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Abstract

Background. Glioblastoma (GBM) systematically recurs after a standard 60 Gy radio-chemotherapy regimen.
Since magnetic resonance spectroscopic imaging (MRSI) has been shown to predict the site of relapse, we ana-
lyzed the effect of MRSI-guided dose escalation on overall survival (OS) of patients with newly diagnosed GBM.
Methods. In this multicentric prospective phase lll trial, patients who had undergone biopsy or surgery for a GBM
were randomly assigned to a standard dose (SD) of 60 Gy or a high dose (HD) of 60 Gy with an additional simul-
taneous integrated boost totaling 72 Gy to MRSI metabolic abnormalities, the tumor bed and residual contrast
enhancements. Temozolomide was administered concomitantly and maintained for 6 months thereafter.

Results. One hundred and eighty patients were included in the study between March 2011 and March 2018. After
a median follow-up of 43.9 months (95% CI [42.5; 45.5]), median OS was 22.6 months (95% CI [18.9; 25.4]) versus
22.2 months (95% CI [18.3; 27.8]) for HD, and median progression-free survival was 8.6 (95% CI [6.8; 10.8]) versus 7.8
months (95% Cl [6.3; 8.6]), in SD versus HD, respectively. No increase in toxicity rate was observed in the study arm.
The pseudoprogression rate was similar across the SD (14.4%) and HD (16.7%) groups. For O(6)-methylguanine-
DNA methyltransferase (MGMT) methylated patients, the median OS was 38 months (95% CI [23.2; NR]) for HD
patients versus 28.5 months (95% CI [21.1; 35.7]) for SD patients.

Conclusion. The additional MRSI-guided irradiation dose totaling 72 Gy was well tolerated but did not improve
OS in newly diagnosed GBM.

Trial registration. NCT01507506; registration date: December 20, 2011. https://clinicaltrials.gov/ct2/show/NCT0150
7506?cond=NCT01507506&rank=1
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Importance of the Study

Glioblastoma is the most frequently diagnosed primitive
brain tumor in adults and has a dismal prognosis, with
a limited response to radiochemotherapy and early,
mainly local relapses. Magnetic resonance spectro-
scopic imaging (MRSI) has been shown to be of pre-
dictive value for the site of relapse after radiotherapy.
We thus asked whether increasing the irradiation
dose to target MRSI abnormalities could increase 0S
in newly diagnosed GBM. This is the first prospec-
tive multicentric randomized phase Il trial evaluating

Glioblastoma (GBM) is the most aggressive and common
malignant primary brain tumor in adults and systemat-
ically relapses despite a standard radio-chemotherapy
protocol (Stupp) combining 60 Gy radiotherapy (RT) with
temozolomide (TMZ) after surgical resection or biopsy.'
Most patients exhibit local relapses within irradiation
fields. Prognosis is poor, with a median overall survival
(OS) of 14 months.” Even though OS has been increased
by adding tumor-treating fields after radio-chemotherapy,?
the prognosis still remains poor.There is a clear need to de-
velop additional innovative treatment strategies to tackle
radioresistance and improve local control by irradiating
the target volume heterogeneously, with focal increases in
dose directed at radioresistant clusters defined by different
types of metabolic imaging.®4This dose-painting approach
targets metabolic abnormalities that are not only prog-
nostic indicators of aggressive disease but also predictors
of local post-treatment relapse.

In this context, in vivo "H magnetic resonance spectro-
scopic imaging (MRSI) has shown considerable promise.5”
MRSI measures the concentration and spatial distribution
of tissue metabolites such as the membrane marker cho-
line (Cho) and the neuronal marker N-acetyl-aspartate
(NAA). An elevated Cho/NAA ratio (CNR) indicates in-
creased cellular proliferation and reduced neuron density
and is assumed to highlight metabolically active parts of
the tumor in high-grade gliomas.”® This metabolic marker
is a useful predictor of survival® and relapse location in pa-
tients with GBM.87

Using data from a prospective trial, our team confirmed™
the predictive value of the site of relapse after RT for the
presence of metabolic abnormalities in regions with a CNR
>2 (CNR2) on MRSI. Increasing the radiotherapy dose to
this area may thus increase local control and survival of
patients with newly diagnosed GBM.

Several dose-escalation studies using sequential stere-
otactic boosts have reported good tolerance and survival
benefits in selected populations.”'® These findings pro-
vided the rationale for the choice of dose in the current
trial. The studies did not include concomitant TMZ, meta-
bolic imaging to guide boost treatment, nor a concomitant
daily boost during the initial RT. We therefore assessed the
impact of concomitant radiochemotherapy with a simul-
taneous integrated boost (SIB) targeting metabolic ab-
normalities predictive of relapse on increasing the OS of

efficacy and safety of an irradiation boost to abnormal
MRSI regions in newly diagnosed GBM. A prospective
quality control was performed. In 66% of patients in-
cluded in the high-dose arm, volumes were modified by
MR spectroscopy. We showed that increasing the dose
of radiotherapy guided by metabolic imaging with con-
comitant temozolomide treatment was well tolerated
but failed to improve overall survival or progression-
free survival in patients with glioblastoma.

GBM patients. Before starting the clinical trial, we assessed
whether escalating the dose would increase the dose to or-
gans at risk.’ We administered an integrated boost treat-
ment totaling 72 Gy (2.4 Gy/day) which was equivalent to
the dose delivered as sequential boosts in studies that re-
ported improved survival. We then designed a randomized
phase lll trial comparing standard TMZ + 60 Gy (2 Gy/day)
RT to the tumor site with the same treatment plus an ad-
ditional boost of 12 Gy (0.4 Gy/day), to achieve a total SIB
dose of 72 Gy (2.4 Gy/day) aimed at increasing OS in pa-
tients with newly diagnosed GBM.

Materials and Methods
Study Design

The trial was a multicenter, randomized, 2-arm phase ||
study (Figure 1). Patients who met the inclusion criteria
were randomly assigned to either the standard dose (SD) or
the high-dose (HD) arm, at a 1:1 ratio, based on computer-
generated random numbers. Diagnoses were based
on the fourth WHO 2016 brain tumor classifications.'®®
Although the current WHO classifications were updated
in 2021, prior to 2021, and therefore during the inclusion
period of the current trial, the WHO classification included
isocitrate dehydrogenase (IDH)-mutated grade IV glio-
blastoma. Stratification was performed based on surgical
resection versus biopsy and on DNA repair enzyme O°-
methylguanine-DNA methyltransferase (MGMT) methyla-
tion status, age at inclusion (<50 vs > 50 years) and center.

IDH mutation status for all patients was determined by
immunohistochemistry with the anti-R132H antibody or
sequencing in case of immune-negative tumors from pa-
tients younger than 55 years of age.

Both Arms Included Concomitant TMZ and RT, with TMZ
Maintained for 6 monthsThereafter

Standard arm: standard dose (SD).

3D conformal radiotherapy RT or intensity-modulated
IMRT (IMRT) delivering 60 Gy in 30 fractions of 2 Gy to plan-
ning target volume 1 (PTV1): contrast-enhancing lesions or
tumor bed+ 2 cm extended to fluid attenuated inversion re-
covery (FLAIR) abnormalities, with a 3 mm margin.
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Assessed for eligibility

N =264

Multimodal MRl including MR spectroscopy

Not included
N =84

Random assignment
N =180

Arm 1 standard dose n = 90

No show at treatment Withdrawal of

Standard dose n = 88

Arm 2 high dose
n=90

Standard dose
Wrongly included n = 2

Dead before
treatment start
n=2

High dose n = 85

Maintenance TMZ
n=285

n=1 Consentn =1 Withdrawal of
consentn=1
Maintenance TMZ Maintenance TMZ L Maintenance TMZ
n=288 n=1 n=3
Figure 1. CONSORT trial flow diagram. * Two patients, that were included and randomized before checking the quality of the MRI/MRS, had in-

adequate acquisitions. The MRI/MRS was not repeated in these 2 cases. The 2 patients, included in the HD arm, were treated in the SD arm but

analyzed as part of the intention-to-treat in the HD arm.

Experimental arm: high dose (HD).

IMRT delivered as 60 Gy in 30 fractions of 2 Gy to PTV1 and
as 72 Gy in 30 fractions of 2.4 Gy to PTV2 as a simultaneous
integrated boost SIB guided by MRSI to the CNR2 regions
(ie, gross tumor volume 2, GTV2) + 10 mm and tumor bed
or residual contrast-enhancement, with an added 3 mm for
PTV.The voxel size for MRSI was 6.25 x 6.25 x 10 mm and
all other imaging details are given in the supplemental text.

Study Objectives

The primary objective was to evaluate the effect of radia-
tion dose escalation guided by MRSI on the OS of patients
with newly diagnosed GBM. The secondary objectives
assessed: (i) the effect of radiation dose escalation on
progression-free survival (PFS); (ii) the safety of radiation
dose intensification; (iii) the rate of pseudoprogression
(PsP); (iv) late effects such as radiation necrosis and in-
creases in epileptic seizures; (v) individual, imaging, and
biological markers associated with OS or PFS; and (vi) the
sites of relapse.

Patient Selection

Inclusion criteria were as follows: >18 years of age,
performance status <2, histologically proven GBM (ac-
cording to the WHO classification, 4th edition), available
methylation status of the MGMT gene, patients’ written
informed consent, surgery, or biopsy performed no

more than 42 days before administration of the first RT
fraction.

The exclusion criteria were poor quality MRSI data, mul-
tifocal GBM, leptomeningeal metastasis, epileptic seizure
despite anticonvulsant treatment, tumor diameter >5 cm,
distance from the chiasma to the tumor bed, and MRSI ab-
normalities <2 cm. Other standard exclusion criteria are
described in our trial design paper.'’

Treatment

Imaging and radiotherapy requirements, MRSI integration,
radiotherapy planning, including dose constraints, chemo-
therapy, and quality control, have been described previ-
ously'" and are given as Supplementary Materials.

Follow-up

Clinical follow-up.

Patients underwent a medical examination every week
during RT, every 21 days during TMZ maintenance, and
every 2 months thereafter until progression.

Imaging follow-up.

The first examination was performed 3 months after
the end of RT to assess the maximal effect of RT and
avoid the commonly detected early appearance of
pseudoprogression,’® and every 2 months thereafter.
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If a patient showed suspicious clinical signs within 3
months of the end of RT, MRI, and MRSI were performed
earlier than 3 months. If imaging findings were sugges-
tive of PsP, a new complete MRI scan was performed 1
month later to confirm or refute progression. Patients
with stable disease or regression, were considered to be
non-relapsing.

Outcome measure definition.

The primary endpoint was OS and was defined as the
time interval from randomization to death from any cause
or to the last known follow-up (censored). Secondary
endpoints were progression free survival (time interval
from randomization to progression determined according
to the RANO criteria’ or death) as well as the number
and type of adverse effects based on NCI-CTCAE V3.0.
Treatments for relapse or progression were defined by
the multidisciplinary tumor board of the corresponding
treating center. None of the patients received tumor-
treating fields.

Statistical Analysis

We estimated that 186 deaths would detect a hazard ra-
tion (HR) for OS of 0.66 (increase in the 2-year OS rate
from 25% to 40%) with 80% power, a 2-sided significance
level of 0.05, and 1:1 randomization ratio and that 220 pa-
tients would need to be enrolled to observe the required
number of events. An interim analysis of efficacy was
performed after 93 events using the Lan-DeMets O’Brien-
Fleming boundaries. Primary and secondary endpoints
(OS and PFS) were analyzed in the intention-to-treat
population. Median follow-up was calculated using the
reverse Kaplan-Meier method. Survival rates were esti-
mated using the Kaplan-Meier method, and comparisons
between arms were performed with the log-rank test. The
supportive multivariate analysis was performed with the
Cox proportional hazards model and adjusted for ran-
domization stratification factors. Exploratory subgroup
analyses allowed to evaluate treatment effects in different
subpopulations. Given the exploratory nature of the sub-
group analysis, no adjustments were made for multiple
comparisons.

Qualitative variables are summarized as category fre-
quencies and percentages, and continuous variables as
medians with ranges (minimum-maximum). The number
of missing data points is given for each variable, but not
accounted for in percentages. Differences between ran-
domization arms were assessed using the Chi-square or
Fisher’s exact test for qualitative variables and the Kruskal-
Wallis test for continuous variables.

Exploratory analyses were performed to investigate the
association between PsP and OS.To minimize survivor se-
lection bias, a landmark analysis at 6 months evaluated
the association between OS and PsP, and a comparison
between groups (PsP vs early true progression [ETP]) was
performed using the log-rank test.

Statistical significance was set at P < .05, and all tests
were 2-sided. All statistical analyses were performed using
the Stata version 13 software (StataCorp LLC).

Results
Patient Characteristics

Eight centers enrolled 180 patients between March 2011
and March 2018.

A total of 264 patients were screened, 84 of these pa-
tients could not be included in the trial after having under-
gone MRI-MRSI. The reasons for non-inclusion were that
32 patients presented with a tumor bed diameter supe-
rior to 5 cm, 16 patients presented a distance from tumor
bed to chiasm of <2 cm, in 10 patients the MGMT could
not be analyzed, 17 patients presented with a second le-
sion at MRl and 9 patients had uninterpretable MR spec-
troscopic imaging results. MRSI results from these nine
patients could not be interpreted due to the presence of
hemorrhagic areas in one patient, a metallic artifact in two
patients and inadequate acquisition in six patients. In all of
these cases, we did not rescan the patients and they were
not included in the trial.

The trial was prematurely closed because of slow accrual.

Patients were randomly assigned to the standard-dose
(n = 90) or high-dose study (n = 90) group (Figure 1).
Baseline characteristics were well balanced between treat-
ment arms (Table 1).

Since IDH-mutation status was not routinely assessed at
the start of the trial, we analyzed IDH in 113 patients (62.8%
of included patients) and found that 95% of patients encoded
wild type IDH. IDH was not analyzed in 67 patients (37.2% of in-
cluded patients), whose median age at inclusion was 63 years
(range: 40-84). The GBMs were classified according to the
fourth edition of the WHO classification, effective at the time
of patient inclusion, application of the 5th 2021 edition WHO
classification would have modified one of our subgroup clas-
sifications, and would have affected 5% of included patients.

Overall Survival

With a median follow-up of 43.9 months (95% CI [42.5,
45.5]) and 128 deaths in the intention-to-treat population
(SD: n=68, HD: n=60), median OS was 22.6 months [18.9,
25.4] in the SD arm and 22.2 months [18.3, 27.8] in the HD
arm (Figure 2). No statistical difference was found between
randomization arms (unadjusted HR = 0.90 [0.64, 1.27],
(logrank) = 0.5526). The multivariate analysis adjusted for
stratification factors confirmed the lack of difference be-
tween treatment arms (adjusted HR = 0.91 95% CI [0.64,
1.29], P = .594). Median OS for methylated patients in the
HD arm was 38 months (23.2, not reached) versus 28.5
months (21.1, 35.7) for methylated patients in the SD arm
(Figure 3).

Progression-free Survival

With 163 relapses or deaths (SD: n = 85, HD: n = 78), me-
dian PFS was 8.6 months (95% CI [6.8; 10.8]) in the SD and
7.8 months (95% CI [6.3; 8.6]) in the HD arm (HR = 1.0 [0.80,
1.48], p-logrank = 0.6027).The adjusted HR on the stratifica-
tion factor was 1.10 (95% CI [0.80, 1.50], P=.567).
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=21}
Tahle 1. Patient Characteristics 8 E
= O
Characteristics Standard Dose High Dose ‘8 :
Sex P=.5461 <
Female 76 (42.2%) 36 (40.0%) 40 (44.4%)
Male 104 (57.8%) 54 (60.0%) 50 (55.6%)
Age at inclusion (n=180)
<50 years 33 (18.3%) 17 (18.9%) 16 (17.8%)
>50 years 147 (81.7%) 73 (81.1%) 74 (82.2%)
Median (range) 61.0 (26.0-84.0) 61.5 (33.0-83.0) 60.5 (26.0-84.0) P=.8472
Performance status (n = 165) P=.1015
0 92 (55.8%) 48 (59.3%) 44 (52.4%)
1 62 (37.6%) 31 (38.3%) 31 (36.9%)
2 11 (6.7%) 2 (2.5%) 9(10.7%)
Missing data 15 9 6
Tumor size at diagnosis (mm) (n = 115) P=.0703
Median 33.0 35.0 30.0
(Range) (3.0-95.0) (3.0-95.0) (6.0-62.0)
Missing data 65 (36.11%) 31 (34.4%) 34 (37.7%)
Type of surgery (n=180) P=.8347
Biopsy 27 (15.0%) 14 (15.6%) 13 (14.4%)
Surgical resection 153 (85.0%) 76 (84.4%) 77 (85.6%)
MGMT promoter methylation (N = 180) P=.8815
Unmethylated 91 (50.6%) 45 (50.0%) 46 (51.1%)
Methylated 89 (49.4%) 45 (50.0%) 44 (48.9%)
IDH status (n=113) P=.7060
Wild type 108 (95.5%) 56 (94.9%) 52 (96%)
Mutated 5 (4.4%) 3(5%) 2(3.7%)
Not performed 67 (37.2%) 31 (34.4%) 36 (40%)
1.00 sD 1.00 A sD
HD HD
g
0.75 A S 0.75-
T =]
2 n
> ®
2 o
 0.50 - = 0.50 1
I S
5 g
O 0.25 5 0.25-
<
o
0-00 A T T T T T T 0.00 A T T T T T
0 12 24 36 48 60 0 12 24 36 48 60
Months Months
Number at risk Number at risk
ArmSD 90 73 39 15 0 AmSD 90 31 11 3 0 0
ArmHD 90 70 36 19 1 0 ArmHD 90 20 9 5 0 0

Figure 2. Qverall survival and progression-free survival by arm. HD, high dose; 0S, overall survival; SD, standard dose.
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Figure 3. Overall survival by arm and methylation status: (A): methylated; (B): unmethylated; HD, high dose; OS, overall survival; SD, standard

dose.

Table2. Maximum Grade of Adverse Events According to CTCAE by Treatment Arm

Toxicity (n=172) Standard Dose High Dose

Grade 1 9 (10.2%) 8 (9.6%) 17 (9.9%)

Grade 2 49 (55.7%) 45 (54.2%) 94 (55%)

Grade 3 22 (25%) 20(24.1%) 42 (24.6%)

Grade 4 8(9.1%) 10 (12%) 18 (10.5%)

Missing data 0 1 1
Patterns of Relapse Spectroscopy Data

We examined available relapse MRIs from all participating
centers.There were 27 missing relapse exams.

All analyzed relapses were local, except for 3 mixed re-
lapses (local and distant) and 2 distant relapses in the SD arm,
and 2 mixed relapses and 3 distant relapses in the HD arm.

Safety Analysis

All trial patients experienced at least one adverse event
(Table 2). General, neurological, and hematological ad-
verse events were comparable across the two arms, with
the exception of more frequent headaches in the SD arm
(69.1% vs 44%, P =.0484) and more frequent neurological
deficits in the HD arm (67.5% vs 51.1%, P=.0299). No radia-
tion necrosis was described.

Cognitive Assessment

The Mini-Mental State Examination (MMSE) was admin-
istered to 147 patients in week 1, and the median score
obtained was equivalent across the two arms (28 for SD
vs 29 for HD). There was an equivalent difference between
this initial score and the score 1 month after RT for each
arm. MMSE scores decreased in 34.2% of patients that
completed the questionnaire, were stable in 26.5%, and in-
creased in 39.3% of patients.

All HD patients received a boost volume that encompassed
the tumor bed. It was restricted to the tumor bed in 36% of
patients. In 64% of patients, the volume was modified by
the integration of MRSI abnormalities. Details are provided
in the Supplementary Materials.

In HD patients, OS and PFS did not differ according to
the presence or absence of MRSI abnormalities.

Pseudoprogression Versus Early True
Progression

Forty-six patients were suspected to have relapsed
within 6 months of chemoradiotherapy, with 28 of these
patients classified as pseudoprogression (PsP) and 18
as early true progression (ETP). PsP and ETP rates were
comparable between the two arms. Sixteen patients un-
derwent biopsy to confirm or refute progression, 11 in
the ETP subgroup with 7 ETP patients showing a rapid
progression at the 1-month repeat MRI examination.
There were no other differences in the clinical character-
istics between PSP and ETP subgroups. In the landmark
analysis comparing PsP with ETP patients, the median
OS was longer in PsP patients (25.2 months [18.5, not
reached]) than in ETP patients (20.3 months [13.2, 22.5]),
P =.0092. We published recently the detailed PsP clinical
and imaging findings.?°
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Figure 4. Overall survival in patients with pseudoprogression by trial arm (A). Overall survival in patients without pseudoprogression by trial arm (B).

Clinical Outcomes in Subgroups with or with no
Pseudoprogression at 6 Months

The 6-month landmark analysis (n = 116 patients alive and
with no progression at 6 months), compared OS between
PsP (n=28) and no PsP (n = 88) in the 6-month subgroups
of the two arms. For the 28 patients with PsP, median OS
was longer in the HD arm (36.1 months [18.5; NR]) than in
the SD arm (24.1 months [14.3; 35.7]), but this difference
failed to reach statistical significance (P=.0721; Figure 4A).
In the 88 patients without PsP within the first 6 months,
median OS was identical across the two arms (SD: 26.3
months [22.1, 32.3]; HD: 24.1 months [16.4, 34.5]; P=.7681;
Figure 4B).

Discussion

Ling et als prophecy in their seminal paper that advances
in precise dose delivery and metabolic imaging would re-
sult in physical and biological conformality in a majority of
patients by 2010 has not yet come to pass.®The difficulty in
establishing the predictive value of MR and PET imaging
and reliably integrating them for target volume definition
explains that only a very small subset of RT trials have de-
livered modified doses to radioresistant clusters based on
metabolic or functional imaging (ie, dose-painting).2'-25
The dose-painting SPECTRO GLIO trial was based on the
added value and integration of an advanced MRSI tech-
nique for predicting the site of relapse of GBM after RT (ie,
CNR2).

MRSI metabolic imaging was abnormal in the majority
of HD patients and led to abnormalities being added to
the tumor bed to boost target volume definition. Even
though high radiation doses were well tolerated, no out-
come differences were observed between the two arms
of the study. Gondi et al. recently published results of
the prospective NRG Oncology BN 001 study, comparing
chemoradiotherapy dose escalation to 75 Gy in 30 frac-
tions delivered to the tumor bed with standard treatment

in 229 patients, and found no difference in survival.?6 A
recent review of 22 published studies following a total of
2198 patients found a survival benefit of dose escalation
with RT alone, but not of TMZ + standard dose versus TMZ
+ higher dose.?” Dose escalation was not guided by meta-
bolic or functional imaging in any of these 22 studies. Dose
escalation was not guided by metabolic or functional im-
aging in NRG Oncology BN 001 nor in any of the 22 studies
included in the review. Our study shows that although the
boost to the tumor bed was modified in 64% of patients,
this did not improve patient outcome.

Given the high radioresistance of GBM, it may be sur-
mised that the boost dose needs to be much higher than
the one we administered. By extrapolation the definition
of boost volume may also need to be multimodal and in-
clude several metabolic and functional imaging modal-
ities such as PET ("8F-DOPA-PET?”28 or amino acid-PET??)
and MRI (MRSI with Cho/NAA but also lactate, which has
a potential prognostic value for the site of relapse,?® dif-
fusion MRI, and perfusion MRI3%-32), Indeed, we recently
reported®® that glioblastoma stem cells (GSCs) isolated
from a restricted apparent diffusion coefficient (ADC)
map were more aggressive and generated neurospheres
more quickly than GSCs isolated from other parts of the
tumor and that increased relative cerebral blood volume
(rCBV) areas were enriched with GSCs known to be more
radioresistant.3* Only increasing the radiotherapy dose
on MRSI-defined metabolic areas may therefore be insuf-
ficient to target GSCs or radioresistant cell clusters. Our
work also demonstrated that GSCs are able to adapt to a
clinical dose of 2 to 3 Gy by employing several mechan-
isms of radiation-induced plasticity such as reprogram-
ming®® and radiation-induced transdifferentiation into
endothelial like cells.®¢ Increasing the radiotherapy dose
delivered to radioresistant clusters is therefore not ex-
pected to be sufficient to control disease and may even
drive GSCs down these radiation-induced GSC plasticity
pathways.®’ Targeting radioresistant GSC clusters by boost
irradiation may be further potentiated by combining with
a specific inhibitor of these radiation-induced mechanisms

159
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such as Regorafenib, as shown in our preclinical study.3®
An alternative rationale is that subventricular zones harbor
GSC niches and, since these focii are not irradiated due to
their distant location, they may contribute to post-therapy
relapse.®®

Although we did not show that increasing RT dose in-
creases OS, our evidence, showing a similar rate of toxicity
in both arms of the study, supports that SIB allows to con-
siderably increase the dose without increasing the dose to
organs at risk.™

The OS in our trial was longer than comparable OS rates
reported in the literature.’* This may be due to the close
follow-up of our patients, who frequently underwent one
or more surgeries, often received bevacizumab, and were
re-irradiated upon relapse.

No patient selection was performed that could explain
this difference in OS rate except the 5 cm threshold which
was introduced to avoid overdosing normal tissue in pa-
tients that received a boost. Median tumor size at diag-
nosis was nevertheless 35 mm.

Pseudoprogression is a common issue in post-RT fol-
low-up for GBM. lts incidence varies from 4% to 30%.%'
In the current study, PsP occurred at a rate of 15% and
did not increase in HD patients compared to SD patients.
Interestingly, PsP patients in the HD arm had a longer OS
than patients in the SD arm. Other studies have also de-
scribed the positive predictive value of PsP for OS and its
enhancement by a higher RT dose associated withTMZ.'842

The strengths of our study are numerous: it is a random-
ized, prospective, multicentric trial. A guarantee of robust-
ness is that the MRSI analysis was a centralized analysis,
with centralized contouring, and online external prospec-
tive quality control of dosimetry in the experimental arm.
As confirmed in several trials and two meta-analyses, this
is crucial to obtain reliable results.*34°

The active interest in GBM dose painting with MR spec-
troscopy is shared on both sides of the Atlantic, with a 3-in-
stitution, phase I, pilot study of a 75 Gy boost targeting
CNR2 on a total of 30 patients, using whole-brain MR spec-
troscopy carried out in the United States (NCT03137888).
Results from this trial indicate good feasibility and safety®
with the corresponding randomized trial currently being
developed.*’

Our trial does, however, have several limitations. First,
the assessment of late cognitive effects based on MMS
status is suboptimal as it is designed for assessing de-
mentia. Second, we opted to forgo the intermediate phase
Il trial. A phase Il study with MRSI boost had nevertheless
already been performed by the previously mentioned U.S.
team,*® prompting them to develop a randomized study.
Third, the survival analysis of PsP versus ETP was a post-
hoc subgroup analysis. Finally, we limited participation to
tumors of <6 cm diameter (to avoid any increased toxicity
in the treated HD arm because of tumor diameters >5 cm),
nevertheless this exclusion is not relevant for the interpre-
tation of this randomized trial.

The MGMT was centrally determined using the PyroMark
CpG MGMT kit (ref. 972032, Qiagen, France) on FFPE sam-
ples with a cut-off of 8%, as validated by Quillien et al.*®
As expected, this resulted in a 50/50 distribution of methyl-
ated and unmethylated patients. The first published cohort
of 206 patients to report on the prognostic value of MGMT

methylation observed a 45/55 ratio which is similar to our
finding.*®

In clinical trials such as RTOG 0525 and 0825% the ratio
of methylated versus non-methylated patients is closer to
30/70. The cut-off therefore remains a matter of debate.
Another unresolved issue is the definition of the most rele-
vant number of methylated cytosine-phosphate-guanine-
(CpG-)sites to analyze for clinical purposes. Even if the
percentage of methylated patients is the same in 2 studies,
depending on the specific CpG sites analyzed, the patients
considered to be methylated will not be exactly the same,
especially if the cut-off is high. On the whole, there are sev-
eral unresolved issues in terms of methodology, definition
of cut-offs, and optimal use in the clinical setting.?’

Given our results, methods to improve this dose-painting
approach may include 3 axes.

1) To optimize the use of MR spectroscopic imaging for
boost target definition, we are now analyzing several other
metabolites, in addition to the widely used CHO/NAA, in
the entire trial cohort. Another interesting approach would
be to make greater use of whole-brain 3D MR spectros-
copy.*” One limitation to the use of MRSI is its low reso-
lution and, in clinical routine, the need for manual quality
control of all spectra; our team recently published a tech-
nique to facilitate spectral quality control and its clinical
use.®?

2) Using multimodal imaging, the recent results from
the phase Il trial delivering 76 Gy guided by F-DOPA PET
showed a high OS rate of 35 months in 24 methylated pa-
tients, compared with 23 months in a historical cohort, and
an improved event-free survival of 16 months in 39 non-
methylated patients.?® In our phase lll trial, OS rates were
similar and even slightly higher, as we found a median OS
of 38 months for HD/methylated patients. Our SD/methyl-
ated arm also had a longer median OS of 28 months, which
may explain why the difference between the two arms
was not statistically significant. In another phase Il dose-
painting trial based on diffusion and perfusion imaging,
in patients with a decrease in combined hypercellular/
hyperperfused volume at 3 months, the median OS was
29 months versus 12 months for others.?® These studies
provide support for multimodal imaging to guide RT. The
SpectroGlio trial generated a large amount of multimodal
imaging and dosimetry data. We have already performed
imaging studies among subsets of patients included in our
trial®®3! and are carrying out further studies on the whole
cohort, including a radiomics-based artificial intelligence
approach.5®

Our objective is to describe new prognostic and predic-

tive values for anatomical and metabolic imaging.
3) We speculate that exclusively increasing the dose is not
sufficient and will probably have to be associated with in-
hibitors of biological pathways of radiation-induced plas-
ticity to target the adaptation of glioblastoma stem cells to
radiation as described in the discussion above.

To conclude, our dose-painting trial involving delivery
of a heterogeneous dose guided by metabolic imaging
showed that the dose increase was well tolerated. OS did
not improve, but two subgroups of HD patients had high
0S, namely, methylated patients and pseudoprogression
patients. Our study yielded a large amount of longitu-
dinal multimodal MRI and radiotherapy data, which will be
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useful to decipher the pathways of pseudoprogression and

radioresistance in glioblastoma.
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