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Abstract

Background. Pulsed radiation therapy (PRT) has shown effective tumor control and superior normal-tissue
sparing ability compared with standard radiotherapy (SRT) in preclinical models and retrospective clinical
series. This is the first prospective trial to investigate PRT in the treatment of patients with newly diagnosed gli-
oblastoma (GBM).

Methods. This is a single-arm, prospective study. Patients with newly diagnosed GBM underwent surgery, fol-
lowed by 60 Gy of PRT with concurrent temozolomide (TMZ). Each day, a 2-Gy fraction was divided into ten 0.2-Gy
pulses, separated by 3-minute intervals. Patients received maintenance TMZ. Neurocognitive function (NCF) and
quality of life (QoL) were monitored for 2 years using the Hopkins Verbal Learning Test-Revised and the European
Organisation for Research and Treatment of Cancer QLQ-C30 QoL questionnaire. Change in NCF was evaluated
based on a minimal clinically important difference (MCID) threshold of 0.5 standard deviation.

Results. Twenty patients were enrolled with a median follow-up of 21 months. Median age was 60 years. Forty
percent underwent subtotal resection, and 60% underwent gross total resection. One patient had an isocitrate de-
hydrogenase (/DH)-mutated tumor. Median progression-free survival (PFS) and overall survival (OS) were 10.7 and
20.9 months, respectively. In a post-hoc comparison, median OS for the prospective cohort was longer, compared
with a matched cohort receiving SRT (20.9 vs 14 mo, P = 0.042). There was no decline in QoL, and changes in NCF
scores did not meet the threshold of an MCID.

Conclusions. Treatment of newly diagnosed GBM with PRT is feasible and produces promising effectiveness
while maintaining neurocognitive function and QolL. Validation of our results in a larger prospective trial warrants
consideration.

Key Points
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Importance of the Study

PRT has shown effective tumor control and superior
normal-tissue sparing ability compared with SRT in
preclinical models. However, no prospective trials
have studied PRT, and the available retrospective

Glioblastoma (GBM) is the most common primary malig-
nant central nervous system tumor in adults and carries a
dismal prognosis.’ The current standard of care involves
maximal safe resection of the tumor and adjuvant radio-
therapy (RT) with concurrent temozolomide (TMZ), followed
by maintenance TMZ. This treatment strategy, however,
yields a modest median overall survival (mOS) of approxi-
mately 15 months.? Recently, the addition of tumor treating
fields (TTF) after completion of adjuvant RT was shown to
improve outcomes and resulted in a mOS of approximately
21 months.3The poor prognosis of GBM is largely explained
by the infiltrative nature of these tumors, which makes
eliminating clinically occult disease with surgery virtually
impossible and highlights the need to improve the efficacy
of adjuvant RT. Despite drastic improvements in imaging
and our ability to identify and accurately target the resection
cavity and potential areas of microscopic disease, patterns
of failure have not changed significantly over the past three
decades, and 80-90% of patients fail within RT volumes.**®

RT dose escalation is one potential strategy to improve
local control. A randomized clinical trial showed that com-
pared with 45 Gy, 60 Gy improved progression-free sur-
vival (PFS) and OS.” However, subsequent trials reported
no additional survival benefit for doses beyond 60 Gy.8°
Doses as high as 90 Gy did not alter failure patterns, with
>90% of the recurrent tumors failing within the treatment
fields.® The lack of improved outcomes with RT dose es-
calation may reflect a therapeutic ceiling for standard RT
(SRT), in which RT is delivered as continuous, daily 2-Gy
fractions. Additionally, the risk of normal tissue damage
with doses of SRT is particularly prominent in the context
of GBM treatment, since large volumes of normal brain
parenchyma are typically included in radiation treatment
fields to account for microscopic residual disease.

Pulsed RT (PRT), also referred to as low-dose rate
therapy, divides each 2-Gy fraction into ten 0.2-Gy pulses,
separated by 3-minute intervals. PRT represents a novel
approach to delivering RT in a manner that may bypass
the limitations of SRT and has proven to be efficacious in
preclinical studies.'®"* Furthermore, PRT, while enhancing
tumor kill, may also enhance the therapeutic index as it
allows more time for repair of RT-induced damage within
nondividing normal cells compared with SRT. PRT was
compared with SRT in an orthotopic GBM mouse model.'®
PRT resulted in significantly better tumor control and in-
creased mOS by approximately 18% while reducing neu-
ronal degeneration.

Several retrospective studies have reported favorable
outcomes and toxicity profiles with PRT, mainly in the con-
text of re-irradiation for multiple cancers.™ '8 In one series,
22 patients with diagnoses of a variety of cancers with

clinical series were mainly limited to cases of
re-irradiation. In this pilot study, we prospectively in-
vestigated PRT in the treatment of patients with newly
diagnosed GBM.

either poor performance status or recurrent treatment-
refractory tumors received PRT with a 1-year OS of ap-
proximately 70%."® In a more recent study, 43 patients with
recurrent breast cancer received PRT with a 74% control
rate with no late grade 4+ toxicities despite a median cu-
mulative dose of approximately 110 Gy.'® In another study,
103 patients with recurrent GBM were treated with pulsed
re-irradiation with a median dose of 50 Gy to large volumes
of brain tissue with good palliative benefit and minimal
toxicity." These retrospective data have sparked interest in
PRT, and ongoing phase l/ll trials are currently investigating
PRT in gastric and lung cancers (NCT03061162 and
NCT03094884). However, no prospective clinical studies
have been published on the use of PRT, and thus far the
study of PRT has been mainly limited to the context of
re-irradiation. Here we report the results of a prospective
study investigating the feasibility, effectiveness, and im-
pact on quality of life (QoL) and neurocognitive function
(NCF) of PRT in the treatment of newly diagnosed GBM.

Materials and Methods
Study Design and Population

This is a single-arm, prospective study. The study was ap-
proved by our institutional review board, and all patients
provided written informed consent before entering the
study. All patients were treated between 2013 and 2017
Eligible patients were between 18 and 70 years of age, had
a Karnofsky performance status >70, and had newly diag-
nosed GBM. Patients underwent maximal safe surgical re-
section or biopsy. Patients had to be eligible for concurrent
chemoradiotherapy and able to undergo MRI with contrast.
Patients were excluded if they had brainstem involvement,
prior intracranial irradiation, or other synchronous primary
cancers. Tumors were tested for O8-methylguanine-DNA
methyltransferase (MGMT) gene promoter methylation
status and isocitrate dehydrogenase 1 and 2 (IDH1/2) mu-
tation status.

Treatment Plan

Within 72 hours following surgical resection, patients had
contrast enhanced MRI imaging, includingT1- and T2-fluid
attenuated inversion recovery (FLAIR) sequences to de-
termine extent of resection. Adjuvant RT had to begin no
more than 5 weeks postoperatively. Patients received con-
current TMZ (75 mg/m?), followed by maintenance TMZ
(150-200 mg/m?). The protocol specified a minimum of



six 28-day cycles of maintenance TMZ when tolerable and
in the absence of progression. Additional cycles of main-
tenance TMZ were administered at the discretion of the
treating medical oncologist. The protocol allowed the use
of TTF and other salvage therapies.

Patients received 60 Gy PRT utilizing volumetric modu-
lated arc therapy and a single arc. PRT was delivered
in daily 2-Gy fractions, given in ten 0.2-Gy pulses. Each
pulse was delivered with the same arc, covered the en-
tire planning target volume (PTV), and was separated by
3-minute “beam-off” intervals. Each pulse was delivered
in an average of 44 seconds (range, 26-74 sec), and the
average arc rotation speed was 5.4 degrees/second
(range, 4.0-6.7 degrees/sec). Target volumes were defined
per Radiotherapy Oncology Group guidelines. Briefly, pa-
tients were treated with 2 treatment volumes. An initial
PTV encompassing the T2-FLAIR signal with a 2 cm ex-
pansion received 46 Gy; then a boost PTV encompassing
the resection cavity and any T1-contrast signal with a
2.5 cm expansion received 14 Gy. Daily cone-beam CT
performed prior to the first and sixth pulses was used to
make interfraction and interpulse adjustments in patient
position if needed. Daily treatment time was approxi-
mately 40 minutes.

Follow-up and Surveillance

Acute and chronic treatment toxicities were graded per
Common Terminology Criteria for Adverse Events v4.0
weekly during RT and at each follow-up visit. Adverse
events were considered acute if they occurred during
RT or within 90 days of treatment completion; otherwise
they were classified as chronic. Patients completed the
European Organisation for Research and Treatment of
Cancer (EORTC) 30-item core QoL questionnaire (QLQ-
C30) and its 20-item brain neoplasm module (BN20) and
underwent neurocognitive testing with the Hopkins Verbal
Learning Test-Revised (HVLT-R)" at baseline, at the end
of RT, and at each follow-up visit for the first 2 years or
until tumor progression. MR imaging with and without
contrast was obtained prior to each follow-up visit to as-
sess for tumor progression. Follow-up visits occurred at 6
weeks post-RT, then every 3 months for the first 24 months,
then biannually thereafter. Increasing the frequency of
follow-up and incorporating spectroscopy and perfusion
studies were done if progression was suspected. Complete
blood count with differential was performed weekly during
RT and maintenance chemotherapy.

Statistical Analysis

The primary endpoint of this study was PFS, defined as
time from surgery to tumor progression or patient death.
Progression was defined per Response Assessment in
Neuro-Oncology criteria and the clinical judgment of the
treating radiation oncologist and neuroradiologist.?’ In
cases where radiographic changes were equivocal and
progression was not confirmed until further follow-up
or spectroscopy and perfusion studies, progression was
back-dated to the first time radiographic changes were
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noted. OS was defined as time from surgery to death. PFS
and OS were estimated by Kaplan-Meier curves. Survival
of the trial cohort was compared with a similar retrospec-
tive cohort treated at our institution with SRT using the
log-rank test, and a P-value <0.05 was considered sig-
nificant. This retrospective cohort included all patients
receiving SRT to 60 Gy who matched the study’s eligi-
bility criteria and timeframe but declined participation in
the trial. Baseline patient characteristics were compared
between the trial and retrospective cohorts using the
chi-squared test.

HVLT-R scores at each follow-up were compared with
baseline, and changes were considered significant if they
met the minimal clinically important difference (MCID)
threshold. MCID was defined using a distribution-based
approach using 0.5 standard deviation (SD) as the signif-
icance threshold. An MCID of 0.5 SD is a commonly em-
ployed cutpoint as it has been shown to represent the
threshold of discrimination for clinically meaningful
changes in health-related QoL in most circumstances.?"??

We designed this trial as a demonstration-of-concept
pilot study as there are no clinical studies evaluating the
combined use of PRT and TMZ.2® Using the calculations
suggested by Schoenfeld?* and historical PFS estimates
based on the findings of Stupp et al,?2 an observed PFS of
8 months or better would qualify as a substantial improve-
ment, and a sample size of 21 would ensure a 90% chance
of accepting this improvement as substantially better, war-
ranting a larger trial. The prespecified timepoint for final
analysis was death of all patients or a minimum of 3 years
follow-up for all surviving patients. All statistics were com-
pleted using RStudio (v1.2.5033). The following R pack-
ages were used: dplyr, Rmisc, QoLR, PROscorer, tableone,
survminer, survival, and ggplot2.

Results
Patients

Twenty-one eligible patients were enrolled. One patient
withdrew consent before the start of radiotherapy and was
not included in the final analysis. Median follow-up was
21 months (range, 5-70 mo). Baseline patient, treatment,
and tumor characteristics are listed in Table 1. Most no-
tably, surgical extent was biopsy only, subtotal resection,
and gross total resection in 1 (5%), 12 (60%), and 7 (35%)
patients, respectively. One patient had an /IDH7 mutated
tumor, and 3 had MGMT methylated tumors. All patients
completed planned RT and concurrent TMZ. Patients com-
pleted a median of 6 cycles of maintenance TMZ (range,
1-14 cycles). Five patients (25%) were treated with TTF fol-
lowing completion of adjuvant RT. A summary of salvage
treatments for patients who developed tumor progression
is detailed in SupplementaryTable 1.

Clinical Outcomes

Median OS for the entire cohort was 20.9 months (95% CI:
18.8-upper limit not reached), and estimated 2-year OS
was 45% (95% Cl: 28%-73%) (Fig. 1A). Median PFS was



http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noaa165#supplementary-data

Almahariq et al. Pulsed RT in newly diagnosed GBM

Table1 Patient and treatment characteristics'
Characteristic N=20
Sex
Female 7 (35%)
Male 13 (65%)
Median Age at Diagnosis, y 60 (48, 64)
Race
Asian 1(5.0%)
Black 1(5.0%)
White 18 (90%)
Karnofsky Performance Status
70-80 8(40.0%)
90-100 12 (60%)
Recursive Partitioning Analysis Class
11l 5 (25%)
v 15 (75%)
Resection Extent
Gross total resection 7 (35%)
Subtotal resection 12 (60%)
Biopsy only 1(5.0%)
IDH 1/2 Status
Wildtype 19 (95%)
Mutated 1(5.0%)
MGMT Methylation
No 17 (75%)
Yes 3(15%)
Tumor Maximum Dimension, cm 4.35 (3.95, 5.05)
Maintenance Temozolomide, cycles 6(1,14)?
Use of TTF
No 15 (75%)
Yes 5 (25%)
Time from Surgery to RT 4.21 (3.36, 4.46)

1Statistics presented: n (%); median (1QR).
2Median (range).

10.7 months (95% CI: 8.2-23.3) (Fig. 1B). All but 2 patients
progressed within the high-dose radiation field. We per-
formed a sensitivity analysis excluding the 5 patients who
received TTF therapy to see if the survival outcomes were
largely driven by this subset of patients. However, survival
for patients who did not receive TTF did not change signif-
icantly, with mOS of 21.2 months (95% Cl: 12.6-upper limit
not reached) (Fig. 1C). Similarly, survival for patients with
IDH wildtype (WT) and MGMT unmethylated tumors re-
mained high, with mOS of 20.2 months (95% ClI: 12.5-30.8)
(Fig. 1D). For patients who received TTF therapy, 2 out of
5 remain alive, and for patients with either /IDH-mutated
of MGMT promoter-methylated tumors, 3 out of 4 remain
alive. Additionally, in a post-hoc analysis, we compared
the study’s patients with 32 patients receiving SRT at our

institution within the same timeframe and who met the
study’s eligibility criteria. There were no significant differ-
ences between the 2 groups in baseline characteristics
(Supplementary Table 2). Survival was significantly higher
in the PRT group (mOS 20.9 vs 14.0 mo, P=0.042) (Fig. 1E).
We also performed a multivariable Cox regression analysis
correlating age, performance status, extent of resection,
IDH status, MGMT unmethylation status, use of TTF, and
study cohort with OS. Treatment per the PRT protocol was
associated with significantly better survival (hazard ratio
[HR], 0.39; 95% ClI: 0.18-0.83) as shown in Supplementary
Table 3. As expected, older age correlated with worse sur-
vival, while gross total resection and MGMT methylation
correlated with better survival. Use of TTF and /DH muta-
tion appeared to correlate with better survival, but the cor-
relation was not statistically significant, likely due to the
small number of patients in these groups.

Neurocognitive and QoL Outcomes

All patients completed HVLT-R testing and the EORTC
QLQ-C30 questionnaire and its brain-specific BN20
module at baseline. The majority of patients who were
eligible for testing, defined as patients with no dis-
ease progression, also completed both tests at subse-
quent follow-up visits for the first 2 years, as detailed in
Supplementary Table 4. The average raw HVLT-R total re-
call, delayed recall, and recognition discrimination index
scores are shown in Fig. 2A. There was no significant de-
terioration in any of the HVLT-R scores. Additionally, we
calculated change in score from each time point to base-
line, and HVLT-R scores remained stable throughout the
testing period for all eligible patients.The average change
in the HVLT-R total recall, delayed recall, and recognition
discrimination index scores did not meet the definition
of an MCID at any of the tested time points (Fig. 2B-D).
Similarly, QoL testing showed no deterioration at any of
the tested time points, with a trend toward improvement
in QoL near the end of the testing period in the overall
quality function score (Fig. 3A), BN20 multisystem score
(Fig. 3B), and BN20 single-system score (Fig. 3C). A lower
score on the BN20 module indicates improvement
in QoL.

Adverse Events

Treatment with PRT was well tolerated with a favorable
toxicity profile, as shown in Table 2. Only one patient ex-
perienced an acute grade 3 RT-related toxicity, which was
fatigue. No other acute grade 3+ toxicities were noted. The
most common acute grade 2 toxicities included nausea
(15%), alopecia (15%), and cognitive disturbance (15%).
There were no chronic grade 3+ RT-related adverse events.
All chronic grade 2 adverse events were <10%. Hematologic
toxicities during concurrent chemoradiotherapy and adju-
vantTMZ alone are summarized in Table 3. During concur-
rent chemoradiotherapy, the highest grade hematologic
toxicity was grade 2 thrombocytopenia (5%). During
maintenance TMZ therapy, the most notable hematologic
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toxicities included grade 4 thrombocytopenia (5%) and
grade 3 leukopenia (25%), with the remainder of toxicities
being grade <2.

Discussion

The results of this prospective study demonstrate the fea-
sibility and safety of PRT for the treatment of newly diag-
nosed GBM patients. To our knowledge, this is the first
study to investigate the use of PRT prospectively and in
the definitive management of this patient population.
The observed clinical outcomes are promising and com-
pare favorably with those of well-matched patients treated
at our institution with SRT as well as to historic controls.
The 4 largest randomized trials investigating various treat-
ments for newly diagnosed GBM reported median PFS of
4 to 7.3 months and mOS of 14.6 to 16.1 months in patients
receiving concurrent SRT and TMZ, compared with 10.7
and 20.9 months for patients receiving PRT and TMZ on
our study.?32526 Notably, the patient cohort in our study
has a slightly higher median age and a higher percentage

of patients with subtotal tumor resection compared with
all of the aforementioned trials.

All but one of the patients in this study had IDH-WT tu-
mors, and only 3 patients had MGMT methylated tumors.
These tumor characteristics portend a poor prognosis.
The reported mOS in patients with IDH-WT tumors is in
the range of 12 to 15 months.??28 In a recent randomized
trial, which investigated the addition of TTF to maintenance
TMZ, patients with MGMT unmethylated tumors receiving
SRT andTMZ had mOS of 14.7 months.2 Even the addition
of TTF, which has resulted in the highest mOS in GBM pa-
tients reported by any major randomized trial to date, did
not drastically improve survival in patients with MGMT
unmethylated tumors (mOS of 16.9 mo).

Maintenance of QoL and preservation of NCF are im-
portant endpoints of treatment, especially in patients
with GBM given their poor prognosis and relatively
short life span. There are a paucity of longitudinal data
on QoL and NCF after definitive treatment in GBM pa-
tients. Nonetheless, the existing evidence shows NCF
to be an independent predictor of survival in high-grade
gliomas and has a strong direct correlation with QoL
and the ability to maintain independence and perform
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daily living activities.?®32 There has been a concerted ef-
fort to minimize RT-related NCF, and recent studies have
shown promising results in this regard with the addition
of memantine and employment of RT techniques that
deliberately avoid the hippocampus, which is central to
preservation of NCE3334 Unfortunately, cognitive decline
remains a common complication in long-term GBM sur-
vivors. While tumor progression leads to cognitive dys-
function, the treatment of GBM involves irradiating large
volumes of normal brain parenchyma, which per se can
negatively impact NCFE?® In a study that analyzed approx-
imately 1200 patients who received RT for high-grade
gliomas, nearly 20% of patients who did not experience
tumor progression showed significant cognitive decline
based on the Mini-Mental State Examination (MMSE).3®
In our study, patients without tumor progression were
able to preserve performance on the HVLT-R test and QoL
long term, and intriguingly, QoL appeared to improve
with long-term follow-up. Importantly, we employed the
brain tumor specific questionnaire EORTC QLQ-BN20 for
QoL testing and the HVLT-R test, which is a highly sensi-
tive tool for cognitive examination and can show cogni-
tive decline in more than half of patients with a normal
score on the MMSE.36

Possible mechanisms underlying the apparent improved
effectiveness with PRT have been proposed. Preclinical

studies have demonstrated that proliferating cells are
more sensitive per unit dose of radiation to treatments
below approximately 0.3 Gy." This effect was termed low-
dose hyper-radiosensitivity (HRS). At doses below this
threshold, insufficient numbers of DNA double strand
breaks are produced to induce checkpoints that arrest cell
cycle progression and permit cellular repair processes.%'?
Consequently, cells continue to proliferate with unrepaired
DNA damage until they reach the critical cell cycle phase
of mitosis, in which unrepaired DNA double strand breaks
are invariably lethal.’” On the other hand, doses exceeding
0.2 Gy can produce sufficient levels of DNA damage to
activate DNA repair and cell cycle checkpoint processes.
In the setting of fractionated PRT, interpulse “beam-off”
intervals allow passage of tumor cells through the cell
cycle and into mitosis, where undetected DNA damage
may contribute to lethal events. In the referenced preclin-
ical models, a 3-minute interval allowed sufficient time for
cell cycle progression. Various intervals longer than 3 min-
utes produced similar biological responses. The 3-minute
interval was adopted to limit the overall treatment time
while preserving low dose HRS. Additionally, preclinical
evidence shows that PRT produces less vascular injury
compared with SRT and consequently maintains both
tumor and normal tissue oxygenation, potentially leading
to better TMZ delivery to the tumor while enhancing the
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Table2 Acute and chronic radiotherapy related adverse events'

Adverse Event (AE) Acute AE Chronic AE
N=20 N=20

Motor Neuropathy

Grade 1 - 1(5%)

Grade 2 2 (10%) 2 (10%)
Sensory Neuropathy

Grade 1 3(15%) 1(5%)

Grade 2 2(10%) 2(10%)
Radiation Necrosis

Grade 1 - 1(5%)
Xerostomia

Grade 1 4 (20%) -
Nausea

Grade 1 3(15%) 3(15%)

Grade 2 3(15%) -
Hearing Loss

Grade 1 1(5%) -

Grade 2 - 1(5%)
Radiation Dermatitis

Grade 1 10 (50%) -

Grade 2 1(5%) -
Fatigue

Grade 1 10 (50%) 9 (45%)

Grade 2 3(15) 1(5%)

Grade 3 1(5%) -
Headache

Grade 1 4 (20%) 3(15%)

Grade 2 1(5%) 2 (10%)
Gait Disturbance

Grade 1 3(15%) 2 (10%)

Grade 2 1(5%) 1 (5%)
Cognitive Disturbance

Grade 1 2 (10%) 2 (10%)

Grade 2 3(15%) 1(5%)
Memory Impairment

Grade 1 5 (20%) 2 (10%)

Grade 2 1(5%) 1(5%)
Alopecia

Grade 1 10 (50%) 4 (20%)

Grade 2 3(156%) 2 (10%)

1Statistics presented: n (%).
AEs are defined as events experienced within 90 days of the start of
RT; otherwise considered chronic maximum toxicities are presented.

impact of RT and sparing normal tissue.'® Concordant with
this hypothesis is the finding of higher tumor vascular
density and lower rates of neuronal damage with PRT
compared with SRT."®

Table 3 Hematologic toxicity during chemoradiotherapy and main-
tenance TMZ'

Maintenance TMZ
N=20

Hematologic

Chemoradiotherapy
N=20

Toxicity

Neutropenia

Grade 2 1(5%) 1(5.0%)

Grade 3 - 2 (10%)
Anemia

Grade 1 6 (30%) 11 (565%)

Grade 2 - 1(5.0%)
Leukopenia

Grade 1 1(5.0%) 1(5.0%)

Grade 2 3(15%) 6 (30%)

Grade 3 - 5 (25%)
Thrombocytopenia

Grade 1 2 (10%) 5(25%)

Grade 2 1(5.0%) 1(5.0%)

Grade 3 - 1(5.0%)

Grade 4 - 1(5.0%)

! Statistics presented: n (%).
Maximum toxicities are presented.

Another treatment technique that utilizes a similar prin-
ciple to external beam PRT is pulsed dose rate brachy-
therapy (PDR-BT), in which a high dose rate radioactive
source like iridium-192 is used to deliver 0.4-1.0 Gy hourly.
Several preclinical and retrospective studies have sug-
gested an improved therapeutic ratio with PDR-BT.38% It is
notable, however, that with PDR-BT, radiation delivery is
constant while the radioactive source is in place. Radiation-
free (“beam-off”) intervals are achieved by withdrawing
the radioactive source and reapplying it at a later time
point. While the interval and magnitude of the delivered
pulses in PDR-BT are different from those employed in ex-
ternal beam PRT, the observation that both techniques can
change the therapeutic index highlights the importance
of dose rates and lends credence to the aforementioned
mechanisms for the efficacy of PRT.

An interesting possibility is the utilization of PRT for RT
dose escalation in the treatment of GBM. As discussed
previously, early results showed dose escalation did
not alter failure patterns or improve outcomes signif-
icantly. Indeed, dose escalation to 90 Gy with SRT and
old RT techniques resulted in worse survival, presum-
ably secondary to treatment-related toxicity.® However,
a recent single institution trial demonstrated the safety
of dose escalation up to 75 Gy when utilizing intensity-
modulated RT (IMRT) and reported mOS of 20 months.4°
As such, there has been renewed interest in the subject
and there is an ongoing phase lll trial investigating dose
escalation using IMRT or proton therapy (NCT02179086).
Dose escalation with PRT might mitigate the potential in-
creased treatment-related toxicity and allow for the de-
livery of very high doses and inclusion of a larger target
compared with SRT.



This study has several limitations. Most importantly, the
small number of patients limits the generalizability of our
findings. Furthermore, 25% of our cohort was treated with
TTF, which has been shown to improve survival significantly
in GBM patients,® so the relatively long median survival in
our cohort should be interpreted with caution. We performed
a sensitivity analysis excluding patients treated withTTF with
no change in survival outcomes. It is important to note that
our comparison to the retrospective cohort is meant to pro-
vide an internal control of patients treated within the same
period at our institution. While we attempted to minimize
bias by including all patients who matched the protocol’s el-
igibility criteria and were treated with SRT, the comparison
was done post-hoc, and selection bias remains possible. In
particular, a higher percentage of patients in the PRT cohort
received TTFE As such, our results should be interpreted judi-
ciously, and corroboration with larger studies is needed. The
outcomes presented on preservation of QoL and NCF should
also be interpreted cautiously. While the HVLT-R test is an ex-
cellent tool for assessing NCF, it does not assess the entirety
of NCF, and patients’ performance can improve simply with
frequent repetition of the test. Furthermore, as with most
longitudinal studies, we had a significant drop in compliance
on completing the HVLT-R test and QoL questionnaires in the
latter half of the study. Hence, the QoL and NCF data may be
artificially enhanced if a disproportionate number of patients
dropped out due to clinical deterioration. Finally, the delivery
of PRT requires vigorous quality assurance and long treat-
ment times (approximately 40 minutes), which may hinder
the feasibility of such treatment in some clinics.

In conclusion, the results of this prospective pilot study
demonstrate that PRT is feasible and safe for the treat-
ment of patients with newly diagnosed GBM and pro-
duces promising effectiveness while maintaining several
aspects of NCE The favorable clinical outcomes were noted
in a cohort of patients with mostly IDH-WT and MGMT
unmethylated tumors, which carry a dismal prognosis and
have shown little response to the currently available ther-
apeutic options. Validation of our findings in a larger pro-
spective trial warrants consideration.
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Supplementary data are available at Neuro-Oncology
online.
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