 
had high rCBV levels that remained high even after treat-
ment with bevacizumab. These results suggest that, al-
though not all patients respond to bevacizumab, rCBV may 
help identify those that do, but there might also be a time-
dependent sensitivity of rCBV to predict outcome. These 
findings deserve further investigation.

Overall, the significant changes found for absolute and 
percent change endorse rCBV as a sensitive and early 
measure of biologic response to bevacizumab treatment, 
with Ktrans demonstrating a later sensitivity. These differ-
ences did not, however, translate into a significant associ-
ation with PFS and OS. This result may be at least partially 
explained by a recent study32 that underscores our incom-
plete understanding of combination therapies. Specifically, 
they demonstrated that in patients with recurrent glioblas-
toma, treated with bevacizumab plus CRT, there were re-
gional differences in tumor TMZ uptake, with decreased 
uptake in regions with low permeability, as measured by 
Ktrans, and regions of improved delivery that correlated 
with increased cerebral blood flow. Note that in the current 
study, bevacizumab was administered after 4 weeks  of 
CRT. These results demonstrate the need for an improved 
understanding and application of treatment strategies, for 
which imaging biomarkers, such as CBV, cerebral blood 
flow, and Ktrans can play a critical role.

Essentially all previous attempts to establish a role for 
rCBV in prognosticating response to bevacizumab have 
been made for recurrent and not newly diagnosed gli-
oblastoma. Thus, this is the first multicenter study to ad-
dress the use of rCBV in bevacizumab-treated newly 
diagnosed glioblastoma. Studies in newly diagnosed 
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glioblastoma are likely lacking due to the standard neuro-
oncology practice of prescribing bevacizumab for recur-
rent but not newly diagnosed glioblastoma. This practice 
is primarily based on 2 studies of 621 and 921 patients 
with newly diagnosed glioblastoma where significant im-
provements in PFS but not OS were realized.23,33 However, 
due to the crossover nature of both studies, 48.3% and 
48.2% of patients in the placebo arm were treated with 
bevacizumab at progression. Therefore, as described by 
Gilbert et al, “the end point of overall survival was used to 
determine whether early first-line use of bevacizumab was 
superior to use as a salvage regimen.” 23 In short, whether 

up-front bevacizumab improves OS compared with not 
using bevacizumab treatment up-front was never fully ad-
dressed. Moreover, only standard imaging methods were 
used to assess treatment response, which can be insuffi-
cient or even inaccurate measures of response.

In seeming contradiction to these earlier studies and 
our current results, a previous study34 did show an OS 
improvement in response to bevacizumab treatment 
for newly diagnosed glioblastoma. Patients were sep-
arated into 2 cohorts based on the angiogenic pro-
file of pretreatment tumor (ie, before CRT), defined in 
part by DSC-MRI perfusion parameters. Of the patients 
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with an aggressive angiogenic profile, those treated 
with bevacizumab showed a significant improvement 
in OS compared with those that did not (placebo arm). 
This result suggests that whereas simple randomiza-
tion between treatment arms may fail to demonstrate 
a survival advantage for newly diagnosed glioblastoma 
on bevacizumab therapy,23 at least a subpopulation of 
patients will have a survival advantage in response to 
bevacizumab, and these patients can be identified by 
pretreatment measures of rCBV.

The exploratory analysis performed in the present study is 
consistent with the results of this previous study. Specifically, 
when patients were separated into 2 groups defined as those 
with high versus low nRCBV measured pre-CRT, a signifi-
cant improvement in OS was noted for those with high pre-
treatment nRCBV treated with bevacizumab. Interestingly, 
the nRCBV measured after CRT and just prior to treatment 
with bevacizumab or placebo did not show the same ability 
to stratify treatment-based outcomes. Though the results of 
this analysis are not conclusive given the small sample size, 
they are in agreement with those of Liu et al,34 who also used 
a pre-CRT measure of rCBV. Clearly, a well-designed study 
with an up-front measurement of rCBV to stratify patients 
into treatment arms may help to better determine whether 
first-line bevacizumab treatment is actually beneficial in a 
subset of patients.

Other important observations resulting from our study 
include the repeatability of the parameter measurements. 
Although normalized rCBV and Ktrans demonstrated good re-
peatability, standardized rCBV was clearly superior, with an 
ICC of 0.92. This improved consistency is likely a result of the 
fact that standardizing rCBV precludes the need for selecting 
a reference ROI,27 which is a well-known source of substan-
tial variability. It is also a good choice for clinical trials, since 
far fewer subjects would be required to power a study.35

Study limitations include the fact that molecular features 
were not obtained. It is now well-known that the isocitrate 
dehydrogenase 1 (IDH1) mutation and O6-methylguanine-
DNA methyltransferase (MGMT) methylation status inde-
pendently associate with improved PFS and OS in patients 
with glioblastoma.36 In a more recent study,37 recurrent 

glioblastoma treated with bevacizumab showed improved 
PFS for those with MGMT promoter methylation and IDH1 
positive mutations. In a similar way, the presence or absence 
of these molecular features may have influenced the anal-
ysis of the present study. However, since this information 
was not widely available or routinely obtained when this 
study was formulated, it was not collected. 

The protocol for this study did not include a specific rec-
ommendation for the FA to be used when collecting the 
DSC-MRI data. However, a recent study using a DSC-MRI 
digital reference object38,39 provided computational ev-
idence to show that when using a single dose preload 
followed by a single DSC-MRI dose (as was used for this 
study), the rCBV accuracy is negligibly affected by the 
choice of FA. Therefore, it is safe to surmise that the FA set-
tings used for this study will not hamper the general appli-
cability of the results.

The results from this study should help to improve the 
design of future clinical trials. First, because the standard-
of-care imaging assessment of brain tumors typically takes 
place at 7–8 weeks posttreatment initiation, this was data 
obtained at this imaging time point was available to this 
study. However, based on the results of this and previous 
studies, this also seems to be a time point where the ability 
of rCBV to predict response is more variable, and therefore 
an earlier time point should be considered. For this reason, 
the currently active ECOG-ACRIN EAF151 trial includes 
obtaining rCBV at the 2-week time point after treatment in-
itiation. EAF151 is also the first multicenter clinical trial for 
which the primary aims include advanced imaging, such 
that statistically justified larger numbers of patients can be 
enrolled for the evaluation of these imaging biomarkers. 
Also, given recent studies,32 and variations in reported out-
comes, more attention should be given to understanding 
the impact of timing and combination of therapies and 
when additional biomarkers such as Ktrans may be most 
useful. Finally, provocative early evidence is provided that 
supports the use of rCBV as a method of patient stratifi-
cation, rather than random stratification, which may alter 
our understanding of the benefit of using bevacizumab for 
newly diagnosed glioblastoma.
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Conclusions

This study demonstrates that rCBV measured with DSC-
MRI is sensitive to early biological changes following in-
itiation of bevacizumab therapy. Use of rCBV for patient 
and treatment stratification is recommended for future 
clinical trials as its potential to predict patient response to 
bevacizumab remains high. 
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