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Simple Summary: There is no broad consensus concerning the management of recurrent glioblas-
toma (rGB). Within the French GB biobank (FGB), systemic treatment is the principal second-line
treatment. None of the systemic treatment regimens was unequivocally better than the others for
rGB patients. An analysis of survival outcomes based on time to first recurrence (TFR) showed
that survival was best in patients with a long TFR, but that these patients constituted only a small
proportion of rGB patients (13.0%). This better survival appears to be more strongly associated with
response to first-line treatment than with response to second-line treatment, indicating that recurring
tumors are more aggressive and/or resistant than the initial tumors in these patients. In the face of
high rates of treatment failure for GB, the establishment of well-designed large cohorts of primary
and rGB samples, with the help of biobanks, such as the FGB, is urgently required for the performance
of solid comparative biological analyses to drive the development of new therapies for GB.

Abstract: Safe maximal resection followed by radiotherapy plus concomitant and adjuvant temozolo-
mide (TMZ) is universally accepted as the first-line treatment for glioblastoma (GB), but no standard
of care has yet been defined for managing recurrent GB (rGB). We used the French GB biobank (FGB)
to evaluate the second-line options currently used, with a view to defining the optimal approach
and future directions in GB research. We retrospectively analyzed data for 338 patients with de
novo isocitrate dehydrogenase (IDH)-wildtype GB recurring after TMZ chemoradiotherapy. Cox
proportional hazards models and Kaplan-Meier analyses were used to investigate survival outcomes.
Median overall survival after first surgery (OS1) was 19.8 months (95% CI: 18.5-22.0) and median
OS after first progression (OS2) was 9.9 months (95% CI: 8.8-10.8). Two second-line options were
noted for rGB patients in the FGB: supportive care and treatments, with systemic treatment being
the treatment most frequently used. The supportive care option was independently associated with
a shorter OS2 (p < 0.001). None of the systemic treatment regimens was unequivocally better than
the others for rGB patients. An analysis of survival outcomes based on time to first recurrence (TFR)
after chemoradiotherapy indicated that survival was best for patients with a long TFR (>18 months;
median OS1: 44.3 months (95% CI: 41.7-56.4) and median OS2: 13.0 months (95% CI: 11.2-17.7), but
that such patients constituted only a small proportion of the total patient population (13.0%). This
better survival appeared to be more strongly associated with response to first-line treatment than
with response to second-line treatment, indicating that the recurring tumors were more aggressive
and/or resistant than the initial tumors in these patients. In the face of high rates of treatment failure
for GB, the establishment of well-designed large cohorts of primary and rGB samples, with the help
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of biobanks, such as the FGB, taking into account the TFR and survival outcomes of GB patients, is
urgently required for solid comparative biological analyses to drive the discovery of novel prognostic
and/or therapeutic clinical markers for GB.

Keywords: IDH wild-type; prognosis; recurrent glioblastoma; reoperation; survival; systemic treatment

1. Introduction

Glioblastoma (GB) is the most common primary intracranial malignancy, accounting for
30% of all central nervous system tumors, with an incidence of 3.22 per 100,000 individuals [1].
The standard of care for patients with primary isocitrate dehydrogenase (IDH)-wildtype GB
is maximal safe surgical resection, when feasible, followed by concomitant chemoradiother-
apy and six cycles of temozolomide (TMZ) treatment (EORTC 26981-NCIC CE.3) [2,3]. The
prognosis remains poor, even with treatment, with a median survival of about 15 months
and a 5-year survival rate of 4% [4,5]. Tumor relapse almost invariably occurs at or close to
the initial site of disease [6-8].

There is universal agreement about the first-line treatment for primary GB, but the
best way to manage recurrent GB (rGB) is less clear, given that none of the treatments used
for recurrences has ever been shown to be more beneficial than the others [3,9-15]. The
management of rGB is based on expert guidelines, such as those of the European Society for
Medical Oncology (ESMO) [16], the European Association of Neuro-Oncology (EANO) [3],
the National Comprehensive Cancer Network (NCCN, https://www.nccn.org (accessed
on 1 February 2022)) and “Association des Neuro-Oncologues d’Expression Francaise”
(ANOCEE https:/ /www.anocef.org (accessed on 1 January 2018)). Treatment decisions of-
ten require multi-disciplinary discussions on a case-by-case basis, to determine the optimal
second-line options for improving survival and health-related quality of life (HRQoL).

The aim of this retrospective study was to use French GB biobank (FGB) data to
evaluate, retrospectively, the second-line options currently used, with a view to defining
the optimal approach and future directions in GB research. The FGB is an academic biobank
developed in 2012, following a call for tenders from the “Institut National du Cancer”
(INCa) [17]. This biobank holds biological materials and clinical data for adult patients
with GB, and it is managed with the support of neurosurgeons, neuropathologists, neuro-
oncologists and biologists from 25 centers throughout France. Clinical data from about
1400 GB patients, including epidemiological, imaging, tumor characteristics and follow-up
data, have been included in the FGB to date, together with a collection of biological samples,
including frozen and formalin-fixed paraffin-embedded tumor tissues and blood samples.
We selected the patients with de novo IDH-wildtype GB recurring after surgical resection
and TMZ chemoradiotherapy for this retrospective analysis.

2. Patients and Methods
2.1. Patients

This retrospective study focused on patients included in the FGB biobank after the
diagnosis of IDH-wildtype GB between January 2012 and December 2020. The following
inclusion criteria were used: (1) patient aged >18 years, (2) newly diagnosed unilateral
supratentorial GB, (3) GB with negative immunohistochemical staining for IDH1-R132H,
(4) tumor resected, (5) no intraoperative chemotherapy, (6) first-line treatment according to
the Stupp protocol (this protocol consists of focal irradiation fractionated into daily doses of
2 Gy administered five days/week for six weeks, for a total of 60 Gy, plus concomitant daily
TMZ (75 mg/m? /day, 7 days/week from the first to the last day of radiotherapy), followed
by six cycles of adjuvant TMZ (150-200 mg/m?/day for 5 days during each 28-day cycle))
and (7) clinical or radiological evidence of progression after concurrent chemoradiotherapy,
according to the RANO criteria [18]. Patients with a history of tumors preceding the tumor
for which they were included in the database were excluded. Patients who underwent
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biopsies were also excluded, because such patients constitute only a small percentage of
the patients included in the FGB due to insufficient amounts of tumor tissue for storage.
Based on these criteria, we included a total of 338 patients.

2.2. Eligibility and Informed Consent

The FGB network was declared to the French Ministry of Health and Research (declara-
tion number: DC-2011-1467, cession authorization number: AC-2017-2993). The protocols
and regulations of the FGB network were approved by the CPP OUEST II ethics com-
mittee (CB 2012/02, date of approval: 20 December 2011) and the CNIL (“Commission
Nationale de I'Informatique et des Libertés”, the French national data protection authority,
no. 1476342, date of approval: 10 October 2011). All adult patients from this retrospective
analysis signed an informed consent form for the inclusion of their data and samples in
the biobank.

2.3. Data Collection

Baseline characteristics, such as age, sex, preoperative Karnofsky performance score
(KPS), tumor laterality, tumor extent, extent of resection (EOR), O(6)-methylguanine methyl-
transferase (MGMT) methylation status, Stupp protocol regimen, recurrence location and
follow-up, were collected from eCRFs built with Ennov Clinical software (Ennov, Paris,
France). This software is ISO9001:2015-certified for all products and activities and meets
the recommendations of the FDA 21CRF Part11 and the EMA for the IT security of clinical
data. The methylation status of the MGMT promoter was assessed, according to local stan-
dards, by methylation-specific PCR or pyrosequencing. EOR was recorded by the surgeon
performing the operation or was determined from a postoperative MRI scan performed
within 48 h of surgery by a neuroradiologist. EOR was classified as gross total resection
(GTR; 100%), subtotal resection (STR; >90%) or partial resection (PR; <90%). EOR1 was the
extent of the initial tumor resection and EOR2, the extent of the second tumor resection.
The recurrence was considered local if it occurred at the same site as the initial tumor and
distant if it had spread to another site. Time to first recurrence (TFR) was defined as the
time between the date on which chemoradiotherapy ended and the date of first progression.
TFR was classified as follows: short TFR (<6 months), intermediate TFR (7 to 17 months)
and long TFR (>18 months). Progression-free survival (PFS1) was measured from the date
of initial surgery to the date of first progression. PFS2 was defined as the time between
the first and second progression. Overall survival (OS1) was calculated from the date of
initial surgery to the date of last follow-up or death. OS2 was measured from the date
of first progression to the date of last follow-up or death. Patients alive at last follow-up
were censored.

2.4. Statistical Analysis

Differences between groups were assessed with Chi-squared tests, Fisher’s exact tests,
ANOVA or Kruskal-Wallis tests, as appropriate. p-values were adjusted by the Benjamini—
Hochberg (BH) method for multiple testing. Spearman’s rank correlation analyses were
performed to evaluate the relationship between two variables. Univariate Cox regression
analysis was performed with the covariates of all patients to screen for factors associated
with OS1 and OS2. Variables with raw p-values < 0.25 in univariate analysis were included
in multivariate Cox regression analysis, unless they were correlated with each other. The
global statistical significance of the Cox model was checked in three alternative tests
(likelihood ratio, Wald and log-rank tests). The Cox model was also tested by two types
of diagnostics: Schoenfeld residuals, to check the assumption of proportional hazards,
and the determination of dfbeta values to investigate influential outliers. Survival curves
were plotted according to the Kaplan-Meier method and were compared in log-rank tests.
Statistical analyses were performed with R software (version 4.1.0; https:/ /cran.r-project.
org (accessed on 18 May 2021)). Values of p < 0.05 were considered statistically significant.
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3. Results
3.1. General Characteristics of rGB Patients and Second-Line Treatment Options

The baseline characteristics of the 338 selected IDH-wildtype GB patients are shown in
Table 1. Median age at diagnosis was 61 years, and 223 patients (66.0%) were male. In total,
223 patients (66.0%) had a KPS score > 70% before surgery. The GB was in the left hemi-
sphere in 151 patients (44.7%) and the right hemisphere in 187 patients (55.3%). GB was
unilobar in 211 patients (62.4%) and multilobar in 127 patients (37.6%). EOR1 was complete
in 172 patients (50.9%). MGMT promoter status was available for 168 patients (49.7%), and
72 GB (42.9%) displayed MGMT methylation. All patients received concurrent chemoradio-
therapy according to the Stupp protocol after initial surgery. However, 206 patients (60.9%)
underwent fewer than six cycles of adjuvant TMZ and 132 patients (39.1%) underwent
six or more cycles. Relapses were recorded in all patients, and the recurrence was local
in 299 patients (88.5%). TFR was short (<6 months) in 210 patients (62.0%), intermediate
(7 to 17 months) in 84 patients (25.0%) and long (>18 months) in 44 patients (13.0%). In
pairwise comparisons with BH correction for multiple testing, the intermediate TFR group
was found to include more patients with GB in the right hemisphere than the short TFR
and long TFR groups (post hoc p = 0.048 and post hoc p = 0.018, respectively). The short
TER group contained more patients with multilobar GB and incomplete first resection than
the long TFR group (post hoc p = 0.003 and post hoc p = 0.049, respectively). The short
TFR group contained more patients with short courses of adjuvant TMZ treatment than
the intermediate TFR and long TFR groups (post hoc p < 0.001, for the two). GB with
methylated MGMT promoters were more frequent in the long TFR group than in the short
TFR and intermediate TFR groups (post hoc p < 0.001 and post hoc p = 0.018, respectively).

Table 1. Demographic and clinical characteristics of IDH-wildtype GB patients with a first relapse af-
ter TMZ-based chemoradiotherapy. Patients were stratified according to TFR: short TFR (<6 months),
intermediate TFR (7 to 17 months) and long TFR (>18 months).

All Short TFR Intermediate TFR  Long TFR p-Value
Number 338 (100.0%) 210 (62.0%) 84 (25.0%) 44 (13.0%)
Age (years) 0.188
Median (range) 61 (18-81) 62 (28-81) 62 (18-79) 59 (36-79)
<61 172 (50.9%) 102 (48.6%) 42 (50.0%) 28 (63.6%)
>61 166 (49.1%) 108 (51.4%) 42 (50.0%) 16 (36.4%)
Sex 0.563
Male 223 (66.0%) 143 (68.1%) 53 (63.1%) 27 (61.4%)
Female 115 (34.0%) 67 (31.9%) 31 (36.9%) 17 (38.6%)
Preoperative KPS (%) 0.599
<70 43 (12.7%) 29 (13.8%) 10 (11.9%) 4(9.1%)
>70 223 (66.0%) 151 (71.9%) 41 (48.8%) 31 (70.5%)
Unknown 72 (21.3%) 30 (14.3%) 33 (39.3%) 9 (20.5%)
Tumor laterality 0.009 *
Right 187 (55.3%) 112 (53.3%) 57 (67.9%) 18 (40.9%)
Left 151 (44.7%) 98 (46.7%) 27 (32.1%) 26 (59.1%)
Extent of tumor 0.002 *
Unilobar 211 (62.4%) 118 (56.2%) 56 (66.7%) 37 (84.1%)
Multilobar 127 (37.6%) 92 (43.8%) 28 (33.3%) 7 (15.9%)
EOR1 0.027 *
PR/STR 160 (47.3%) 110 (52.4%) 36 (42.9%) 14 (31.8%)
GTR 172 (50.9%) 97 (46.2%) 45 (53.6%) 30 (68.2%)
Unknown 6 (1.8%) 3 (1.4%) 3 (3.6%) 0 (0.0%)
MGMT methylation status <0.001 *
Without methylation 96 (28.4%) 67 (31.9%) 21 (25.0%) 8 (18.2%)
With methylation 72 (21.3%) 31 (14.8%) 16 (19.0%) 25 (56.8%)

Unknown 170 (50.3%) 112 (53.3%) 47 (56.0%) 11 (25.0%)
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Table 1. Cont.
All Short TFR Intermediate TFR  Long TFR p-Value
Adjuvant TMZ <0.001 *
<6 cycles 206 (60.9%) 189 (90.0%) 15 (17.9%) 2 (4.5%)
=6 cycles 71 (21.0%) 19 (9.0%) 35 (41.7%) 17 (38.6%)
>6 cycles 48 (14.2%) 2 (1.0%) 30 (35.7%) 16 (36.4%)
>12 cycles 13 (3.8%) 0 (0.0%) 4 (4.8%) 9 (20.5%)
Min-Max 0-25 0-7 0-17 1-25
Recurrence location 0.021 *
Local 299 (88.5%) 186 (88.6%) 75 (89.3%) 38 (86.4%)
Distant 21 (6.2%) 7 (3.3%) 8 (9.5%) 6 (13.6%)
Unknown 18 (5.3%) 17 (8.1%) 1(1.2%) 0 (0.0%)
Second-line options 0.357
Supportive care 37 (10.9%) 30 (14.3%) 5 (6.0%) 2 (4.5%)
Treatment 301 (89.1%) 180 (85.7%) 79 (94.0%) 42 (95.5%)
Repeat radiotherapy 12 (3.6%) 3 (1.4%) 5 (6.0%) 4(9.1%)
Alone 3(0.9%) 1 (0.5%) 1(1.2%) 1(2.3%)
With reoperation +/— 4 (1.2%) 0 (0.0%) 2 (2.4%) 2 (4.5%)
systemic treatment
With systemic treatment 5 (1.5%) 2 (1.0%) 2 (2.4%) 1(2.3%)
Reoperation 65 (19.2%) 34 (16.2%) 23 (27.4%) 8 (18.2%)
Alone 4 (1.2%) 0 (0.0%) 2 (2.4%) 2 (4.5%)
With intratumoral treatment 26 (7.7%) 14 (6.7%) 8 (9.5%) 4 (9.1%)
+/— systemic treatment
With systemic treatment 35 (10.4%) 20 (9.5%) 13 (15.5%) 2 (4.5%)
Systemic treatment alone 206 (60.9%) 135 (64.3%) 43 (51.2%) 28 (63.6%)
Inclusion in a clinical trial 18 (5.3%) 8 (3.8%) 8 (9.5%) 2 (4.5%)
Systemic treatment 0.001 *
regimen
TMZ rechallenge 40 (11.8%) 18 (8.6%) 9 (10.7%) 13 (29.5%)
Nitrosourea 33 (9.8%) 22 (10.5%) 7 (8.3%) 4(9.1%)
Bevacizumab 38 (11.2%) 26 (12.4%) 8(9.5%) 4 (9.1%)
Bevacizumab + TMZ 15 (4.4%) 7 (3.3%) 2 (2.4%) 6 (13.6%)
Bevacizumab + nitrosourea 82 (24.3%) 59 (28.1%) 19 (22.6%) 4(9.1%)
Bevacizumab + irinotecan 35 (10.4%) 24 (11.4%) 8 (9.5%) 3 (6.8%)
Bevacizumab + other 6 (1.8%) 5 (2.4%) 1(1.2%) 0 (0%)
PCV 2 (0.6%) 1(0.5%) 1(1.2%) 0 (0.0%)
Carboplatin +/— etoposide 9 (2.7%) 3 (1.4%) 5 (6.0%) 1(2.3%)
Inclusion in a clinical trial 15 (4.4%) 7 (3.3%) 7 (8.3%) 1(2.3%)
Survival outcome
After first surgery
PFS1 <0.001 *
Median (months) (95% CI) 7.8 (6.8-8.6) 5.9 (5.4-6.3) 13.6 (12.2-14.9) 30.2 (27.4-37.1)
PFS1-12 rate (%) (95% CI) 28.4 (24.0-33.6) 0.0 (0.0-0.0) 6.2 (5.2-7.3) 100.0 (100.0-100.0)
0OSs1 <0.001 *
Median (months) (95% CI) 19.8 (18.5-22.0) 15.2 (14.4-17.1) 22.9(21.2-25.1) 443 (41.7-56.4)
OS1-36 rate (%) (95% CI) 18.2 (14.0-23.5) 5.6 (2.7-11.7) 6.8 (2.8-16.6) 78.9 (67.5-92.2)
After first progression
PFS2 <0.001 *
Median (months) (95% CI) 5.5 (4.8-6.0) 5.9 (5.1-6.9) 4.0(3.5-4.9) 7.0 (5.5-9.1)
PFS2-12 rate (%) (95% CI) 13.0 (9.7-17.5) 15.5 (11.0-21.8) 3.8 (1.3-11.5) 19.6 (10.6-36.4)
0Ss2 0.011*
Median (months) (95% CI) 9.9 (8.8-10.8) 9.5 (8.3-11.2) 8.5 (6.7-9.3) 13.0 (11.2-17.7)

0S2-18 rate (%) (95% CI)

21.4 (17.0-26.9)

22.0 (16.4-29.4)

16.3 (9.6-27.6)

29.6 (18.4-47.5)

Abbreviations: EOR1, extent of first resection, GTR, gross total resection (100%); KPS, Karnofsky performance
score; MGMT, O(6)-methylguanine methyltransferase; OS1, overall survival after first surgery; OS1-36, survival
rate 36 months after first surgery; OS2, overall survival after first progression; OS2-18, survival rate 18 months
after first progression; PCV, procarbazine, 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU, lomustine) and
vincristine; PFS1, progression-free survival after first surgery; PFS1-12, progression-free survival 12 months after
first surgery; PFS2, progression-free survival after first progression; PFS2-12, progression-free survival 12 months
after first progression; PR, partial resection (<90%); STR, subtotal resection (>90%); TER, time to first recurrence;
TMZ, temozolomide. * p < 0.05.
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As second-line treatment options, 37 patients (10.9%) had supportive care and
301 patients (89.1%) received treatment after the first progression. Of the 301 patients
treated, 12 (3.6%) underwent repeat radiotherapy, 65 patients (19.2%) underwent reopera-
tion, including 26 (7.7%) who received intratumoral treatment consisting of carmustine-
releasing wafers (Gliadel®), 206 patients (60.9%) underwent systemic treatment alone and
18 patients (5.3%) were included in clinical trials. There were six principal systemic treat-
ment regimens: TMZ rechallenge, nitrosourea monotherapy and bevacizumab alone or
combined with TMZ, nitrosourea or irinotecan. Lomustine was the principal nitrosourea,
used in 81.7% of cases. There was no significant difference in second-line options between
the three TFR-based groups (p = 0.357), but systemic treatment regimens differed signifi-
cantly between the long TFR group and the short TFR and intermediate TFR groups (post
hoc p = 0.002 and post hoc p = 0.001, respectively) (Table 1 and Figure 1). TMZ or beva-
cizumab plus TMZ was administered more frequently than bevacizumab plus nitrosourea
in the long TFR group.

3.2. Survival Outcomes of rGB Patients

The 338 patients had a median PFS1 of 7.8 months (95% CI: 6.8-8.6) and a median OS1
of 19.8 months (95% CI: 18.5-22.0) (Table 1). After second-line treatment, the median PFS2
was 5.5 months (95% CI: 4.8-6.0) and the median OS2 was 9.9 months (95% CI: 8.8-10.8).

The short TFR, intermediate TFR and long TFR groups had significantly different
PFS1 (p < 0.001), OS1 (p < 0.001), PFS2 (p < 0.001) and OS2 (p = 0.011) values (Table 1
and Figure 2). Post-hoc tests with BH correction showed that PFS1 in the long TFR
group (30.2 months (95% CI: 27.4-37.1)) was significantly longer than that in the short TFR
(5.9 months (95% CI: 5.4-6.3); post hoc p < 0.001) and intermediate TFR groups (13.6 months
(95% CI: 12.2-14.9); post hoc p < 0.001) (Figure 2A). The PFS1 of the intermediate TFR group
was also significantly longer than that in the short TFR group (post hoc p < 0.001) (Figure 2A).
Similarly, OS1 in the long TFR group (44.3 months (95% CI: 41.7-56.4) was significantly
longer than that in the short TFR (15.2 months (95% CI: 14.4-17.1); post hoc p < 0.001) and in-
termediate TFR groups (22.9 months (95% CI: 21.2-25.1); post hoc p < 0.001) (Figure 2B). OS1
in the intermediate TFR group was also significantly longer than that in the short TFR group
(post hoc p < 0.001) (Figure 2B). PFS2 in the intermediate TFR group (4.0 months (95% CI:
3.5-4.9) was significantly shorter than that in the short TFR (5.9 months (95% CI: 5.1-6.9);
post hoc p < 0.001) and long TER groups (7.0 months (95% CI: 5.5-9.1); post hoc p < 0.001)
(Figure 2C). PFS2 did not differ significantly between the short TFR and long TFR groups
(post hoc p = 0.155). OS2 in the long TFR group (13.0 months (95% CI: 11.2-17.7)) was
significantly longer than that in the short TFR (9.5 months (95% CI: 8.3-11.2); post hoc
p = 0.027) and intermediate TFR groups (8.5 months (95% CI: 6.7-9.3); post hoc p = 0.005)
(Figure 2C). OS2 did not differ significantly between the short TFR and intermediate TFR
groups (post hoc p = 0.242).

Eight variables were associated with a shorter OS1 in univariate analysis: older age
(p = 0.001), multilobar tumor (p = 0.008), unmethylated MGMT (p < 0.001), short period of
TMZ consolidation treatment (p < 0.001), short PFS1 (p < 0.001), short or intermediate TFR
(vs. long TFR) (p < 0.001), short PFS2 (p < 0.001) and the supportive care option (p < 0.001)
(Table S1). Five variables were associated with a shorter OS2 in univariate analysis: older
age (p = 0.010), unmethylated MGMT (p < 0.001), short or intermediate TER (vs. long TFR)
(p = 0.018 and p = 0.003, respectively), short PFS2 (p < 0.001) and the supportive care option
(p < 0.001) (Table S1).

TER was significantly positively correlated with PFS1, the number of cycles of adjuvant
TMZ and MGMT methylation status (Table S2). No correlation was found between TFR
and PFS2 (Table S2). The Cox model for OS1 was stratified for TFR and PFS2, whereas
that for OS2 was stratified for PFS2, to satisfy the assumption of proportional hazards. We
identified two variables as independently associated with shorter OS1: older age (p = 0.007)
and the supportive care option (p < 0.001) (Table 2). One variable was independently
associated with a shorter OS2: the supportive care option (p < 0.001) (Table 2). The OS2 of
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rGB patients receiving supportive care was 2.9 months (95% CI: 2.2—-4.1), whereas that of
patients receiving some kind of treatment was 10.6 months (95% CI: 9.5-11.9) (p < 0.001)
(Table 3). Older age, being male and a short TER (vs. long TFR) tended to be associated
with a poorer OS2 (p = 0.094, p = 0.097 and p = 0.089, respectively).
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.y p=0.357
X
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®
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@ Bevacizumab + TMZ 4 4 18
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@ Bevacizumab + irinotecan 15 15 9

Figure 1. Second-line options and systemic treatment regimens used, by TFR: short TFR (<6 months),
intermediate TFR (7 to 17 months) and long TFR (>18 months). (A) Frequency of five types of second-
line options (supportive care, repeat radiotherapy, reoperation, systemic treatment alone or inclusion
in a clinical trial) in the short TFR, intermediate TFR and long TFR groups. (B) Frequency of the six
main types of systemic treatment regimen used (TMZ, nitrosourea, bevacizumab, bevacizumab plus
TMZ, bevacizumab plus nitrosourea and bevacizumab plus irinotecan) in the short TFR, intermediate
TFR and long TFR groups. Abbreviations: TFR, time to first recurrence; TMZ, temozolomide.
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Figure 2. Kaplan-Meier curves for survival stratified for TFR: short TFR (<6 months, n = 210),
intermediate TFR (7 to 17 months, n = 84) and long TFR (>18 months, n = 44). (A) PFS1, (B) OS1,
(C) PFS2, and (D) OS2. Abbreviations: OS], overall survival after first surgery; OS2, overall survival

after first progression; PFS1, progression-free survival after first surgery; PFS2, progression-free
survival after first progression; TFR, time to first recurrence.

3.3. Analysis of the Efficacy of Second-Line Treatments

Given the diversity of second-line treatments, two main analyses were conducted: one
to compare systemic treatment with and without reoperation and the other to compare the
efficacy of repeat surgery with and without the intratumoral treatment with Gliadel®. Tt

was not possible to stratify these two analyses for TFR due to the small number of patients
with intermediate or long TFR.

3.3.1. Comparison of Systemic Treatment with and without Reoperation (n = 227)

We considered the six systemic treatments most frequently prescribed: TMZ rechal-
lenge, nitrosourea monotherapy and bevacizumab alone or combined with TMZ, ni-
trosourea or irinotecan. Patients who underwent repeat radiotherapy or reoperation with
intratumoral Gliadel® treatment were excluded from the analysis. The characteristics of the
patients retained for the analysis are shown in Table S3. In total, 227 patients received sys-
temic treatment: 32 (14.1%) were treated with TMZ, 32 (14.1%) with nitrosourea, 36 (15.9%)
with bevacizumab, 14 (6.2%) with bevacizumab plus TMZ, 80 (35.2%) with bevacizumab
plus nitrosourea and 33 (14.5%) with bevacizumab plus irinotecan. Pairwise comparisons
with BH correction for multiple testing showed that the proportion of distant rGB was
significantly higher in the bevacizumab plus TMZ group than in the TMZ, nitrosourea,

bevacizumab plus nitrosourea and bevacizumab plus irinotecan groups (post hoc p = 0.027
for all comparisons). Reoperation was more frequent in the nitrosourea group than in the
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bevacizumab and bevacizumab plus nitrosourea groups (post hoc p = 0.013 and post hoc
p = 0.022, respectively). Reoperation rates were also higher in the TMZ group than in the
bevacizumab group (post hoc p = 0.023). The TFR of the bevacizumab plus nitrosourea
group was significantly different from those of the TMZ (post hoc p = 0.004) and beva-
cizumab plus TMZ (post hoc p = 0.046) groups, the bevacizumab plus nitrosourea group
having fewer patients with a long TFR.

Table 2. Multivariate Cox regression analysis of factors associated with OS1 and OS2 in IDH-wildtype
GB patients treated with the Stupp’s regimen in the first line of treatment and subsequently receiving
supportive care or treatment after progression. The Cox model for OS1 was stratified for TFR and PFS2
and the Cox model for OS2 was stratified for PFS2, to satisfy the assumption of proportional hazards.

0OSs1 0S2

Variable

OR 95% CI p-Value OR 95% CI p-Value
Age (>61 years) 1.42 (1.10-1.84) 0.007 * 1.28 (0.96-1.70) 0.094
Sex (female) 0.81 (0.62-1.07) 0.136 0.77 (0.56-1.05) 0.097
KPS (>70%) 0.87 (0.57-1.34) 0.527
Tumor laterality (left) 0.96 (0.74-1.24) 0.746 0.83 (0.62-1.11) 0.205
Tumor extent
(multilobar) 1.12 (0.86-1.47) 0.407
EOR1 (GTR) 0.98 (0.76-1.27) 0.879
TFR
Long 1
Short 1.44 (0.95-2.20) 0.089
Intermediate 1.41 (0.86-2.31) 0.172
Recurrence location
(distant) 1.50 (0.86-2.62) 0.153
Second-line treatment , 5 (0.19-0.42) <0.001 * 0.18 (0.11-0.29) <0.001 *

(treatment)

Abbreviations: CI, confidence interval; EOR1, extent of the first resection; GTR, gross total resection (100%);
KPS, Karnofsky performance score; OR, odds ratio; OS1, overall survival after first surgery; OS2, overall survival
after first progression; PFS2, progression-free survival after first progression; TFR, time to first recurrence; TMZ,
temozolomide. * p < 0.05

Table 3. Survival outcomes of IDH-wildtype GB patients as a function of second-line option.

Survival Outcome

PFS1 PFS1-12 0Os1 0S1-36 PFS2 PFS2-12 0S2 0S2-18
Median Rate Median Rate Median Rate Median Rate
(months) (%) (months) (%) (months) (%) (months) (%)
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Supportive Care (1 = 37)

6.6 16.2 11.0 3.3 NA NA 2.9 3.5
(5.2-8.6) (7.8-33.7) (9.4-13.2) (0.5-22.5) NA NA (2.2-41) (0.5-23.5)
Treatment (n = 301)

8.0 29.9 21.2 19.9 5.7 13.7 10.6 23.5
(7.0-8.8) (25.2-35.6) (19.4-23.3) (15.4-25.8) (5.2-6.2) (10.2-18.6) (9.5-11.9) (18.7-29.5)
Systemic Treatment Alone (n = 195)

6.7 28.2 20.5 219 6.0 12.8 10.8 20.1
(6.5-7.9) (22.6-35.3) (18.5-23.0) (16.1-29.8) (5.4-6.9) (8.6-19.0) (9.4-12.0) (14.6-27.7)
Reoperation + Systemic Treatment (1 = 32)

8.0 28.1 21.9 15.5 54 13.4 104 27.8
(6.8-10.2) (16.2-48.9) (18.0-29.8) (6.3-37.9) (4.4-7.2) (5.4-33.3) (8.8-18.0) (15.0-51.4)
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Table 3. Cont.
Survival Outcome

PFS1 PFS1-12 0OS1 0S1-36 PFS2 PFS2-12 0S2 0S2-18
Median Rate Median Rate Median Rate Median Rate
(months) (%) (months) (%) (months) (%) (months) (%)
(95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)

Reoperation + Gliadel® (1 = 26)

8.6 26.9 24.4 17.8 5.9 20.0 14.8 39.4
(5.9-12.2) (14.3-50.7) (18.3-33.0) (7.3-43.2) (4.5-8.7) (9.1-43.8) (8.1-21.4) (23.7-65.5)
TMZ (n = 32)

13.4 56.3 30.3 434 4.8 10.2 13.5 32.4
(6.2-22.6) (41.4-76.4) (23.5-44.3) (28.3-66.5) (3.7-8.3) (3.5-29.7) (12.0-20.8) (18.7-56.2)
Nitrosourea (n = 32)

7.6 15.6 22.2 20.5 4.6 11.1 10.6 23.2
(6.5-9.2) (7.0-35.0) (16.2-33.5) (8.7-48.1) (3.6-7.1) (3.8-31.8) (8.2-14.2) (10.9-49.5)
Bevacizumab (n = 36)

6.7 25.0 21.4 20.3 6.2 16.2 9.9 28.8
(5.5-10.4) (14.2-44.0) (17.6-35.4) (9.0-45.7) (4.6-10.8) (6.8-38.9) (7.5-18.7) (15.9-52.1)
Bevacizumab + TMZ (n = 14)

10.5 429 34.6 423 7.9 21.4 124 17.5
(4.5-49.8) (23.4-78.5) (17.3-NA) (21.8-82.0) (7.0-16.5) (7.9-58.4) (10.1-NA) (5.0-61.2)
Bevacizumab + Nitrosourea (1 = 80)

6.7 22.5 18.2 7.0 5.6 9.0 8.8 13.4
(6.5-7.4) (15.0-33.8) (15.2-20.8) (2.8-17.7) (4.6-6.9) (4.2-19.2) (6.9-11.1) (7.1-25.3)
Bevacizumab + Irinotecan (1 = 33)

6.7 24.2 18.5 20.4 7.5 19.2 10.8 18.7
(5.6-10.6) (13.3-44.3) (16.2-28.0) (9.6-43.5) (5.9-9.6) (9.4-39.3) (9.1-17.4) (8.3-42.3)

Abbreviations: OS1, overall survival after first surgery; OS1-36, survival rate 36 months after first surgery;
OS2, overall survival after first progression; OS2-18, survival rate 18 months after first progression;
PFS1, progression-free survival after first surgery; PES1-12, progression-free survival rate 12 months after first
surgery; PFS2, progression-free survival after first progression; PFS2-12, progression-free survival rate 12 months
after first progression; TMZ, temozolomide.

Patients receiving systemic treatment without reoperation had a median PFS1 of
6.7 months (95% CI: 6.5-7.9), a median OS1 of 20.5 months (95% CI: 18.5-23.0), a median
PFS2 of 6.0 months (95% CI: 5.4-6.9) and a median OS2 of 10.8 months (95% CI: 9.4-12.0)
(Table 3, Figures 3A,B and S1A,B). Reoperation before systemic treatment had no significant
effect on PFS1, OS1, PFS2 and OS2 (p = 0.841, p = 0.945, p = 0.641 and p = 0.690, respec-
tively) (Table 3, Figures 3A,B and S1A,B). PFS1 and OS1 differed significantly between the
six systemic treatment groups (p = 0.004 and p < 0.001, respectively) (Table 3 and Figure
51C). Post hoc tests with BH correction revealed that the PFS1 of the Bevacizumab plus
nitrosourea group (6.7 months (95% CI: 6.5-7.4) was significantly shorter than that of the
TMZ group (13.4 months (95% CI: 6.2-22.6); post hoc p = 0.009) (Figure S1C). OS1 in the be-
vacizumab plus nitrosourea group (18.2 months (95% CI: 15.2-20.8)) was also significantly
shorter than that in the TMZ (30.3 months (95% CI: 23.5-44.3); post hoc p < 0.001) and
bevacizumab plus TMZ groups (34.6 months (95% CI: 17.3-NA); post hoc p = 0.016) (Table 3
and Figure S1D). The use of treatment regimens other than TMZ or bevacizumab plus TMZ
had no significant effect on OS1 change. Median OS1 was 22.2 months (95% CI: 16.2-33.5)
for the nitrosourea group, 21.4 months (95% CI: 17.6-35.4) for the bevacizumab group and
18.5 months (95% CI: 16.2-28.0) for the bevacizumab plus irinotecan group (Table 3). PFS2
did not differ significantly between the six groups (p = 0.238), although there was a trend
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towards longer PFS2 in the groups receiving bevacizumab (Figure 3C and Table 3). Median
PFS2 was 4.8 months (95% CI: 3.7-8.3) in the TMZ group, 4.6 months (95% CI: 3.6-7.1) in
the nitrosourea group, 6.2 months (95% CI: 4.6-10.8) in the bevacizumab group, 7.9 months
(95% CI: 7.0-16.5) in the bevacizumab plus TMZ group, 5.6 months (95% CI: 4.6-6.9) in
the bevacizumab plus nitrosourea group and 7.5 months (95% CI: 5.9-9.6) in the beva-
cizumab plus irinotecan group. OS2 differed significantly between the six groups (p = 0.042)
(Figure 3D and Table 3). Post hoc tests with BH correction showed that OS2 was signifi-
cantly shorter in the bevacizumab plus nitrosourea group (8.8 months (95% CI: 6.9-11.1))
than in the TMZ group (13.5 months (95% CI: 12.0-20.8); post hoc p = 0.034). OS2 did
not differ significantly between the TMZ and other treatment groups. Median OS2 was
10.6 months (95% CI: 8.2-14.2) in the nitrosourea group, 9.9 months (95% CI: 7.5-18.7) in
the bevacizumab group, 12.4 months (95% CI: 10.1-NA) in the bevacizumab plus TMZ
group and 10.8 months (95% CI: 9.1-17.4) in the bevacizumab plus irinotecan group.
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Figure 3. Survival outcomes for patients on systemic treatment. (A,B) Kaplan—-Meier curves for
survival stratified for systemic treatment with reoperation (1 = 32) and systemic treatment without
reoperation (n = 195) ((A) PFS2; (B) OS2). (C,D) Kaplan—-Meier curves for survival stratified for the
six most frequent systemic treatment regimens: TMZ rechallenge (1 = 32), nitrosourea monotherapy
(n = 32), bevacizumab alone (n = 36) or combined with TMZ (n = 14), nitrosourea (n = 80) and
irinotecan (n = 33) ((C) PFS2; (D) OS2). Abbreviations: OS2, overall survival after first progression;
PFS2, progression-free survival after first progression; TMZ, temozolomide.
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3.3.2. Reoperation with and without Gliadel® (n = 58)

Patients who underwent reoperation and received systemic treatment (reoperation
plus systemic treatment, n = 32) from the previous analysis were compared with patients
undergoing reoperation with intratumoral Gliadel® treatment (reoperation plus Gliadel®,
n = 26). The characteristics of the selected patients are shown in Table S4. Of the 26 patients
treated with Gliadel®, 9 patients (34.6%) also received systemic treatment.

Complete resection of the primary and recurrent tumors was more frequent in the
reoperation plus Gliadel® group than in the reoperation plus systemic treatment group
(p =0.003 and p < 0.001, respectively). PFS1, OS1, PFS2 and OS2 did not differ significantly
between these two groups (p = 0.562, p = 0.423, p = 0.303 and p = 0.436, respectively) (Table 3,
Figures 4 and S2). The reoperation plus Gliadel® group had a median PFS1 of 8.6 months
(95% CI: 5.9-12.2), a median OS1 of 24.4 months (95% CI: 18.3-33.0), a median PFS2 of
5.9 months (95% CI: 4.5-8.7) and a median OS2 of 14.8 months (95% CI: 8.1-21.4).

+ Reoperation + Gliadel® Reoperation + systemic treatment
A B
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Figure 4. Kaplan-Meier curves for survival stratified for reoperation with Gliadel® (1 = 26) and
reoperation with systemic treatment (1 = 32) ((A) PFS2; (B) OS2). Abbreviations: OS2, overall survival
after first progression; PFS2, progression-free survival after first progression.

4. Discussion

There is no widely accepted approach for managing rGB after TMZ chemoradiotherapy.
The second-line option is, therefore, based on the preferences of the treating center, the
individual characteristics of the patient and tumor aggressiveness, which can be assessed
by determining TFR after chemoradiotherapy [3,19]. In this study, a short TFR (<6 months)
was observed in 210 patients (62.0%), whereas intermediate (7 to 17 months) and long
(>18 months) TFRs were observed in only 84 (25.0%) and 44 patients (13.0%), respectively.
As expected, TFR was strongly and significantly correlated with PFS1, with a median PFS1
of 5.9 months for short TFR, 13.6 months for intermediate TFR and 30.2 months for long
TFR. TFR was also positively correlated with the number of cycles of adjuvant TMZ and
MGMT methylation status. The standard guidelines recommend six months of adjuvant
TMZ, but this treatment can be extended to more than six cycles, as shown by the FGB data.
The impact of prolonging maintenance TMZ therapy beyond six cycles remains a matter
of debate [20-22]. This retrospective study was not designed to determine the survival
benefits of prolonged adjuvant TMZ over the standard six-cycle TMZ regimen in patients
with GB. Furthermore, the absence of MGMT methylation status for more than 50% of
the patients would greatly limit the strength of any conclusions drawn. Nevertheless, we
observed that 17 (40.5%) of the GB patients with a long TFR receiving six or more cycles of
adjuvant TMZ (n = 42) were on the standard six-cycle regimen and that 25 patients (59.5%)
received adjuvant TMZ treatment for a prolonged period, indicating that a reasonable
proportion of patients on standard maintenance therapy may have a long TFR.
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The 338 GB patients included in this retrospective study had a median OS1 after first
surgery of 19.8 months and a median OS2 after first progression of 9.9 months; these values
are typical for GB patients in the Stupp era [23-25]. The patients with a long TFR had a
significantly longer OS1 and OS2 than those with a short or intermediate TFR (median
OS1: 44.3 vs. 15.2 and 22.9 months, respectively; median OS2: 13.0 vs. 9.5 and 8.5 months,
respectively). Patients with a long TFR also had a significantly longer PFS2 than patients
with an intermediate TFR (median PFS2: 7.0 vs. 4.0 months) but, surprisingly, no significant
difference in PFS2 was observed between patients with a long TFR and those with a short
TFR (median PFS2: 7.0 vs. 5.9 months). This finding may be explained by the higher risks
of pseudoprogression in patients with a short TFR. OS2 was about 4 to 5 months longer
in patients with a long TFR than in those with a short or intermediate TFR, but this is a
small difference relative to that for PFS1 (about 16-24 months longer for patients with a
long TFR). Similar post-progression survival was previously reported between GB patients
with and without MGMT promoter methylation [9]. These results suggest that the better
survival of patients with a long TFR or with GB displaying MGMT-promoter methylation is
mostly due to their response to first-line treatment rather than their response to second-line
treatment. They also indicate that the rGB of these patients were more aggressive and/or
resistant than their initial tumors.

A multivariate Cox regression analysis of factors associated with OS2 showed that
the supportive care option after first progression was a significant independent predictor
of shorter OS2. Being older, male and having a short TFR also tended to be independent
predictors of poor OS2. The survival disadvantage of these factors after progression has
already been highlighted in other studies [19,24,26,27]. However, by contrast to previous
studies, KPS at diagnosis and EOR1 were not found to be independent factors associated
with OS2 in this cohort [26,28-30]. The lack of accurate KPS score determinations and
of quantitative MRI assessments of volume for EOR evaluation may account for this
discrepancy. We were unable to analyze KPS at progression and MGMT methylation status,
which were found to be predictors of OS2 in previous studies [26,31] in multivariate Cox
regression analysis due to the large amounts of missing data.

The decision to give supportive care rather than treatment after a first progression is
generally based on rapid progression of the GB associated with comorbid conditions and/or
a worsening of neurological state. Older age, contraindications for alternative options or the
patient’s refusal to prolong therapy may also underlie the decision to implement supportive
care. Systemic treatment alone was the most common second-line treatment recorded in
the FGB, this treatment being administered to 206 patients (60.9%). Repeat radiotherapy
was performed in only 12 patients (3.6%). This treatment option may continue to be
limited because unanswered questions remain about the efficacy and toxicity of a second
course of radiation, even with improvements in the techniques used, such as stereotactic
radiosurgery and stereotactic radiotherapy [32]. Reoperation was indicated in 69 patients
(20.4%), consistent with published findings suggesting that 20-30% of patients undergo
reoperation [3,33]. The remaining 18 patients (5.3%) were included in clinical trials. A
significant difference in systemic treatment regimens was observed between the three TFR
groups. TMZ rechallenge and bevacizumab plus TMZ were administered more frequently
to patients with a long TFR, whereas bevacizumab plus nitrosourea was prescribed more
frequently for patients with short and intermediate TFR. This is not surprising given that
the patients with a long TFR were those who responded most successfully to first-line
Stupp treatment.

Given the small number of patients with intermediate or long TFR, all 338 GB patients
selected from the FGB database were included in the analysis of second-line treatment
efficacy. This analysis showed that reoperation before the use of systemic treatment did not
increase survival. Median OS2 was 10.4 for the reoperated and 10.8 months for the non-
reoperated groups. Similarly, there was no significant difference in survival between rGB
patients undergoing reoperation with intratumoral Gliadel® treatment and rGB patients un-
dergoing reoperation and receiving systemic treatment (median OS2: 14.8 vs. 10.4 months).
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The benefits of repeat resection after the first recurrence remain unclear from published
data [34]. Some studies have suggested that there is a survival benefit after reoperation,
whereas others found no such benefit [35-37]. A lack of randomization, selection bias in
patient inclusion and exclusion, study timing (pre- or post-Stupp protocol era), different
treatments after further resection and differences in the definition of OS may account for
the discrepancies between studies. Additional well-designed studies are now required to
determine the real benefit of reoperation with or without intratumoral treatment. It was not
possible to analyze the survival benefit of repeat radiotherapy in our study due to the small
number of patients receiving this treatment. Repeat radiotherapy is currently considered
safe for rGB management, but the heterogeneity of studies in terms of patient characteris-
tics and radiotherapy regimen makes it difficult to draw any firm conclusions about the
efficacy of this treatment option for rGB patients [32,38,39]. For systemic treatments, OS2
did not differ significantly between patients receiving bevacizumab plus nitrosourea and
those treated with nitrosourea alone (median OS2: 8.8 vs. 10.6 months) or bevacizumab
alone (median OS2: 8.8 vs. 9.9 months). Two previous clinical trials—a phase III trial with
437 rGB patients [40] and a phase Il TAMIGA trial with 123 rGB patients [41]—showed that
lomustine plus bevacizumab provided no significant improvement in OS after recurrence
over lomustine monotherapy. Similarly, Weathers et al. [42] showed, in a phase II trial,
that the low-dose bevacizumab plus lomustine combination was not superior to standard-
dose bevacizumab in 69 patients with rGB. We also observed that patients who received
bevacizumab plus irinotecan and, thus, who received bevacizumab alone had similar out-
comes (median OS2: 10.8 vs. 9.9 months). These data are consistent with the findings of
Friedman et al. [43], who evaluated the efficacy of bevacizumab, alone and in combination
with irinotecan, in patients with rGB in a phase II, multicenter, open-label, noncomparative
trial (n = 167). Median OS from randomization was 9.2 months and 8.7 months, respectively.
Furthermore, similar to Jakobsen et al. [44], we found no significant difference in median
OS2 between bevacizumab plus nitrosourea and bevacizumab plus irinotecan (median
0S52: 8.8 vs. 10.8 months). The only significant difference in OS2 observed in this study
was that between patients receiving bevacizumab plus nitrosourea and those prescribed
TMZ rechallenge or bevacizumab plus TMZ (median OS2: 8.8 vs. 13.5 and 12.4 months,
respectively). Other treatment regimens were no more effective than TMZ rechallenge
or bevacizumab plus TMZ. The longer OS2 observed with TMZ rechallenge and with
bevacizumab plus TMZ than with bevacizumab plus nitrosourea may result from a bias,
because the TMZ rechallenge and bevacizumab plus TMZ groups contained more patients
with a long TFR than the bevacizumab plus nitrosourea group. One study retrospectively
compared data from rGB patients completing standard TMZ treatment concurrently and
adjuvant to radiotherapy and undergoing TMZ rechallenge or nitrosourea treatment after
progression [45]. The authors showed that, for patients with rGB after a treatment-free
interval of at least five months, median OS2 and PFS2 were longer for the TMZ rechal-
lenge group than for the nitrosourea group, regardless of the MGMT methylation status
of the tumor. Median OS2 was 17.7 months for the TMZ group and 11.6 months for the
nitrosourea group, and median PFS2 was 8.1 months for the TMZ group and 5.8 months for
the nitrosourea group. Other studies have shown that the benefit of TMZ rechallenge may
be restricted to patients with tumors displaying MGMT promoter methylation [3,11,46,47].
It would be interesting to compare TMZ rechallenge with other regimens in prospective
randomized trials in patients with a long TFR and/or with MGMT-promoter methylated
GB to determine the optimal second-line treatment for these patients.

All of our data are consistent with the findings of recent studies [9,11]. They show
that none of the traditionally used regimens is unequivocally better than the others for
the second-line treatment of GB. In recent years, a multitude of novel drugs, such as
tyrosine kinase inhibitors and immune checkpoint inhibitors, have shown promising signs
of efficacy against rGB, but the reported responses were observed in a highly selected and
very limited patient population [9,11].
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5. Limitations

This study has several limitations. It was a retrospective analysis with only small
numbers of patients per group for group analyses, which may, therefore, have been subject
to several unavoidable biases. Immunohistochemistry for IDH1-R132H was the only
technique used for assessment of the IDH status of the tumors. Sanger sequencing for
IDH1/2 genes was not systematically performed for all cases. It was not possible to
assess the impact of MGMT methylation status on OS1 and OS2 because of the large
amounts of missing data. An analysis of MGMT methylation status is not mandatory for
routine pathology reports in the FGB network because of its minimal relevance to clinical
decision-making for first-line treatment. However, knowledge of MGMT methylation
status might be useful for decisions concerning second-line treatment [47,48]. Another
limitation was the lack of accurate KPS score determination before first surgery and at
recurrence. Audureau et al. [26] showed that a decrease in KPS at progression was a strong
independent predictor of poorer OS2. The lack of formal volumetric analysis to measure
preoperative tumor volume and residual volume is another limitation of our study. The
data were also incomplete for the toxicity of second-line treatments. Furthermore, it was
not possible to determine whether patients conserved a good quality of life after the various
second-line treatments, because HRQoL is not systematically assessed outside of clinical
trials. The routine assessment of HRQoL would be of great interest for clinicians needing
to choose between second-line treatments with similar efficacies in terms of survival. All of
these limitations highlight that corrective actions need to be taken within the FGB to have
more complete eCRFs.

6. Conclusions and Perspectives

Within the FGB, four treatment options for rGB patients were recorded: repeat ra-
diotherapy, reoperation, systemic treatment and inclusion in a clinical trial. Systemic
treatment was the option most frequently selected for rGB patients, with bevacizumab
plus nitrosourea more frequently used in patients with a short or intermediate TFR and
TMZ rechallenge and bevacizumab plus TMZ more frequently used in patients with a long
TFR. None of the systemic treatment regimens was unequivocally better than the others
for second-line therapy. Reoperation before the administration of systemic treatment did
not increase survival. Survival was best for patients with a long TFR, but these patients
accounted for only a small proportion of the study population (13.0%). This better survival
appeared to be more strongly associated with response to first-line treatment than with
response to second-line treatment, indicating that the recurring tumors were more aggres-
sive and/or resistant than the initial tumors in these patients. There is an urgent need
for molecular investigations of the reasons for which some GB patients have a long TFR
after chemoradiotherapy. With the exception of MGMT methylation status, the few studies
focusing on the molecular characteristics of IDH-wildtype GB from patients in the short
and long survival groups failed to identify a solid long-term survivor signature at either the
genomic or transcriptomic level [49]. Additional studies based on other -omics approaches
are now required, in well-designed cohorts of primary GB samples, taking into account the
TER of GB patients and their survival outcomes. Furthermore, these analyses should not be
limited to tumor samples, but should also include the peritumoral brain zone and blood
samples, which may contain cellular and molecular components promoting GB growth
and invasion [50-52]. It will also be important to determine why rGB from patients with a
long TFR are more aggressive and/or resistant than the initial tumor. Studies comparing
differences between GB at diagnosis and at recurrence have shown that rGB generally retain
the genetic and epigenetic makeup of the primary tumor and, as such, probably require the
use of similar treatment regimens [9]. Our results highlight the need for further studies on
the molecular characteristics and treatment responses of rGB and their initial tumors in
patients with different TFR before any firm conclusions can be drawn. These future studies
may facilitate the identification of prognostic and/or therapeutic clinical markers. Support
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from biobanks, such as the FGB, will be required, to provide the large numbers of biological
samples from well-characterized patient cohorts necessary for such studies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers14225510/s1, Figure S1: Survival outcomes (PFS1
and OS1) for patients on systemic treatment; Figure S2: Kaplan-Meier curves (PFS1 and OS1) for
survival stratified for reoperation with Gliadel® and reoperation with systemic treatment. Table S1:
Univariate Cox regression analysis of factors associated with OS1 and OS2 in IDH-wildtype GB
patients treated with Stupp’s regimen as the first-line treatment and receiving supportive care or
treatment following progression; Table S2: Relationships between clinical variables, assessed by
Spearman’s correlation analysis; Table S3: Characteristics of IDH-wildtype GB patients treated with
Stupp’s regimen as the first-line treatment and receiving one of six types of systemic treatment
with or without reoperation, following progression: TMZ rechallenge, nitrosourea monotherapy,
bevacizumab alone or combined with TMZ, nitrosourea or irinotecan; Table S4: Characteristics of
IDH-wildtype GB patients treated with Stupp’s regimen as the first-line treatment and undergoing
one of two types of second-line treatment after progression: reoperation with Gliadel® or reoperation
followed by systemic treatment.

Author Contributions: A.C.: conceptualization, data recording, statistical analysis, writing—original
draft, writing—review and editing; L.A.: conceptualization, writing—review and editing; J.-M.L.:
writing—review and editing, statistical analysis; P.A.: writing—review and editing; G.S.: data
recording, writing—review and editing; L.B., D.E.-B. and P.M.: coordinators of the FGB, writing—
review and editing; FGB network: data recording. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the Cancéropdle Grand Ouest, the Ligue Ligue Nationale Contre
le Cancer, the French Institut National du Cancer (INCa; INCA_6298) and GIS IBiSA.

Institutional Review Board Statement: The FGB network was declared to the French Ministry of
Health and Research (declaration number: DC-2011-1467, cession authorization number: AC-2017-
2993). The protocols and regulations of the FGB network were approved by the CPP OUEST II ethics
committee (CB 2012/02, date of approval: 20 December 2011) and the CNIL (no. 1476342, date of
approval: 10 October 2011).

Informed Consent Statement: All adult patients included in this retrospective analysis signed an
informed consent form for the inclusion of their data and samples in the biobank.

Data Availability Statement: The datasets generated and/or analyzed in this study are available
from the corresponding author under the authorization of the delegation for clinical research and
innovation (DRCI, CHU, Angers).

Acknowledgments: We thank the DRCI (CHU, Angers) for managing the legal and administrative
aspects of this project, ANOCEF (Association des Neuro-Oncologues d’Expression Francaise) for
its support to the FGB, Tanguy Roman and Marion Rigot (CHU, Nantes) for assistance with data
management, Jérémie Riou (CHU, Angers) for his advice on statistical analysis and Alex Edelman
and Associates for correcting the English of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

EOR1: extent of the first resection, GTR, gross total resection (100%); HRQoL, health-related qual-
ity of life; KPS, Karnofsky performance score; MGMT, O(6)-methylguanine methyltransferase; OS1,
overall survival after first surgery; OS1-36, survival rate 36 months after first surgery; OS2, overall
survival after first progression; OS2-18, survival rate 18 months after first progression; PCV, pro-
carbazine, 1-(2-chloroethyl)-3-cyclohexyl-1-nitrosourea (CCNU, lomustine), and vincristine; PFS1,
progression-free survival after first surgery; PFS1-12, progression-free survival rate 12 months af-
ter first surgery; PFS2, progression-free survival after first progression; PFS2-12, progression-free
survival rate 12 months after first progression; PR, partial resection (<90%); STR, subtotal resection
(>90%); TFR, time to first recurrence; TMZ, temozolomide.


https://www.mdpi.com/article/10.3390/cancers14225510/s1

Cancers 2022, 14, 5510

17 of 21

Appendix A

¥ Amiens (M. Boone; J.-M. Constans; C. Desenclos; Y.-E. Herpe; N. Guilain; R. Teb-
bakha): Service d’Oncologie médicale, CHU Amiens-Picardie, Amiens, France (M.B.);
Neuro-radiologie, CHU Amiens-Picardie, Amiens, France (J.-M.C.); EA CHIMERE 7516,
Université de Picardie Jules Verne, Amiens, France (J.-M.C.); Département de Neurochirurgie,
CHU Amiens-Picardie, Amiens, France (C.D.); Biobanque de Picardie, Amiens, France
(Y.-E.H.); Service d’ Anatomie et Cytologie Pathologiques, CHU Amiens-Picardie, Amiens,
France (N.G.); EA4667, LPCM, Université de Picardie Jules Verne, Amiens, France (N.G.;
R.T.); Tumorotheque de Picardie, CHU Amiens-Picardie, Amiens, France (R.T.). Angers
(O. Blanchet; P. Menei (FGB network national coordinator); A. Rousseau): CRB—BB-
0033-00038, CHU Angers, Angers, France (O.B.); Département de Neurochirurgie, CHU
Angers, Angers, France (P.M.); Université d’Angers, Inserm UMR 1307, CNRS UMR 6075,
Nantes Université, CRCI2NA, Angers, France (P.M.; A.R.); Département de Pathologie,
CHU Angers, Angers, France (A.R.). Bordeaux (S. Bouillot-Eimer; P. Dubus; H. Loiseau):
Service de Pathologie, CHU Bordeaux, Site Pellegrin, Bordeaux, France (S.B.-E.); Centre
de ressources biologiques en cancérologie et Service de biologie des tumeurs, CHU Bor-
deaux, Bordeaux France (P.D.); INSERM U1312, BRIC, BoRdeaux Institute in onCology,
Université de Bordeaux, Bordeaux, France (P.D.; H.L.); Service de Neurochirurgie, CHU
Bordeaux, Site Pellegrin, Bordeaux, France (H.L.). Brest (E. Lippert; I. Quintin-Roué; R.
Seizeur): CRB Santé de Brest, CHU Brest, Brest, France (E.L.); Service d’Anatomie et
Cytologie Pathologiques, CHU Brest, Brest, France (1.Q.-R.); Service de Neurochirurgie,
CHU Brest, Brest, France (R.S.); LaTIM, INSERM, UMR 1101, SFR IBSAM, Brest, France
(R.S.). Caen (E. Emery; M. Faisant; N. Rousseau): Département de Neurochirurgie, CHU
Caen, Caen, France (E.E.); Service d’Anatomie et Cytologie Pathologiques, CHU Caen,
Caen, France (M.F.); Tumorotheque de Caen Basse-Normandie, Caen, France (N.R.). Col-
mar (G. Ahle; R. Heller; F. Lerintiu; J. Voirin): Service de Neurologie, Hopital Pasteur,
Colmar, France (G.A.); Service de Microbiologie et Biologie Moléculaire, Hopital Pasteur,
Colmar, France (R.H.); Service d’Anatomie Pathologique, Hopital Pasteur, Colmar, France
(FL.); Service de Neurochirurgie, Hopital Pasteur, Colmar, France (J.V.); Dijon (M.-H.
Aubriot-Lorton; W. Farah; A. Bonnin): Département de Pathologie, CHU Dijon, Dijon,
France (M.-H.A.-L.); Département de Neurochirurgie, CHU Dijon, Dijon, France (W.F.);
Centre de Ressources Biologiques Ferdinand Cabanne BB-0033-00044, Dijon-Bourgogne
University Hospital, Dijon, France (A.B.). Grenoble (E. Gay; S. Lantuejoul; P. Mossuz):
Université Grenoble Alpes, Service de Neurochirurgie CHU Grenoble Alpes, Grenoble,
France (E.G.); Département de Biopathologie, Centre Léon Bérard, Unicancer Grenoble,
France (S.L.); Université Grenoble-Alpes, Grenoble, France (S.L.); CRB CHU Grenoble
Alpes (BB-0033-00069), Grenoble, France (P.M.). Ile de France: AP-HP Henri Mondor (B.
Ghaleh; A. Marniche); AP-HP Pitié Salpétriere (P. Cornu; J.-Y. Delattre; K. Hoang-Xuan; K.
Mokhtari; M. Sanson; C. Dehais; C. Villa; S. Gaillard); CH St Anne (P. Niel; J. Pallud; P.
Varlet); HIA Percy (D. Ricard; Y. Yordanova); Hopital Foch (A.-L. Di Stefano; C. Horody-
ckid): Plateforme de Ressources Biologiques, AP-HP Hopital Henri Mondor, Créteil, France
(B.G.); Département de Neurochirurgie, AP-HP Hoépital Henri Mondor, Créteil, France
(A.M.); Service de Neurochirurgie, Hopital de la Pitié-Salpétriere, AP-HP, Médecine Sor-
bonne Université, Paris, France (P.C.; S.G.); Sorbonne Université, Inserm, CNRS, UMR
S 1127, Institut du Cerveau et de la Moelle épiniere, ICM, Paris, France (J.-Y.D.; KH.-X,;
KM.; M.S.; A.-L.D.S.); Service de Neurologie, Hopital de la Pitié-Salpétriere, AP-HP, Paris,
France (J.-Y.D.; M.S.); Service de Neuropathologie, Hopital de la Pitié-Salpétriere, AP-HP,
Paris, France (K.M.; C.V.); OncoNeuroTheque, Hopital de la Pitié-Salpétriere, AP-HP, Paris,
France (K.H.-X.; K.M.); Sorbonne Université, Service Neurologie 2—Mazarin, GH Pitié-
Salpétriere, AP-HP, Paris, France (K.H.-X.; C.D.); INSERM U1016, CNRS UMR 8104, Institut
Cochin, Université Paris Descartes, Paris, France (C.V.); Département de Biologie, Hopital
Sainte-Anne, ParLille (P. Gelé C.-A. Maurage; N. Reyns): CRB/CIC1403, Université de
Lille, CHU Lille, Lille, France (P.G.); Service d’anatomie pathologique, centre de biologie
pathologie, CHU de Lille, Lille, France (C.-A.M.); Département de Neurochirurgie, CHU



Cancers 2022, 14, 5510

18 of 21

Lille, Lille, France (N.R.); ONCO-THAI, INSERM U1189, Univ Lille, France (N.R.). Limo-
ges (F. Caire; F. Labrousse; V. Fermeaux; J. Feuillard): Service de Neurochirurgie, CHU
Limoges, Limoges, France (F.C.); Département de Pathologie, CHU Limoges, Limoges,
France (FL.; V.E); Laboratoire d’'Hématologie, CHU Dupuytren, Limoges, France (J.F.);
Unité Mixte de Recherche CNRS 7276 and INSERM U1262, Limoges, France (J.F.). Lyon
(F. Ducray; N. Dufay; J. Guyotat; D. Meyronet): Hospices Civils de Lyon, Groupe Hospi-
talier Est, Service de Neuro-Oncologie, Lyon, France (ED.); Université Claude Bernard
Lyon 1, Lyon, France (F.D.; D.M.); Département Plasticité de la cellule cancéreuse, Centre
de Recherche en Cancérologie de Lyon, INSERM U1052, CNRS UMR5286, Lyon, France
(ED.; D.M.); NeuroBioTec, Groupement Hospitalier Est, Hopital Neurologique Pierre
Wertheimer, Lyon, France (N.D.); Hospices Civils de Lyon, Groupe Hospitalier Est, Ser-
vice de Neurochirurgie Tumorale et Vasculaire, Lyon, France (J.G.); Hospices Civils de
Lyon, Service d’Anatomopathologie, Lyon, France (D.M.). Marseille: AP-HM (O. Chinot;
H. Dufour; T. Graillon; D. Figarella-Branger); Clairval (D. Figarella-Branger; P. Metellus):
Aix-Marseille Univ, APHM, CNRS, INP, Inst Neurophysiopathol, CHU Timone, Service de
Neuro-Oncologie, Marseille, France (O.C.); Département de Neurochirurgie, Hopital de la
Timone, Marseille, France (H.D.; T.G.); Aix-Marseille Univ, APHM, CNRS, INP, Inst Neu-
rophysiopathol, CHU Timone, Service d’Anatomie Pathologique et de Neuropathologie,
Marseille, France (D.E-B.); Aix-Marseille Univ, CNRS, INP, Inst Neurophysiopathol, Mar-
seille, France (P.M.); Ramsay Santé, Hopital Privé Clairval, Département de Neurochirurgie,
Marseille, France (PM.). Montpellier (L. Bauchet; C. Gozé; V. Rigau): Département de
Neurochirurgie, CHU Montpellier, Université de Montpellier, Montpellier, France (L.B.);
Institut de Génomique Fonctionnelle (IGF), INSERM U1191, Univ Montpellier, Montpellier,
France (L.B.; C.G.; V.R.); Département de Pathologie et d’Oncobiologie, CHU Montpellier,
Montpellier, France (C.G.; V.R.); Tumorotheque, CRB, CHU Montpellier, Montpellier, France
(V.R.). Nancy (G. Gauchotte; M. Blonski; F. Rech): Département de Pathologie, CHRU
Nancy, Nancy, France (G.G.); Service de Neurologie, CHRU Nancy, Nancy, France (M.B.);
Université de Lorraine, CHRU Nancy, Service de Neurochirurgie, Nancy, France (FR.).
Nantes (J.-S. Frénel; O. Kerdraon; D. Loussouarn; ].-F. Mosnier): Département d’Oncologie
Médicale, ICO, Nantes, France (J.-S.EF.); Tumorotheque, ICO, Saint Herblain, France (O.K.);
Département de Pathologie, CHU de Nantes, Nantes, France (D.L.; ].-E.M.); Tumorotheque,
CHU Nantes, France (J-EM.). Nice (F. Almairac; V. Bourg; F. Burel-Vandenbos): Uni-
versité Cote d’Azur, Hopital Pasteur 2, Service de Neurochirurgie, Nice, France (F.A.);
Université Cote d’Azur, Hopital Pasteur 2, Service de Neuro-Oncologie, Nice, France (V.B.);
Université Cote d”Azur, Hopital Pasteur 1, Laboratoire central d’Anatomie et Cytologie
Pathologiques, Nice, France (F.B.-V.). Rennes (D.C. Chiforeanu; P-J. Le Reste; V. Quillien; B.
Turlin): Service d’Anatomie et Cytologie Pathologiques, CHU Pontchaillou, Rennes, France
(D.-C.C.); Département de Neurochirurgie, CHU de Rennes, Rennes, France (P.-].L.R.);
INSERM U1242, “Chemistry, Oncogenesis, Stress Signaling,” Université de Rennes, Rennes,
France (P-].L.R; V.Q.); Département de Biologie, Centre de lutte contre le cancer Eugene
Marquis, Rennes, France (V.Q.); CHU Rennes, CRB Santé, Rennes, France (B.T.). Rouen
(O. Langlois; F. Marguet; M. Quillard-Muraine): Département de Neurochirurgie, CHU
Rouen, Rouen, France (O.L.); UNIROUEN, INSERM 1239, Mont-Saint-Aignan, France
(EM.); Département de Pathologie, UNIROUEN, INSERM U1245, CHU Rouen, Univer-
sité de Normandie, Rouen, France (FE.M.); UNIROUEN, INSERM 1073, CHU Rouen, Ser-
vice de Biochimie Générale, INSERM CIC-CRB 1404, Rouen, France (M.Q.-M.). Tours
(A.-M. Bergemer-Fouquet; O. Herault; I. Zemmoura): Service d”Anatomie et Cytologie
Pathologiques, Hopital Bretonneau, CHRU Tours, Tours, France (A.-M.B.-E.); Université de
Frangois Rabelais, UFR de Médecine, Tours, France (A.-M.B.-E,; [.Z.); CRB-Touraine, Tours,
France (O.H.); Département de Neurochirurgie, CHU Tours, Tours, France (I.Z.); UMR
1253, iBrain, Université de Tours, Inserm, Tours, France (I.Z.).



Cancers 2022, 14, 5510 19 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ostrom, Q.T.; Cioffi, G.; Gittleman, H.; Patil, N.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.5. CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro-Oncol. 2019, 21, v1-v100.
[CrossRef] [PubMed]

Stupp, R.; Mason, W.P.,; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. ]. Med. 2005, 352,
987-996. [CrossRef] [PubMed]

Weller, M.; van den Bent, M.; Preusser, M.; Le Rhun, E.; Tonn, J.C.; Minniti, G.; Bendszus, M.; Balana, C.; Chinot, O.; Dirven,
L.; et al. EANO Guidelines on the Diagnosis and Treatment of Diffuse Gliomas of Adulthood. Nat. Rev. Clin. Oncol. 2021, 18,
170-186. [CrossRef]

Poon, M. T.C.; Sudlow, C.L.M.; Figueroa, ].D.; Brennan, PM. Longer-Term (>2 Years) Survival in Patients with Glioblastoma in
Population-Based Studies Pre- and Post-2005: A Systematic Review and Meta-Analysis. Sci. Rep. 2020, 10, 11622. [CrossRef]
[PubMed]

Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.].; Taphoorn, M.].B.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of Radiotherapy with Concomitant and Adjuvant Temozolomide versus Radiotherapy Alone on
Survival in Glioblastoma in a Randomised Phase III Study: 5-Year Analysis of the EORTC-NCIC Trial. Lancet Oncol. 2009, 10,
459-466. [CrossRef]

Bette, S.; Barz, M.; Huber, T.; Straube, C.; Schmidt-Graf, F.; Combs, S.E.; Delbridge, C.; Gerhardt, J.; Zimmer, C.; Meyer, B.;
et al. Retrospective Analysis of Radiological Recurrence Patterns in Glioblastoma, Their Prognostic Value and Association to
Postoperative Infarct Volume. Sci. Rep. 2018, 8, 4561. [CrossRef]

Rapp, M.; Baernreuther, J.; Turowski, B.; Steiger, H.-].; Sabel, M.; Kamp, M.A. Recurrence Pattern Analysis of Primary Glioblastoma.
World Neurosurg. 2017, 103, 733-740. [CrossRef]

Yoo, J.; Yoon, S.-J.; Kim, KH.; Jung, I.-H.; Lim, S.H.; Kim, W.; Yoon, H.I.; Kim, S.H.; Sung, K.S.; Roh, TH.; et al. Patterns
of Recurrence according to the Extent of Resection in Patients with IDH-Wild-Type Glioblastoma: A Retrospective Study.
J. Neurosurg. 2021, 137, 533-543. [CrossRef]

Birzu, C.; French, P; Caccese, M.; Cerretti, G.; Idbaih, A.; Zagonel, V.; Lombardi, G. Recurrent Glioblastoma: From Molecular
Landscape to New Treatment Perspectives. Cancers 2020, 13, 47. [CrossRef]

Chaul-Barbosa, C.; Marques, D.FE. How We Treat Recurrent Glioblastoma Today and Current Evidence. Curr. Oncol. Rep. 2019,
21, 94. [CrossRef]

Fazzari, EG.T.; Rose, F,; Pauls, M.; Guay, E.; Ibrahim, M.EK.; Basulaiman, B.; Tu, M.; Hutton, B.; Nicholas, G.; Ng, T.L. The Current
Landscape of Systemic Therapy for Recurrent Glioblastoma: A Systematic Review of Randomized-Controlled Trials. Crit. Rev.
Oncol. Hematol. 2022, 169, 103540. [CrossRef] [PubMed]

Fernandes, C.; Costa, A.; Osoério, L.; Lago, R.C.; Linhares, P.; Carvalho, B.; Caeiro, C. Current Standards of Care in Glioblastoma
Therapy. In Glioblastoma; De Vleeschouwer, S., Ed.; Codon Publications: Brisbane, Australia, 2017; ISBN 978-0-9944381-2-6.
McBain, C.; Lawrie, T.A.; Rogozifiska, E.; Kernohan, A.; Robinson, T.; Jefferies, S. Treatment Options for Progression or Recurrence
of Glioblastoma: A Network Meta-Analysis. Cochrane Database Syst. Rev. 2021, 5, CD013579. [CrossRef] [PubMed]

Schritz, A.; Aouali, N.; Fischer, A.; Dessenne, C.; Adams, R.; Berchem, G.; Huiart, L.; Schmitz, S. Systematic Review and Network
Meta-Analysis of the Efficacy of Existing Treatments for Patients with Recurrent Glioblastoma. Neuro-Oncol. Adv. 2021, 3, vdab052.
[CrossRef] [PubMed]

Seystahl, K.; Wick, W.; Weller, M. Therapeutic Options in Recurrent Glioblastoma—An Update. Crit. Rev. Oncol. Hematol. 2016,
99, 389-408. [CrossRef]

Stupp, R.; Brada, M.; van den Bent, M.].; Tonn, ].-C.; Pentheroudakis, G. ESMO Guidelines Working Group. High-Grade Glioma:
ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow-Up. Ann. Oncol. Off. ]. Eur. Soc. Med. Oncol. 2014, 25
(Suppl. 53), iii93-iiil01. [CrossRef]

Clavreul, A.; Soulard, G.; Lemée, ].-M.; Rigot, M.; Fabbro-Peray, P.; Bauchet, L.; Figarella-Branger, D.; Menei, P.; FGB Network.
The French Glioblastoma Biobank (FGB): A National Clinicobiological Database. J. Transl. Med. 2019, 17, 133. [CrossRef]

Wen, P.Y.,; Macdonald, D.R.; Reardon, D.A.; Cloughesy, T.F; Sorensen, A.G.; Galanis, E.; Degroot, J.; Wick, W.; Gilbert, M.R,;
Lassman, A.B.; et al. Updated Response Assessment Criteria for High-Grade Gliomas: Response Assessment in Neuro-Oncology
Working Group. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2010, 28, 1963-1972. [CrossRef]

Van Linde, M.E.; Brahm, C.G.; de Witt Hamer, P.C.; Reijneveld, J.C.; Bruynzeel, AM.E.; Vandertop, W.P; van de Ven, PM,;
Wagemakers, M.; van der Weide, H.L.; Enting, R.H.; et al. Treatment Outcome of Patients with Recurrent Glioblastoma Multiforme:
A Retrospective Multicenter Analysis. J. Neurooncol. 2017, 135, 183-192. [CrossRef]

Alimohammadi, E.; Bagheri, S.R.; Taheri, S.; Dayani, M.; Abdi, A. The Impact of Extended Adjuvant Temozolomide in Newly
Diagnosed Glioblastoma Multiforme: A Meta-Analysis and Systematic Review. Oncol. Rev. 2020, 14, 461. [CrossRef]

Attarian, F; Taghizadeh-Hesary, F.; Fanipakdel, A ; Javadinia, S.A.; Porouhan, P; PeyroShabany, B.; Fazilat-Panah, D. A Systematic
Review and Meta-Analysis on the Number of Adjuvant Temozolomide Cycles in Newly Diagnosed Glioblastoma. Front. Oncol.
2021, 11, 779491. [CrossRef]

Huang, B.; Yu, Z.; Liang, R. Effect of Long-Term Adjuvant Temozolomide Chemotherapy on Primary Glioblastoma Patient
Survival. BMC Neurol. 2021, 21, 424. [CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/noz150
http://www.ncbi.nlm.nih.gov/pubmed/31675094
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1038/s41571-020-00447-z
http://doi.org/10.1038/s41598-020-68011-4
http://www.ncbi.nlm.nih.gov/pubmed/32669604
http://doi.org/10.1016/S1470-2045(09)70025-7
http://doi.org/10.1038/s41598-018-22697-9
http://doi.org/10.1016/j.wneu.2017.04.053
http://doi.org/10.3171/2021.10.JNS211491
http://doi.org/10.3390/cancers13010047
http://doi.org/10.1007/s11912-019-0834-y
http://doi.org/10.1016/j.critrevonc.2021.103540
http://www.ncbi.nlm.nih.gov/pubmed/34808376
http://doi.org/10.1002/14651858.CD013579.pub2
http://www.ncbi.nlm.nih.gov/pubmed/34559423
http://doi.org/10.1093/noajnl/vdab052
http://www.ncbi.nlm.nih.gov/pubmed/34095835
http://doi.org/10.1016/j.critrevonc.2016.01.018
http://doi.org/10.1093/annonc/mdu050
http://doi.org/10.1186/s12967-019-1859-6
http://doi.org/10.1200/JCO.2009.26.3541
http://doi.org/10.1007/s11060-017-2564-z
http://doi.org/10.4081/oncol.2020.461
http://doi.org/10.3389/fonc.2021.779491
http://doi.org/10.1186/s12883-021-02461-9
http://www.ncbi.nlm.nih.gov/pubmed/34724914

Cancers 2022, 14, 5510 20 of 21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Fabbro-Peray, P.; Zouaoui, S.; Darlix, A.; Fabbro, M.; Pallud, J.; Rigau, V.; Mathieu-Daude, H.; Bessaoud, F,; Bauchet, F.; Riondel,
A.; et al. Association of Patterns of Care, Prognostic Factors, and Use of Radiotherapy-Temozolomide Therapy with Survival
in Patients with Newly Diagnosed Glioblastoma: A French National Population-Based Study. J. Neurooncol. 2019, 142, 91-101.
[CrossRef] [PubMed]

Franceschi, E.; Ermani, M.; Bartolini, S.; Bartolotti, M.; Poggi, R.; Tallini, G.; Marucci, G.; Fioravanti, A.; Tosoni, A.; Agati, R.; et al.
Post Progression Survival in Glioblastoma: Where Are We? ]. Neurooncol. 2015, 121, 399-404. [CrossRef] [PubMed]

Zheng, L.; Zhou, Z.-R.; Shi, M.; Chen, H.; Yu, Q.-Q.; Yang, Y.; Liu, L.; Zhang, L.; Guo, Y.; Zhou, X.; et al. Nomograms for
Predicting Progression-Free Survival and Overall Survival after Surgery and Concurrent Chemoradiotherapy for Glioblastoma: A
Retrospective Cohort Study. Ann. Transl. Med. 2021, 9, 571. [CrossRef] [PubMed]

Audureau, E.; Chivet, A.; Ursu, R,; Corns, R.; Metellus, P.; Noel, G.; Zouaoui, S.; Guyotat, ].; Le Reste, P-J.; Faillot, T.; et al.
Prognostic Factors for Survival in Adult Patients with Recurrent Glioblastoma: A Decision-Tree-Based Model. J. Neurooncol. 2018,
136, 565-576. [CrossRef] [PubMed]

Polley, M.-Y.C.; Lamborn, K.R.; Chang, S.M.; Butowski, N.; Clarke, J.L.; Prados, M. Six-Month Progression-Free Survival as an
Alternative Primary Efficacy Endpoint to Overall Survival in Newly Diagnosed Glioblastoma Patients Receiving Temozolomide.
Neuro-Oncol. 2010, 12, 274-282. [CrossRef] [PubMed]

Carson, K.A.; Grossman, S.A; Fisher, ].D.; Shaw, E.G. Prognostic Factors for Survival in Adult Patients with Recurrent Glioma
Enrolled onto the New Approaches to Brain Tumor Therapy CNS Consortium Phase I and II Clinical Trials. J. Clin. Oncol. Off. J.
Am. Soc. Clin. Oncol. 2007, 25, 2601-2606. [CrossRef] [PubMed]

Gorlia, T,; Stupp, R.; Brandes, A.A.; Rampling, R.R.; Fumoleau, P.; Dittrich, C.; Campone, M.M.; Twelves, C.C.; Raymond, E.;
Hegi, M.E,; et al. New Prognostic Factors and Calculators for Outcome Prediction in Patients with Recurrent Glioblastoma: A
Pooled Analysis of EORTC Brain Tumour Group Phase I and II Clinical Trials. Eur. J. Cancer 2012, 48, 1176-1184. [CrossRef]
Majewska, P; lIoannidis, S.; Raza, M.H.; Tanna, N.; Bulbeck, H.; Williams, M. Postprogression Survival in Patients with
Glioblastoma Treated with Concurrent Chemoradiotherapy: A Routine Care Cohort Study. CNS Oncol. 2017, 6, 307-313.
[CrossRef]

Zhao, Y.-H.; Wang, Z.-F,; Cao, C.-J.; Weng, H.; Xu, C.-S.; Li, K,; Li, J.-L.; Lan, J.; Zeng, X.-T.; Li, Z.-Q. The Clinical Significance of
06-Methylguanine-DNA Methyltransferase Promoter Methylation Status in Adult Patients With Glioblastoma: A Meta-Analysis.
Front. Neurol. 2018, 9, 127. [CrossRef]

Minniti, G.; Niyazi, M.; Alongi, F.; Navarria, P.; Belka, C. Current Status and Recent Advances in Reirradiation of Glioblastoma.
Radiat. Oncol. 2021, 16, 36. [CrossRef]

Seyve, A.; Lozano-Sanchez, F.; Thomas, A.; Mathon, B.; Tran, S.; Mokhtari, K.; Giry, M.; Marie, Y.; Capelle, L.; Peyre, M.; et al.
Initial Surgical Resection and Long Time to Occurrence from Initial Diagnosis Are Independent Prognostic Factors in Resected
Recurrent IDH Wild-Type Glioblastoma. Clin. Neurol. Neurosurg. 2020, 196, 106006. [CrossRef] [PubMed]

Botros, D.; Dux, H.; Price, C.; Khalafallah, A.M.; Mukherjee, D. Assessing the Efficacy of Repeat Resections in Recurrent
Glioblastoma: A Systematic Review. Neurosurg. Rev. 2021, 44, 1259-1271. [CrossRef]

Brennan, PM.; Borchert, R.; Coulter, C.; Critchley, G.R.; Hall, B.; Holliman, D.; Phang, L; Jefferies, S.J.; Keni, S.; Lee, L.; et al. Second
Surgery for Progressive Glioblastoma: A Multi-Centre Questionnaire and Cohort-Based Review of Clinical Decision-Making and
Patient Outcomes in Current Practice. J. Neurooncol. 2021, 153, 99-107. [CrossRef] [PubMed]

Lu, VM.; Jue, T.R.; McDonald, K.L.; Rovin, R.A. The Survival Effect of Repeat Surgery at Glioblastoma Recurrence and Its Trend:
A Systematic Review and Meta-Analysis. World Neurosurg. 2018, 115, 453-459.e3. [CrossRef] [PubMed]

Zhao, Y.-H.; Wang, Z.-F; Pan, Z.-Y.; Péus, D.; Delgado-Fernandez, J.; Pallud, J.; Li, Z.-Q. A Meta-Analysis of Survival Outcomes
Following Reoperation in Recurrent Glioblastoma: Time to Consider the Timing of Reoperation. Front. Neurol. 2019, 10, 286.
[CrossRef]

Garcia-Cabezas, S.; Rivin Del Campo, E.; Solivera-Vela, J.; Palacios-Eito, A. Re-Irradiation for High-Grade Gliomas: Has Anything
Changed? World |. Clin. Oncol. 2021, 12, 767-786. [CrossRef] [PubMed]

Kazmi, E; Soon, Y.Y.; Leong, Y.H.; Koh, W.Y.; Vellayappan, B. Re-Irradiation for Recurrent Glioblastoma (GBM): A Systematic
Review and Meta-Analysis. |. Neurooncol. 2019, 142, 79-90. [CrossRef]

Wick, W.; Gorlia, T.; Bendszus, M.; Taphoorn, M.; Sahm, E; Harting, I.; Brandes, A.A.; Taal, W.; Domont, J.; Idbaih, A.; et al.
Lomustine and Bevacizumab in Progressive Glioblastoma. N. Engl. . Med. 2017, 377, 1954-1963. [CrossRef]

Brandes, A.A.; Gil-Gil, M.; Saran, F; Carpentier, A.F.; Nowak, A.K.; Mason, W.; Zagonel, V.; Dubois, F,; Finocchiaro, G.; Fountzilas,
G.; et al. A Randomized Phase II Trial (TAMIGA) Evaluating the Efficacy and Safety of Continuous Bevacizumab Through
Multiple Lines of Treatment for Recurrent Glioblastoma. Oncologist 2019, 24, 521-528. [CrossRef]

Weathers, S.-P.; Han, X,; Liu, D.D.; Conrad, C.A.; Gilbert, M.R.; Loghin, M.E.; O’Brien, B.].; Penas-Prado, M.; Puduvalli, VK,
Tremont-Lukats, I.; et al. A Randomized Phase II Trial of Standard Dose Bevacizumab versus Low Dose Bevacizumab plus
Lomustine (CCNU) in Adults with Recurrent Glioblastoma. . Neurooncol. 2016, 129, 487-494. [CrossRef] [PubMed]

Friedman, H.S.; Prados, M.D.; Wen, P.Y.; Mikkelsen, T.; Schiff, D.; Abrey, L.E.; Yung, W.K.A.; Paleologos, N.; Nicholas, M.K;
Jensen, R.; et al. Bevacizumab Alone and in Combination with Irinotecan in Recurrent Glioblastoma. J. Clin. Oncol. Off. J. Am. Soc.
Clin. Oncol. 2009, 27, 4733-4740. [CrossRef] [PubMed]

Jakobsen, ].N.; Urup, T.; Grunnet, K ; Toft, A.; Johansen, M.D.; Poulsen, S.H.; Christensen, L].; Muhic, A.; Poulsen, H.S. Toxicity
and Efficacy of Lomustine and Bevacizumab in Recurrent Glioblastoma Patients. J. Neurooncol. 2018, 137, 439-446. [CrossRef]


http://doi.org/10.1007/s11060-018-03065-z
http://www.ncbi.nlm.nih.gov/pubmed/30523606
http://doi.org/10.1007/s11060-014-1651-7
http://www.ncbi.nlm.nih.gov/pubmed/25366365
http://doi.org/10.21037/atm-21-673
http://www.ncbi.nlm.nih.gov/pubmed/33987269
http://doi.org/10.1007/s11060-017-2685-4
http://www.ncbi.nlm.nih.gov/pubmed/29159777
http://doi.org/10.1093/neuonc/nop034
http://www.ncbi.nlm.nih.gov/pubmed/20167815
http://doi.org/10.1200/JCO.2006.08.1661
http://www.ncbi.nlm.nih.gov/pubmed/17577040
http://doi.org/10.1016/j.ejca.2012.02.004
http://doi.org/10.2217/cns-2017-0001
http://doi.org/10.3389/fneur.2018.00127
http://doi.org/10.1186/s13014-021-01767-9
http://doi.org/10.1016/j.clineuro.2020.106006
http://www.ncbi.nlm.nih.gov/pubmed/32554237
http://doi.org/10.1007/s10143-020-01331-1
http://doi.org/10.1007/s11060-021-03748-0
http://www.ncbi.nlm.nih.gov/pubmed/33791952
http://doi.org/10.1016/j.wneu.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29654958
http://doi.org/10.3389/fneur.2019.00286
http://doi.org/10.5306/wjco.v12.i9.767
http://www.ncbi.nlm.nih.gov/pubmed/34631441
http://doi.org/10.1007/s11060-018-03064-0
http://doi.org/10.1056/NEJMoa1707358
http://doi.org/10.1634/theoncologist.2018-0290
http://doi.org/10.1007/s11060-016-2195-9
http://www.ncbi.nlm.nih.gov/pubmed/27406589
http://doi.org/10.1200/JCO.2008.19.8721
http://www.ncbi.nlm.nih.gov/pubmed/19720927
http://doi.org/10.1007/s11060-017-2736-x

Cancers 2022, 14, 5510 21 of 21

45.

46.

47.

48.

49.

50.

51.

52.

Franceschi, E.; Lamberti, G.; Visani, M.; Paccapelo, A.; Mura, A.; Tallini, G.; Pession, A.; De Biase, D.; Minichillo, S.; Tosoni, A.;
et al. Temozolomide Rechallenge in Recurrent Glioblastoma: When Is It Useful? Future Oncol. 2018, 14, 1063-1069. [CrossRef]
[PubMed]

Weller, M.; Cloughesy, T.; Perry, ].R.; Wick, W. Standards of Care for Treatment of Recurrent Glioblastoma—Are We There Yet?
Neuro-Oncol. 2013, 15, 4-27. [CrossRef]

Weller, M.; Tabatabai, G.; Késtner, B.; Felsberg, J.; Steinbach, J.P.; Wick, A.; Schnell, O.; Hau, P; Herrlinger, U.; Sabel, M.C.; et al.
MGMT Promoter Methylation Is a Strong Prognostic Biomarker for Benefit from Dose-Intensified Temozolomide Rechallenge in
Progressive Glioblastoma: The DIRECTOR Trial. Clin. Cancer Res. Off. |. Am. Assoc. Cancer Res. 2015, 21, 2057-2064. [CrossRef]
Seystahl, K.; Hentschel, B.; Loew, S.; Gramatzki, D.; Felsberg, J.; Herrlinger, U.; Westphal, M.; Schackert, G.; Thon, N.; Tatagiba,
M.; et al. Bevacizumab versus Alkylating Chemotherapy in Recurrent Glioblastoma. J. Cancer Res. Clin. Oncol. 2020, 146, 659-670.
[CrossRef]

Gately, L.; McLachlan, S.A.; Philip, J.; Rathi, V.; Dowling, A. Molecular Profile of Long-Term Survivors of Glioblastoma: A Scoping
Review of the Literature. J. Clin. Neurosci. 2019, 68, 1-8. [CrossRef]

Clavreul, A.; Menei, P. Mesenchymal Stromal-Like Cells in the Glioma Microenvironment: What Are These Cells? Carncers 2020,
12,2628. [CrossRef]

Clavreul, A.; Lemée, ]J.-M.; Soulard, G.; Rousseau, A.; Menei, P. A Simple Preoperative Blood Count to Stratify Prognosis
in Isocitrate Dehydrogenase-Wildtype Glioblastoma Patients Treated with Radiotherapy plus Concomitant and Adjuvant
Temozolomide. Cancers 2021, 13, 5778. [CrossRef]

Lemée, J.-M.; Clavreul, A.; Menei, P. Intratumoral Heterogeneity in Glioblastoma: Don’t Forget the Peritumoral Brain Zone.
Neuro-Oncol. 2015, 17, 1322-1332. [CrossRef] [PubMed]


http://doi.org/10.2217/fon-2017-0681
http://www.ncbi.nlm.nih.gov/pubmed/29741106
http://doi.org/10.1093/neuonc/nos273
http://doi.org/10.1158/1078-0432.CCR-14-2737
http://doi.org/10.1007/s00432-019-03086-9
http://doi.org/10.1016/j.jocn.2019.08.017
http://doi.org/10.3390/cancers12092628
http://doi.org/10.3390/cancers13225778
http://doi.org/10.1093/neuonc/nov119
http://www.ncbi.nlm.nih.gov/pubmed/26203067

	Introduction 
	Patients and Methods 
	Patients 
	Eligibility and Informed Consent 
	Data Collection 
	Statistical Analysis 

	Results 
	General Characteristics of rGB Patients and Second-Line Treatment Options 
	Survival Outcomes of rGB Patients 
	Analysis of the Efficacy of Second-Line Treatments 
	Comparison of Systemic Treatment with and without Reoperation (n = 227) 
	Reoperation with and without Gliadel® (n = 58) 


	Discussion 
	Limitations 
	Conclusions and Perspectives 
	Appendix A
	References

