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Background. In this phase II trial, we investigated the
efficacy of a metronomic temozolomide schedule in the
treatment of recurrent malignant gliomas (MGs).
Methods. Eligible patients received daily temozolomide
(50 mg/m2) continuously until progression. The
primary endpoint was progression-free survival rate at
6 months in the glioblastoma cohort (N ¼ 37). In an exploratory analysis, 10 additional recurrent grade III MG
patients were enrolled. Correlative studies included evaluation of 76 frequent mutations in glioblastoma (iPLEX
assay, Sequenom) aiming at establishing the frequency of
potentially “drugable” mutations in patients entering recurrent MG clinical trials.
Results. Among glioblastoma patients, median age was
56 y; median Karnofsky Performance Score (KPS) was
80; 62% of patients had been treated for ≥2 recurrences,
including 49% of patients having failed bevacizumab.
Treatment was well tolerated; clinical benefit (complete
response + partial response + stable disease) was seen in
10 (36%) patients. Progression-free survival rate at 6
months was 19% and median overall survival was 7
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months. Patients with previous bevacizumab exposure
survived significantly less than bevacizumab-naive patients (median overall survival: 4.3 mo vs 13 mo;
hazard ratio ¼ 3.2; P ¼ .001), but those patients had
lower KPS (P ¼ .04) and higher number of recurrences
(P , .0001). Mutations were found in 13 of the 38
MGs tested, including mutations of EGFR (N ¼ 10),
IDH1 (N ¼ 5), and ERBB2 (N ¼ 1).
Conclusions. In spite of a heavily pretreated population,
including nearly half of patients having failed bevacizumab, the primary endpoint was met, suggesting that this
regimen deserves further investigation. Results in bevacizumab-naive patients seemed particularly favorable,
while results in bevacizumab-failing patients highlight
the need to develop further treatment strategies for advanced MG.
Clinical trials.gov identifier. NCT00498927 (available at
http://clinicaltrials.gov/ct2/show/NCT00498927)
Keywords: bevacizumab, glioblastoma, malignant
glioma, metronomic chemotherapy, temozolomide.

R

adiotherapy with concomitant temozolomide followed by adjuvant temozolomide is the standard
of care for newly diagnosed glioblastoma,1 but
the optimal regimen for recurrent disease has not been
defined. Clinical trials in recurrent glioblastoma have
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temozolomide and radiotherapy, unequivocal tumor recurrence at enrollment, age ≥18 years, Karnofsky
Performance Score (KPS) ≥60, and adequate bone
marrow and organ function. Patients with other, concurrent active malignancy or serious medical illness were
excluded. There was no limit on number of previous recurrences or chemotherapy regimens.
Treatment consisted of temozolomide given at a dose of
50 mg/m2 daily, without interruption, until progression or
development of unacceptable side effects. One cycle was
defined as 28 days. Anti-emetic therapy and pneumocystosis prophylaxis were prescribed at the discretion of treating
physicians. Treatment was held for toxicity grades ≥3.
Once resumed, the dose of temozolomide could be
reduced by 25% as clinically indicated, but if further reductions were necessary, patients were removed from the study.
Complete blood counts were repeated weekly, and comprehensive chemistry panels were obtained monthly. MRIs and
clinical exams were performed every 2 months. Responses
were evaluated using Macdonald criteria.21 The study
was approved by the institutional review board; written informed consent was obtained from all patients.

Patients and Methods

Available formalin-fixed paraffin-embedded (FFPE) tissue
samples were evaluated for MGMT promoter methylation status by real-time methylation-specific PCR as
described previously,22 performed by MDxHealthC.
FFPE samples were also subjected to a comprehensive mutation screening using mass spectrometry genotyping/
iPLEX assay (Sequenom) in genomic DNA, looking for
a panel of 76 mutations described in glioblastoma
(Supplementary material, Appendix S1). The iPLEX
assay was performed as described by the manufacturer
(Supplementary material, Appendix S2). Primers are
listed in Supplementary material, Appendix S3.

This was a prospective, phase II trial conducted at
Memorial Sloan-Kettering Cancer Center from July
2007 to April 2010. The main cohort comprised patients
with progressive/recurrent glioblastoma; patients with
recurrent World Health Organization grade III anaplastic astrocytoma, anaplastic oligoastrocytoma, or anaplastic oligodendroglioma were enrolled in a separate,
exploratory cohort.
Inclusion criteria consisted of histologically confirmed diagnosis of MG, previous exposure to

Statistics
The primary endpoint was PFS6 in glioblastoma patients. A Simon 2-stage design was used. In the first
stage, 12 patients were accrued. If at least one of those
patients did not progress at the 6-month mark, then an
additional 25 patients (for a total of 37) would be
accrued to the second stage; otherwise, the trial would
be terminated. At the end of the trial, if fewer than 4 patients were progression free at 6 months, the study
would be declared negative. This design yields at least
a .90 probability of a positive result if the true PFS6
was at least 20% and a .90 probability of a negative
result if the true PFS6 was 5%.
Secondary endpoints were median PFS, OS, ORR,
and toxicity as per the National Cancer Institute’s
Common Terminology Criteria of Adverse Events
version 3.0. Survival was calculated from registration
date (Kaplan –Meier methodology), and log-rank statistic was utilized for group comparisons. An additional 10
patients with grade III MG were enrolled in an exploratory cohort, and a descriptive analysis was performed.
MGMT Promoter Methylation Status and Evaluation
of Relevant Glioblastoma Mutations

NEURO-ONCOLOGY

†

FEBRUARY 2013

243

Downloaded from https://academic.oup.com/neuro-oncology/article-abstract/15/2/242/1415468 by guest on 01 March 2019

reported dismal outcomes, with objective response rates
(ORRs) of 5% –6%, 6-month progression-free survival
rates (PFS6) of 9% –21%, and median overall survival
(OS) of 6– 7 months.2 – 6 Treatment with numerous
targeted and nontargeted agents has been attempted
without success, with the exception of bevacizumab.7 – 9
This agent received accelerated FDA approval for
recurrent glioblastoma, based on improved ORRs of
20% – 26% seen in 2 phase II trials.8,9 However, responses tend to be short-lived (median: 4 months), and
OS has been modest (median: 8– 10 months).
Metronomic temozolomide has emerged as a welltolerated salvage approach in recurrent glioblastoma.10 – 15
Preclinical studies have suggested that metronomic
temozolomide may result in increased activity through
depletion of the O6-methylguanine-DNA methyltransferase (MGMT) protein16 and anti-angiogenic properties
through targeting of endothelial cells.17,18 A phase II
study19 using metronomic, daily temozolomide (50 mg/
m2/d) for glioblastoma at first relapse investigated 3 preestablished cohorts: patients with progression before completion of 6 adjuvant cycles (“early” group), patients with
progression after 6 cycles while still on temozolomide (“extended” group), and patients who discontinued temozolomide after completing 6 cycles without progression
(“rechallenge” group). The extended group did not seem
to benefit (PFS6: 7%), but the early and rechallenge
groups achieved PFS6 of 27% and 36%, respectively.
However, these results are difficult to interpret because
there are no historical controls for either of these
cohorts. Moreover, results in the early group could have
represented inclusion of patients with pseudoprogression,
while patients in the rechallenge group could have harbored tumors with a different biology. It is also unclear
how these results apply to current treatment trends in the
United States, where temozolomide tends to be continued
beyond 6 cycles and the use of bevacizumab is frequent.
We report a phase II trial using a similar regimen of
temozolomide 50 mg/m2 daily but encompassing eligibility criteria similar to available historical controls
and typical clinical trials in glioblastoma,4,20 with no restriction on timing of failure with respect to previous
temozolomide use. We also performed an exploratory,
comprehensive disease-specific mutational analysis to
characterize the typical population of patients entering
studies of recurrent malignant gliomas (MGs) from a
molecular perspective.
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2 in 11 (30%), and 3 or more in 12 (32%). Other prior
chemotherapies consisted of bevacizumab in 18 (49%)
patients, other cytotoxic agents in 9 (24%), and experimental targeted therapies in 8 (21%). In all patients with
bevacizumab exposure, bevacizumab had been given as
salvage treatment, and all of those patients experienced
progression while on bevacizumab.

Results
Patient Characteristics
Accrual was completed as planned, with all 37 glioblastoma patients enrolled, constituting the main study
cohort. Ten additional grade III recurrent MG patients
were accrued to the exploratory cohort. Patient characteristics are summarized in Table 1.
Among the glioblastoma patients, 32 (86%) had
recurrence of a de novo glioblastoma and 5 (14%) had
recurrent secondary glioblastoma (ie, initial diagnosis
was of a grade 2 or 3 glioma, which recurred as a glioblastoma histologically proven).
Patients were heavily pretreated by the time of
enrollment (Table 1). All glioblastoma patients had received radiotherapy with concomitant temozolomide.
Thirty (81%) patients had a history of tumor progression diagnosed during adjuvant temozolomide, and 7
(19%) had never progressed during temozolomide,
having previously received a median of 12 cycles. The
number of prior recurrences was 1 in 14 (38%) patients,

Glioblastoma Cohort—Response, PFS, and OS

Table 1. Patient characteristics
Glioblastoma (N 5 37)
Gender
Men

12 (32%)

Women

25 (68%)

Median age (range)
Median KPS (range)

56 (31– 81)
80 (60– 100)

Grade III Malignant
Gliomas (N 5 10)
6 (60%)
4 (40%)
58 (29– 73)
80 (60– 100)

Histology at time of enrollment
De novo glioblastoma
Secondary glioblastoma

32 (86%)
5 (14%)

–
–

Grade III anaplastic astrocytoma

–

4 (40%)

Grade III anaplastic oligodendroglioma
Grade III anaplastic oligoastrocytoma

–
–

5 (50%)
1 (10%)

Median time between current histologic diagnosis
and enrollment (range)

20 mo (0.3–58)

Number of previous recurrences
1
2
≥3
Prior salvage therapies
Bevacizumab
Other cytotoxic agents
Experimental targeted therapies
Progression while on previous adjuvant temozolomide
Progression during first 6 adjuvant cycles
Progression after .6 adjuvant cycles
Completed adjuvant cycles without progression
MGMT promoter methylation status
Methylated
Unmethylated
Invalid MGMT results
Tissue unavailable

14 (38%)

4 (40%)

11 (30%)

3 (30%)

12 (32%)

3 (30%)

18 (49%)
9 (24%)

0
4 (40%)

8 (21%)

3 (30%)

21 (57%)

NA

9 (24%)

NA

7 (19%; median of 12 adjuvant cycles)

NA

3 (8%)

2 (20%)

20 (54%)
10 (27%)

3 (30%)
4 (40%)

4 (11%)

1 (10%)

Abbreviation: NA, not applicable to grade 3 tumors (patients received variable chemotherapy regimens at diagnosis).
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Patients who had measurable tumor and completed at
least one cycle of treatment were considered evaluable
for response (N ¼ 28). A partial response (PR) was
seen in 3 (11%) patients, stable disease (SD) in 7
(25%), and progressive disease (PD) in 18 (64%); clinical benefit (CR + PR + SD) was seen in 10 (36%) patients. Among the 9 patients considered nonevaluable
for response, 1 had no measurable disease due to surgical
resection and 8 did not complete the first cycle.
All patients (N ¼ 37) were included in the PFS and
OS analysis, in an intent-to-treat fashion. A total of 7 patients were progression free and alive at 6 months, and
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Grade III Recurrent Malignant Glioma Exploratory
Cohort
Among the 10 patients with grade III MG, PFS6 was
30% (95% CI: 1.6 – 58.4); median PFS was 3 months.
Median OS was 18 months; 1-year OS was 60% (95%

Fig. 1. OS and PFS (glioblastoma cohort, N ¼ 37). PFS6: 19%
(95% CI: 6–32); median PFS: 2 months; 1-year OS: 35%;
median OS: 7 months.

Fig. 2. Glioblastoma cohort (N ¼ 37): OS according to previous
history of bevacizumab (BEV) treatment. Patients with previous
BEV failure: median OS: 4.3 mo, 6-mo OS: 28% (95% CI: 7–
48); patients without BEV failure: median OS: 13 mo; 6-month
OS: 84% (95% CI: 68 –100); HR ¼ 3.2; P ¼ .001.

Fig. 3. Glioblastoma cohort (N ¼ 37): PFS according to previous
bevacizumab (BEV) treatment. Patients with previous BEV failure:
PFS6: 11.1% (95% CI: 0.0– 25.6), median PFS: 1.5 mo; patients
without bevacizumab failure: PFS6: 26.3% (95% CI: 6.5–46.1),
median PFS: 1.8 mo; HR ¼ 1.9; P ¼ .07.
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therefore the primary endpoint was met. PFS6 was 19%
(N ¼ 37; 95% confidence interval [CI]: 6– 32), and
median PFS was 2 months (95% CI: 1 –4) (Fig. 1).
Median OS was 7 months (95% CI: 5 –12), and 1-year
OS was 35% (95% CI: 20 –51) (Fig. 1). Median
follow-up for survivors was 19 months.
Given the previously reported poor prognosis
observed after bevacizumab discontinuation/failure in
retrospective studies,23 – 27 we analyzed the impact of
prior bevacizumab exposure on outcomes. Patients with
bevacizumab failure survived significantly less (median
OS: 4.3 months; 6-months OS: 28%) than bevacizumabnaive patients (median OS: 13 months; 6-months OS:
84%); hazard ratio (HR) ¼ 3.2; P ¼ .001 (Fig. 2). PFS6
in the bevacizumab-failure group was 11.1% versus
26.3% in the bevacizumab-naive group (P ¼ .07)
(Fig. 3). Responses were seen in 3/15 (20%) evaluable
bevacizumab-naive patients, and no responses were
observed in the bevacizumab-failure group. Among the
bevacizumab-naive group, bevacizumab was given to 9
(47%) patients after progression on this trial.
In an exploratory fashion, we sought to investigate
whether differences in pretreatment characteristics
could explain the differences in outcomes according to previous bevacizumab exposure (Supplementary material,
Appendix S4). In a post-hoc analysis, we evaluated the distribution of potential prognostic factors in bevacizumabnaive versus bevacizumab-failure patients (categorical:
Fisher’s exact test; continuous: Kruskal–Wallis test)
and performed a multivariate analysis using a forward
stepwise Cox proportional hazards regression model
with entry and exit criteria of a ¼ 0.20 (Supplementary
material, Appendix S4). Bevacizumab-failure patients
had a higher number of previous progressions/
chemotherapy regimens (P , .0001) and lower KPS
(P ¼ .04) than bevacizumab-naive patients. The median
time from glioblastoma diagnosis was 21 months in
bevacizumab-failure versus 13 months for bevacizumabnaive patients (P ¼ .18). Multivariate stepwise analysis
suggested that the driving variable for decreased PFS
was number of progressions/salvage chemotherapies
(P ¼ .02), favored over other candidate variables, including bevacizumab exposure. Multivariate analysis of OS
showed that number of progressions/salvage chemotherapies (P ¼ .05) and KPS (P ¼ .05), but not prior
bevacizumab exposure, were the driving variables for
differences in survival.
There were no differences in outcome according to
previous history of progression on temozolomide (PFS:
P ¼ .58; OS: P ¼ .18) or according to MGMT promoter
methylation status (PFS: P ¼ .76; OS: P ¼ .14), although
analysis is limited by the small number of patients in
whom this could be determined accurately (Table 1).
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CI: 30 – 90). One patient achieved PR, 4 achieved SD,
and 5 achieved PD.
Toxicity

Mutational Analysis
In an exploratory analysis, we evaluated FFPE tissue
from 38 patients (28 glioblastomas and 10 grade III
tumors) for the presence of 76 mutations previously described in gliomas using mass spectrometry genotyping/
iPLEX assay (Sequenom [Supplementary material,
Appendix S1]). A total of 9 different mutations was
found in 13 patients (Table 2), including 8 (29%) glioblastomas and 5 (50%) grade III MGs. Mutations
were found in EGFR (N ¼ 10), IDH1 (N ¼ 5), and
ERBB2 (N ¼ 1). All IDH1 mutations were found in
grade III (N ¼ 3) or secondary glioblastomas (N ¼ 2)
and none in recurrent primary glioblastomas. EGFR
extracellular-domain mutations were found in both glioblastomas (N ¼ 7) and grade III gliomas (N ¼ 3). None
of the analyzed mutations involving phosphatidylinositol 3-kinase (PI3K), BRAF, or KRAS was found.
Table 2 summarizes the mutations found, along with
patient characteristics and treatment outcomes.

Discussion
This study was designed to test the efficacy of metronomic temozolomide in the typical population enrolled
in clinical trials for recurrent glioblastoma, irrespective
of prior treatments. The primary efficacy endpoint
(based on pre–bevacizumab-era historical controls)
was met, with 19% PFS6, despite the inclusion of a
heavily pretreated population, including nearly half of
the patients with a history of bevacizumab failure. This
regimen was therefore deemed active, warranting
further investigation.
Enrollment to this trial coincided with the rise of bevacizumab for glioblastoma salvage therapy in the United
States. Although this confounded the interpretation of
our results in comparison with historical controls, it
also provided the unique opportunity to evaluate the
same cytotoxic regimen in patients who were bevacizumab naive or had failed bevacizumab. Results in
bevacizumab-naive glioblastoma seemed particularly favorable (PFS6: 26%, median OS: 13 mo) and comparable to other active salvage treatments; activity was also
observed in grade III tumors. Given the excellent toxicity
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Treatment was well tolerated; no patient discontinued
treatment as a result of toxicity, and there were no
toxic deaths. Lymphopenia was the most frequent toxicity (grade 3 ¼ 10 patients, grade 4 ¼ 1), but no
lymphopenia-related infection was reported. The only
other grade 4 toxicity was thrombocytopenia (n ¼ 1).
Grade 3 toxicities consisted of increased alanine aminotransferase (n ¼ 2), fatigue (2), hyponatremia (2),
hypokalemia (1), pulmonary embolism (1), neuropathy
(1), and infection (1).

profile and ease of drug administration, this regimen
could potentially constitute a viable alternative to bevacizumab and nitrosoureas as second-line treatment for
glioblastoma and a suitable platform for combination
with targeted agents. Conversely, bevacizumab-failure
patients achieved a much shorter PFS6 of 11%
and median OS of 4.3 months, highlighting the need
for alternative therapies in this population.
Several phase II trials testing intensified temozolomide schedules have been conducted (Table 3), but the
optimal regimen remains to be defined. A direct comparison across trials is difficult, given the varying inclusion
criteria and study settings, but overall it appears that
signs of activity were observed irrespective of the
regimen used. A regimen of comparable efficacy used
temozolomide 150 mg/m2 given 7/14 days; toxicities
were more frequent, likely reflecting the 150% greater
cumulative dose of this agent in comparison with our
regimen.13 It must also be noted that an intensified adjuvant temozolomide schedule (75 – 100 mg/m2 × 21 d q
4 wk) failed to improve survival in a recent phase III
trial in newly diagnosed glioblastoma,28 although
those results may not be applicable to recurrent
disease, given potential differences in chemosensitivity
and patient selection. Dedicated randomized trials are
thus needed to define the role and optimal metronomic
temozolomide schedule in recurrent glioblastoma.
Interestingly, results of trials combining daily temozolomide and bevacizumab29,30 (Tables 3 and 4) were disappointing and comparable or inferior to our single-agent
results. This raises the intriguing question of whether
bevacizumab could decrease the activity of temozolomide when given at low doses, perhaps by decreasing
drug penetration.31 – 34
To our knowledge, this is the first prospective study reporting outcomes in bevacizumab-failure patients in
whom bevacizumab was discontinued. Because of fears
of a rebound effect, bevacizumab is often continued
despite progression on the drug.23 – 27,35 Three small
prospective studies in bevacizumab-failure patients used
continued bevacizumab with different cytotoxic agents
and found a median OS of 3– 6 months (Table 4).9,36,37
The most favorable results were observed with combined
bevacizumab, carboplatin, and irinotecan (PFS6: 16%;
median OS: 6 mo),37 but 48% of patients in that study
had failed bevacizumab as part of first-line treatment,
whereas the other studies included patients failing
salvage bevacizumab; moreover, that same drug combination was not active in bevacizumab-naive patients.38
Therefore, outcomes of continued bevacizumab regimens were poor and not superior to our results, suggesting that it is justifiable to discontinue bevacizumab after
bevacizumab failure39,40 and that conducting clinical
trials in that setting is feasible. Interestingly, our multivariate analysis suggested that the poor outcomes in
bevacizumab failures seemed to be at least partially explained by poor KPS and greater number of progressions
(Supplementary material, Appendix S4), although the
possibility that bevacizumab exposure may induce a
more aggressive, invasive phenotype41,42 cannot be entirely ruled out.
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Table 2. Mutations found in the patients enrolled in the trial with corresponding patient characteristics and clinical outcomes (N ¼ 38)
Pt

Path

MGMT

Time from Diagnosis (mo)

Prior BEV

Response

PFS (mo)

Unmethylated
Invalid

0.6
30

No
Yes

PD
NE

1.63
0.37

OS (mo)

EGFR_P596L
1
2

AA
GBM

7.33
0.37

3

GBM

Invalid

22

No

SD

7.4

17.2

4a
5

AO
GBM

Invalid
Invalid

1.6
55

No
No

PD
PD

1.83
1.9

8.9
19.8

Unmethylated

17

Yes

SD

5.93

8.2

GBM

Unmethylated

31

Yes

PD

1.5

2.4

EGFR_I91L
8
GBM

Unmethylated

17

Yes

NE

1.2

2.6

Methylated

26

No

SD

8.03

15.57

Methylated

22

No

PR

5.47

12.63
3.13

EGFR_C620Y

7

EGFR_T263P
9
AA
EGFR_V651M
10a

GBM (secondary)

IDH1_R132L_H
11
AO

Methylated

163

No

SD

1.77

4a

AO

Invalid

1.6

No

PD

1.83

8.9

12
10a

AO
GBM (secondary)

Invalid
Methylated

25
22

No
No

SD
PR

6.9
5.47

21.1
12.63

Unmethylated

10

No

NE

0.4

1.7

Methylated

22

No

PR

5.47

12.63

IDH1_R132C_G_S
13
GBM (secondary)
ERBB2_L49H
10a

GBM (secondary)

Abbreviations: Pt, patient; Path, most recent pathology prior to enrollment; BEV, bevacizumab.
a
Patients with .1 mutation found.

Table 3. Phase II trials of metronomic temozolomide schedules for glioblastoma
Reference

N

TMZ Daily Dose, Schedule

ORR (%)

PFS6 (%)

Median OS (mo)

Khan11
Brandes12

27
33

75 mg/m2, 42/70 d
75 mg/m2, 21/28 d

14
9

27
30

8
10

Wick13

64

150 mg/m2; 7/14 d

15

44

9

33

50 mg/m2, 28/28 d
Early progression on adjuvant TMZ

3

27

NA

27

Progression on extended TMZ

0

7

NA

Kong15

28
38

Rechallenge
40– 50 m2, 28/28 d

11
5

36
32

NA
13

Abacioglu14

16

100 mg/m2, 21/28 d

Verhoeff30
Desjardins29

15
32

50 mg/m2, 28/28 d + bevacizumab 10 mg/kg q 21 d
50 mg/m2, 28/28 d + bevacizumab 10 mg/kg q 14 d

This study

37

Perry10

7

25

7

NA
28

7
19

4
6

All patients
Bevacizumab failures

11
0

19
11

7
4

Bevacizumab naive

20

26

13

50 mg/m2, 28/28 d

Abbreviations: TMZ, temozolomide; ORR, objective response rate (complete + partial responses); NA, not available.

Finally, we performed a Sequenom-based tissue analysis in order to characterize the frequency of gliomaassociated mutations43 within patients who enroll in

clinical trials for recurrent disease. A total of 13 (38%)
patients displayed one or more mutations involving the
EGFR, IDH1, and ERBB2 genes, but overall the
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6
GBM
EGFR_G598V
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Table 4. Outcomes of clinical trials conducted in recurrent glioblastoma patients with history of bevacizumab (BEV) failure
Regimen

N

Reardon36

BEV + daily TMZ 50 mg/m2
BEV + VP-16 50 mg/m2 (3 wk on/1 wk
off)

Reardon37
Kreisl9
This study

Patients who had Failed BEV
as Part of First-Line
Treatment

PFS6
(%)

10

0

13

15%

All pts
BEV + carboplatin + CPT-11

23
25

15%
48%

BEV + CPT-11

19

0

≤5a

NA

0

18

0

11

4.3

0

2

Daily TMZ 50 mg/m , no BEV

Median
OS (mo)

ORR

0

3

0

8

4.7

0

4
16

4.1
5.8

0
0

Abbreviations: ORR, objective response rate (complete + partial responses); TMZ, temozolomide; VP-16, etoposide; NA, not available.
Only 1 patient received .3 cycles.

a

individual frequency of tested mutations was low. The oncogenic role of some of the identified extracellulardomain EGFR mutations has been validated in functional
assays,44,45 and testing EGFR inhibitors in those patients
could be of interest. However, none of the 33 mutations
involving the PI3K complex was found, suggesting that
a very large number of recurrent patients would have to
be screened in order to study a PI3K inhibitor in a trial restricted to PI3K mutated tumors. In addition, the wide
variability in outcome observed in patients with IDH1
mutations was unexpected. These mutations have been
reported to confer a better prognosis,46 but the outcome
of these patients in this trial was variable (OS: 3–21
mo), likely influenced by pretreatment characteristics
such as time from initial diagnosis and previous therapies
(Table 2). This suggests that even in trials for molecularly
selected tumors, further patient selection and stratification based on pretreatment clinical characteristics may
be necessary, which will add to the feasibility challenges
that such trials will face. Of note, Sequenom-based methodology requires that point mutations be chosen and prespecified; other panels have been proposed,47,48 including
mutations that are different from the ones we tested. The
adoption of next-generation sequencing may overcome
this limitation in the future.
A few other limitations apply to this study. Our multivariate analysis was performed post hoc and was based
on a relatively small number of patients. We used
Macdonald criteria for assessment of response, which
allows for a comparison with historical controls; criteria
of the Revised Assessment of Neuro-Oncology49 have
since been proposed and may define progression
earlier. The median time between diagnosis and enrollment was unusually long (21 mo), although the longest
times were observed among bevacizumab-failure patients, who fared poorly; therefore, selection bias does
not seem to explain the activity observed.
In summary, we provide further evidence that dailydose temozolomide is a safe and active regimen in recurrent glioblastoma. We also demonstrate the differences
in outcomes between bevacizumab-naive and
bevacizumab-failure patients in the prospective setting
and provide historical controls that can be used for
sample-size calculation and clinical trial interpretation
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in bevacizumab-failure patients. Our findings support
the development of separate trials or stratification according to bevacizumab exposure but also highlight
the prognostic importance of other variables, such as
number of previous recurrences and KPS, for that
purpose. Importantly, our results in bevacizumab failures were comparable to trials of continuation of bevacizumab after progression, suggesting that one should not
fear discontinuing bevacizumab for the purposes of pursuing alternative treatments or clinical trials.
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Supplementary material is available at Neuro-Oncology
Journal online (http://neuro-oncology.oxfordjournals.
org/).
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