L))

Check for
u

Review Article

Page 1 of 10
Proton radiotherapy for glioma and glioblastoma
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Abstract: Radiotherapy (RT) continues to be an important component of treatment of glioma, particularly
high-grade glioma and glioblastoma multiforme (GBM). GBM is one of the most aggressive central nervous
system (CNS) tumors, with high rates of recurrence and very low rates of long-term survival. However,
outcomes in these patients are improving with modern genetic profiling and multimodal therapy, which leads
to more consideration for the risk for toxicities associated with traditional photon-based RT. Proton therapy
(PT) is an increasingly available method to reduce off-target irradiation in CNS tumors due to the intrinsic
properties of heavy-particle irradiation. Here, we review currently available data examining the used of PT
in glioma patients, including dose escalation for GBM, re-irradiation (reRT) of recurrent glioma, and the
potential cognitive sparing effects of conventional dose PT. We discuss the incorporation of PT into the
multimodal therapy of GBM patients, and how the aggressive nature of the disease poses a unique challenge
to PT study design. We also describe how PT may provide the most feasible method for implementing high
rate ‘FLASH’ RT and the implications for glioma patients. We conclude with a discussion of ongoing clinical
trials, the necessity of continued research, and how we interpret and incorporate available data into our

current practice.
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Introduction including glioblastoma multiforme (GBM). We survey

Radiotherapy (RT) s an integral part of modern multimodal the foundational evidence supporting the tissue sparing

therapy for cancer, particularly those affecting the central effects of PT when used for targeting CNS malignancies

nervous system (CNS). RT techniques have improved and examine how the aggressive nature of GBM provides

a uniquely challenging arena for implementing PT based

with time, and many options have become available in
therapy. We review the early clinical data of PT for GBM,

the interest of minimizing adverse effects and improving

survival rates and quality of life. Proton therapy (PT),
or proton beam radiation therapy (PBRT), offers certain
advantages to other modern photon-based conformal
therapy when used in the treatment of CNS malignancies.
In this review, we assess existing clinical data examining
the use of PT in gliomas focusing on malignant glioma
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high grade, low grade, and recurrent glioma. We identify
the few ongoing clinical investigations directly comparing
PT to photon-based therapy for GBM and low-grade glioma,
and identify key areas where data is needed to influence
current clinical practice. Finally, we conclude with the
promise of using PT as a tool to implement FLASH RT.
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PT for the treatment of glioma

Low-grade gliomas (LGG) are defined by the World Health
Organization (WHO) as tumors that fall within Grades
I and II, in comparison to the Grade III and IV high-
grade gliomas including GBM. LGGs show less aggressive
tendencies than their high-grade counterparts and generally
better prognoses, but the difficulty in their treatment
lies in their diversity and longevity (1). They can vary in
histological staining and molecular marker mutations, as
well as some chromosomal deletions. Much like in the
case of high-grade gliomas, LGGs are managed mainly by
resection, radiation, and chemotherapy, and studies have
shown that the extent of resection is directly correlated with
overall survival (2). The treatment delivered often depends
on patient preference and level of risk. Radiation and
chemotherapy are generally only recommended for patients
deemed to be high risk either by age or resection status, and
there isn’t much clinical data to confirm if RT can decrease
toxicity and minimize adverse effects over other treatment
options (3). Clinical studies in general regarding the
management of LGG have been difficult to complete due
to the longer overall survival of patients and rarity of such
tumors.

GBM is considered a Grade IV glioma by the WHO.
It’s the most malignant primary CNS tumor and has the
worst prognosis for patients, with a 5-year survival rate less
than 6% (4). As an aggressive cancer that forms from the
astrocytes that support nerve cells, it is extremely difficult to
treat. GBM causes blood-brain barrier (BBB) dysfunction
and has intertumoral and intratumoral heterogeneity,
leading to challenges in developing therapeutics and
treatment approaches for the entire tumor (5). GBM is a
highly invasive cancer with infiltration of the surrounding
healthy brain tissue, which makes gross total resection
difficult and necessitates adjuvant RT. Current standard-
of-care treatment is surgical resection to debulk the tumor,
followed by temozolomide and radiation, but the recurrence
rate for GBM post-treatment remains high. For patients
with recurrence, there is unfortunately no standard-of-
care, and treatment options are limited to repeated surgery,
systemic therapy, or re-irradiation (reRT) depending on the
presentation. The role of RT in GBM treatment, including
hypofractionation for the elderly, advances in treatment
planning, and salvage reRT continues to be investigated (6).
Additionally, the first small scale studies using PT and a
few direct comparisons between PT and modern conformal
photon-based therapies such as intensity modulated
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radiotherapy (IMRT) are beginning to inform the use of PT
in treating GBM.

The potential benefits of PT over photon-based RT
are due to the intrinsic properties of heavy particles.
Conventional photon-based therapy has an inevitable exit
dose of radiation as photons deposit energy along the X-ray
beam path, and the energy deposition is highest near the
point of entry. In contrast, protons decelerate faster than
photons and deposit more energy as they slow and interact
with surrounding tissue, culminating in the Bragg peak,
depositing maximum dose at a depth specific to the tumor (7).
Additionally, the relative biological effectiveness (RBE), or
the comparison of two types of radiation to give the same
biological effect, of protons is slightly higher than that of
photon beams. Clinically, the accepted RBE value is 1.1,
and the corresponding dose administered using PT is scaled
using this factor (8). PT thus can dramatically limit the off-
target dose received when used to treat CNS tumors such
as GBM (Figure 1). This in turn may prevent side effects
caused by normal tissue irradiation, which in the case of
CNS tumors include cognitive impairment, lymphopenia,
and sensory deficits. Patients can also receive higher doses in
narrower beams that could increase treatment effectiveness
and precision. Studies examining the use of PT in CNS
tumors have suggested acceptable rates of tumor control
and toxicity comparable to photon-based RT (9). PT has
found a home in the treatment of CNS tumors in pediatric
patients, who are the susceptible to long term toxicities such
as developing secondary cancers and developmental delay
(10-13).

PT is additionally becoming more accessible, with the
instillation of multiple single-room centers across the
country, as well as increased availability in large academic
centers where hybrid plans are feasible. Most glioma
patients are still being treated with traditional photon-based
RT, but the number being treated with PT is increasing.
However, there unfortunately remains a dearth of evidence
directly comparing PT to photon-based therapy due largely
to difficulties in accruing patients for clinical trials.

Randomized clinical trials are crucial in determining
whether new treatment modalities provide a meaningful
benefit to patient care, but they have been difficult to
complete for PT for various reasons including insurance
coverage and patient preference of treatment (14). Due
to the cost of PT patient participation in clinical studies
often isn’t covered by insurance companies leading to
under-recruitment of PT arms in comparative studies. The
National Cancer Institute (NCI) and the Patient-Centered
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Figure 1 Comparison radiation dose distribution for a patient with glioblastoma multiforme. (A) Axial (top), coronal, and sagittal (bottom)

sections of a simulation CT scan with overlaid radiation plan for a large right sided GBM using 3-beam conformal PT. Isodose lines are

indicated in the legend. Clinical and planning target volumes are displayed in green and blue respectively. Sensitive structures, including

brainstem (light green) and orbits (teal) are also indicated. (B) Same, but for a plan generated using the same target volumes using IMRT.

There is a notable increase in the off-target radiation of critical structures including ~3,000 c¢Gy to the brainstem and >650 cGy to both

orbits. CT, computed tomography; GBM, glioblastoma multiforme; PT, proton therapy; IMRT, intensity modulated radiotherapy.

Outcomes Research Institute (PCORI) have attempted to
fund seven randomized trials investigating PT for breast,
lung, prostate, esophageal, and liver cancers, as well as
GBM and low-grade glioma, but all enrolled patients much
slower than expected. The breast cancer trial, RadComp,
is the only one that is currently open through PCORI.
Nevertheless, given the high clinical priority of GBM, there
is a significant amount of early data from small studies, as
well as limited data directly comparing PT" to photon-based
treatment that may be useful in guiding clinical decision
making and future study design.

Dose escalation in GBM: balancing survival and
treatment effect

PT may be best positioned to reduce toxicity in slow
progressing tumors and pediatric patients. However, the
extremely aggressive nature of GBM and the clear dose-
response relationship for glioma led to early work focusing
on dose escalation. A single institute, single arm trial of P'T/
photon dose escalation to 90 Gy with data from 23 GBM
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patients showed a median overall survival of 20 months which
was improved by 5-11 months relative to contemporary
studies treating with conventional doses (15). Despite
suggested improved survival, virtually all patients developed
new areas of gadolinium enhancement on magnetic
resonance imaging (MRI). Most patients experiencing
significant neurocognitive side effects and 8 required
reoperation following RT—6 of whom initially showed
radiation necrosis without recurrent tumor. Radiation
necrosis and tumor progression are difficult to disentangle,
but here the authors used detailed histological data from
autopsies of 15 of the patients and demonstrated that
essentially all instances of confirmed tumor recurrence were
limited to the periphery of treatment fields that received
less than 90 Gy. Therefore, dose escalation allowed for very
effective central control, but with MRI changes within the
treatment field indicating significant and often symptomatic
treatment effect. The same group published a similar single
arm phase I/II trial evaluating dose escalation to 68.2 and
79.7 Gy in WHO grade II and IIT gliomas respectively
which did not suggest an overall survival, and similarly

Chin Clin Oncol 2022;11(6):46 | https://dx.doi.org/10.21037/cco-22-92



Page 4 of 10

Table 1 Studies directly comparing PT to photon-based therapy in glioma
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#of Outcomes

Study Diagnosis . Intervention Results

patients Primary Secondary
Brown et al., GBM 67 PT vs. IMRT Time to cognitive OS, PFS, toxicity, Lower fatigue, reduced
2021 (standard dose) failure patient reported  grade I+ toxicity in PT

outcomes group

Mohan et al., GBM 67 PT vs. IMRT Incidence of grade 3+ lymphopenia Reduced in PT group
2021 (standard dose)
NRG-BNO001 GBM 624 PT vs. IMRT OS (vs. conventional) OS (vs. IMRT), PFS, -

(closed) (dose-escalated + boost) MRI progression,

vs. standard dose RT toxicity

NRG-BN005 Grade Il or lll 120 (target) PT vs. IMRT CTB COMP score OS, PFS, toxicity, -

IDH + glioma (standard dose)

patient reported
outcomes

PT, proton therapy; GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase; IMRT, intensity modulated radiotherapy; OS, overall
survival; PFS, progression free survival; CTB COMP, combined standardized neurocognitive score; MRI, magnetic resonance imaging.

included several cases of radiation necrosis (16).

A later phase I/II trial evaluated concomitant boost PT
to 96.6 Gy treated with concurrent nimustine hydrochloride
and found a median overall survival of 21.6 months (17).
Here, patients were selected with a max pre-treatment tumor
diameter of 4 cm compared to approximately 5 cm (60 mL)
in the above study by Fitzek et 4l. (16). Fourteen of the 20
patients in this study demonstrated MRI changes consistent
with a combination of radiation necrosis and/or progression,
with a median MRI-change free survival of 11.2 months.
Six required reoperation within a year after R, all of whom
showed a mix of necrosis and residual tumor. A follow-up
study on this series of patients found that 6 of 23 patients
demonstrated long-term survival of 52.8-81 months (18).
Notably, these patients were all diagnosed with radiation
necrosis with 5 requiring necrotomy, and all had a clinical
target volume (CTV1) receiving boost dose of <36 cc, while
the median CTV1 of cases that developed recurrence was
93.5 cc.

Opverall, the above studies do indicate that dose escalation
to >90 Gy may be beneficial for local control of GBM,
and as such have the potential to improve overall survival.
However, the risk for adverse effects, particularly radiation
necrosis, is high if not certain. Nevertheless, in select
patients where the treatment field can completely cover a
relatively small tumor site, dose escalation may eventually
prove safe enough to be a reasonable option. Notably, the
above studies did not incorporate modern multimodal
treatments for GBM, including chemoradiation with
temozolamide as well as second line agents like bevacizumab
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and low-intensity tumor treating fields (Optune®), which
combined have led to increases in overall survival on the
order of several months. Additionally, we now know more
about how the heterogenous molecular characteristics of
GBM influence outcomes, with isocitrate dehydrogenase
(IDH) and O6-methylguanine-DNA methyltransferase
(MGMT) status associated with better prognosis (19).
This begs the question as to whether PT could provide an
improved neurocognitive side-effect profile and quality of
life with standard (~60 Gy) doses in order to better maintain
functional status and quality of life when combined with
these modern approaches.

Improving side effect profiles using standard
dose PT

The first ever phase II direct comparison of PT to IMRT
in GBM patients (Table 1) treated to 60 Gy with concurrent
and adjuvant temozolomide chemotherapy was designed
to evaluate if PT delayed cognitive decline when given
at standard doses (20). Dosimetric analysis demonstrated
that PT was effective at reducing minimum, average, and
maximum dose to essentially all analyzed structures outside
the treatment field, however there was no significant
difference in the primary endpoint of time to cognitive
failure. Among several patient reported outcomes within
6 months of treatment, PT was only associated with a lower
rate of fatigue compared to IMRT (24% vs. 58%). There
was additionally no difference in progression free survival,
or overall survival between groups. There was a decreased
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risk of grade 2 or higher toxicities in patients who received
PT compared to IMRT. Notably, the progression free
survival in this trial was only 6.6 months in the PT arm,
reflecting an inclusive patient population with no selection
based on positive prognostic factors and a majority of whom
did not receive MGMT testing.

Subsequent analysis of the same group of patients
revealed that there was a lower incidence of grade 3+
lymphopenia within one month of RT in patients treated
with PT compared to IMRT (21). Here, the strongest
predictor in addition to sex (women have a greater
incidence) and baseline lymphocyte count was whole-
brain V20 (i.e., the volume receiving at least 20 Gy), which
correspondingly was reduced in the PT group. While the
above data reaffirm the ability of PT to reduce off-target
dose when treating GBM to standard 60 Gy, the potential
long term cognitive benefits of reducing exposure of normal
tissue may simply be masked by the aggressive course of
GBM without selection based on prognostic factors (22).
It is possible the tissue sparing benefits of PT" prove useful
in GBM cases selected for positive molecular and clinical
features, or in LGG, which has a more favorable prognosis.

Unfortunately, there is equally sparse data available on
the treatment of LGG with PT. Early retrospective data
demonstrated low acute toxicity comparable to IMRT
(23,24). A prospective cohort study followed 20 patients
with grade 2 LGG over 5 years with a detailed battery of
neuropsychiatric tests following PT and found that patients
exhibited overall stability in their cognition, mood, and
performance status (25,26). Additionally, patient reported
quality of life showed no significant changes over time. The
progression-free survival was 85% and 40% at 3 and 5 years
respectively, and overall survival was 84% at 5 years. No
patients in this study received concurrent chemotherapy
which worsens toxicity compared to RT alone, and which
has become standard of care since recent long-term phase 3
data has shown an overall and progression free survival (27).
Larger head-to-head studies of PT versus photon therapy
using current chemoradiation protocols with prolonged
follow-up are ultimately required to identify and potential
benefits in long-term side effect profiles.

PT as an option for salvage therapy of local
tumor recurrence

PT has drawn interest in yet another arena; local and regional
recurrence of GBM and malignant glioma presents a unique
challenge due to the limits of reRT and reoperation (28).
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For GBM, the rate of recurrence within the prior treatment
field approaches 80%, and the toxicity associated with reRT
using photon-based therapy, particularly when the interval
to reRT is short, can be significant (29). Nevertheless,
reRT has proven feasible and potentially beneficial in the
treatment of recurrent glioma and GBM, particularly when
reoperation is not possible and patients fail salvage with a
systemic agent such as bevacizumab (30-32). Most recently,
a phase II trial demonstrated improved progression free
survival at 6 months when reRT with 35 Gy combined
with bevacizumab was compared to bevacizumab alone,
however without showing an improvement in median
overall survival (33). reRT was generally well tolerated
with grade III or higher adverse events in only 5% of
patients. Several lines of research are open attempting to
improve image guidance and the challenge of delineating
treatment effect/pseudoprogression vs. recurrent tumor
which may eventually lead to better refined target volumes
and less unnecessary irradiation (34-36). However, even
with theoretically perfect identification of tumor, PT-based
reRT may be appropriate for minimizing dose to previously
irradiated tissue.

Data specifically using PT to treat recurrence in 8
mostly high-grade glioma patients with a median reRT
dose of 33 Gy and initial dose of 55 Gy reported a median
overall survival of 19.4 months with only two cases of
uncomplicated radiation necrosis and no acute toxicity
greater than grade 2 (37). Results from a separate institute,
again using PT in 20 patients with a recurrence of mostly
high-grade glioma, found no grade 3+ toxicities although
there were 2 cases of radiation necrosis requiring hyperbaric
oxygen and surgery (38). Here, the median doses were higher
with an initial photon-based dose of 48-60 Gy and a reRT
dose of 30-54 Gy depending on WHO grade. Median
overall survival after reRT with PT was 7.8 months for
GBM and 24.9 months for grade III glioma. A multicenter
prospective study of 45 patients with recurrent GBM
(median time of recurrence: 20.2 months) similarly found
low rates of toxicity with only a single case of acute grade
3, and 4 patients with late grade 3 toxicities (39). Results
from reRT of other primary CNS tumors, including several
studies of pediatric patients, have generally also shown
comparable survival to photon-based data along with
favorable toxicity profiles (40-42).

Ongoing clinical investigations

There are ongoing clinical trials directly comparing PT

Chin Clin Oncol 2022;11(6):46 | https://dx.doi.org/10.21037/cco-22-92



Page 6 of 10

to photon-based therapy which largely segregate alone
the themes described above (Tuble 1). In terms of dose
escalation, NRG-BNOOI is a phase II multi-center trial
of hypofractionated dose-escalated PT or photon based
IMRT directly compared to conventional photon RT
for new GBM. Patients will also receive concurrent and
adjuvant temozolomide. At the time of this publication, the
study is closed for accrual with 624 total enrolled patients.
The primary outcome of this study is overall survival of
either PT or IMRT based dose escalation compared to
standard dose conformal photon therapy, with secondary
outcomes also comparing OS of IMRT to PT, progression
free survival, and toxicity including neurocognitive testing
and the incidence of both tumor progression and pseudo-
progression based on MRI imaging with a planned follow-
up of 5 years. Overall, this study will be the first large,
multicenter direct comparison between PT and photon-
based therapy in GBM. However, its design will also be
able to address whether dose-escalation may have a place
in current multimodal therapeutic regimens. If so, PT may
become a reasonable means for dose-escalation regardless
of a direct benefit based on modality.

NRG-BNO00S5 is another randomized phase II trial
investigating whether PT or IMRT at standard doses
with adjuvant temozolomide can preserve brain function in
IDH mutant grade II or III IDH mutation positive glioma.
The study is currently open to accrual with an estimated
enrollment size of 120 patients. In this study the primary
outcome is instead focused on long-term cognitive outcomes
and quality of life. With a goal follow-up of 10 years, patients
will undergo detailed cognitive testing at baseline and with
each follow-up. While focusing on lower grade disease with
better prognosis, as our understanding of GBM continues
to improve along with better treatment options, the results
of this trial may ultimately influence how the tissue sparing
properties of PT are viewed for the treatment of high-grade
glioma.

FLASH RT: potential implementation with PT

As highlighted above, PT has intrinsic benefits that allow
for more effective delivery of radiation to tumors while
sparing normal tissue, even when given at standard doses and
rates. Within the last ten years, FLASH RT has emerged
as yet another method to decrease damage to normal tissue
while maintaining similar tumor control, resulting in a
widened therapeutic index. FLASH refers to the delivery
of radiation with ultra-high dose rates (~40-60 Gy/s) which
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demonstrates remarkable normal tissue sparing in preclinical
studies while maintaining similar tumor control compared
to dose-matched conventional rates (~2 Gy/min) (43,44).
While the radiobiology underlying this benefit is not fully
understood, the ‘FLASH effect’ has been demonstrated
in vivo in multiple small animal models across multiple
organ systems (45). For instance, mice treated with 10 Gy
whole brain electron RT at >60 Gy/s had almost complete
protection from subsequent cognitive impairment (46).

A major practical hurdle has been developing delivery
methods that have dose rates high enough to achieve the
FLASH effect. Nearly all the initial studies describing
FLASH use electron beam RT, which can deliver fast dose
rates but has very poor tissue penetration. In terms of
currently available clinical tools, PT delivered via pencil
beam scanning (PBS) can achieve higher dose rates than
photon RT, with FLASH rates possible when PBS systems
are localized to individual spot positions, leading to the
enticing possibility of combining the intrinsic spatial
benefits of PT with the temporal advantage of FLASH to
achieve unprecedented levels of normal tissue sparing (47).
Interestingly, the first studies using proton-based FLASH
were mixed, with several unable to reproduce the FLASH
effect seen with electrons in vitro or in vivo (48-52). However,
recently several i vivo studies have provided very promising
results.

Researchers from our home institution developed a
novel small animal model apparatus that used a 230 MeV
accelerator with double-scattered protons and CT-guidance
and can deliver 60-100 Gy/s as well as conventional rates
~1 Gy/s (53). Using this method, mice that received 15-18 Gy
of whole abdominal irradiation showed both significantly less
acute toxicity as was as long-term development of fibrosis
when the treatment was given at FLASH rates. Notably,
control of pancreatic tumor lines was identical between
conventional and FLASH groups. Similar results using both
PBS-based and scattering in mice have generally shown
improvements in toxicities such as weight loss, skin damage,
and muscle contractures while maintaining effectiveness
against a range of tumor cell lines (54-56). Nevertheless,
there is still a tremendous amount of work that needs to
be done both in terms of understanding the underlying
radiobiology of how FLASH works, and in standardizing
and scaling the delivery of FLASH to ‘human-sized’
volumes. Regardless, PT is poised as the tool to make this
translation possible. Proton systems capable of delivering
FLASH rate doses are available, and the first several
phase I trials of PT based FLASH are underway (57). The
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treatment of CNS based tumors such as GBM stands to
gain immensely if the tissue sparing effects of FLASH are
successfully translated to the clinic.

Conclusions

In this review, we have surveyed the available data regarding
the use of PT for treating GBM and high-grade glioma,
as well as both ongoing clinical and translational work that
has the potential to impact proton-based approaches. The
available evidence is limited, with only a single head-to-
head comparison of PT vs. photon-based therapy in GBM
available. At this time, there is insufficient evidence to show
improved outcomes with PT in GBM, and because the
disease is so aggressive, the long-term cognitive benefits of
sparing tissue with PT" may simply be masked by disease
progression. Nevertheless, there are several distinct avenues
in which PT may eventually work its way into practice.

There is no evidence currently suggesting that PT at
standard doses provides any meaningful reduction in toxicity
for GBM patients, and in fact, the only available direct
comparison between PT and photon-based therapy in GBM
indicates that there is no difference in cognitive outcomes.
However, as the therapeutic options for GBM continue to
improve survival, and as we become better at identifying
molecular subtypes of GBM with better prognoses, using
PT to spare normal tissue and improve cognitive outcomes
may eventually become desirable. For low grade glioma,
we have early data suggesting that PT may have a more
favorable side effect profile, and NRG-BN001 will look to
expand on this data with extended follow-up times.

With dose escalation, there is a fine balance between the
benefit of improved local control with an increased safety
risk. Early data hints at an overall survival benefit with
perhaps manageable toxicity in select patients, however
without the guidance of either molecular profiling or
inclusion of temozolomide, both of which are now standard
of care. Future studies such as NRG-BNO0O5 will be able to
better address the question of dose escalation in the context
of current practice guidelines. It will be interesting to see if
any secondary factors influence the outcome of high dose
PT, such as IDH status or tumor size.

Similarly, reRT of GBM and recurrent glioma is an
important method of salvage therapy that may be beneficial
under the right circumstances. Given that recurrence
can occur rapidly with GBM, there is an increased risk of
toxicity from reRT. In general, reRT with modern photon-
based therapy appears to be relatively safe and potentially
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effective at delaying tumor progression. While there is no
direct evidence comping PT to photons in this context,
early data from the treatment of GBM and recurrent
glioma, as well as data from reRT of other CNS tumors
indicates that PT may have a particularly favorable side
effect profile without sacrificing efficacy. Prospective direct-
comparison studies will be needed to better understand how
PT compares to photons, and in general more phase III
data of reRT in glioma is needed to guide practice.

Despite the paucity of high-level data available for
PT, in our practice we find that PT may be the best tool
for safely delivering radiation in select cases and may
be relatively contraindicated in others. Based on the
studies described above, PT stands to provide the greatest
benefit when used in relatively young GBM patients with
good functional status and favorable molecular profiles.
Additionally, patients with increased risk of lymphopenia
could likely benefit from reducing total brain irradiation
using PT. Creating comparison plans with the available
photon-based therapy is also useful to estimate the overall
tissue sparing benefit of PT. This is particularly true when
evaluating patients for reRT, or with tumors near sensitive
structures. Reasons to forgo PT in GBM would include
rapid progression from the time of post-operative imaging
to simulation, or the potential for rapid fluctuations in
anatomy that would require re-evaluation scans (presence
of a ventriculoperitoneal shunt, although not prohibitive).
Finally, treatment should not be significantly delayed
in order to pursue PT over modern photon-based
approaches.

GBM remains difficult to treat and presents patients
with a disappointingly unfavorable prognosis. PT at this
time has limited data however, this may change with time
as we accrue more high-level data on dose escalation and
cognitive sparing effects of PT and use could accelerate if
PT provides a successful medium for translating FLASH to
the clinical setting. There remains room for major gains in
outcomes which will likely be driven by a combination of
advances in the multimodal treatment of GBM including
novel therapeutics and their combination with RT. PT
may ultimately be an important part of those advances by
expanding the therapeutic window of dose escalation, reRT,
or through the development of FLASH RT. Critically,
continued research is needed to effectively and productively
collaborate with our partners in the insurance sector in
order to expand the availability of PT. Many challenges
remain with designing, implementing, and executing trials

of PT. Studies like NRG-BN001 and NRG-BNO005, and
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eventually more like them, will be crucial in guiding the
integration of PT into the treatment of GBM.
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