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ABSTRACT

Objectives: To update the national guidelines for proton
therapy to reflect the evolving literature. The Saudi
Particle Therapy Centre is making efforts to establish
proton therapy services in the Kingdom of Saudi Arabia.

Methods: The Saudi Particle Therapy Center collaborated
with the Saudi Association of Radiation Oncology to
formulate a panel of radiation oncologists with proton
therapy experience to refine and update our previous
publication. The recommendation level was based on
the overall evidence using a 4-grade scale following
the World Health Organization quality of evidence
recommendations. These updates focus on summarizing
the literature and the level of recommendation for each
disease site. The Panel identified key clinical questions to
ensure that the guidelines were evidence-based, followed

by a comprehensive literature review of PubMed,
EMBASE, and other academic databases.

Results: The Panel reported that the body of evidence
favored proton therapy for specific indications, including
ocular tumors, skull and spine tumors, oropharyngeal
cancer, hepatocellular carcinoma, specific genetic
syndromes and mutations, pediatric thabdomyosarcoma,
pediatric central nervous system malignancies, tumors of
the paranasal sinuses/nasal cavity, and for re-irradiation
of all sites when curative treatment was intended. In
addition, proton therapy may be considered at other
sites when photon therapy exceeds the acceptable dose
constraints for critical structures.

Conclusion: The Panel did not recommend the routine
use of proton therapy for all cancers. Each case should
be assessed individually following a multidisciplinary
review and expert consultation while accounting
for financial, logistical, and patient-specific factors.

Keywords: proton therapy, practice guidelines as topic,
clinical decision-making

1280 Saudi Med J 2025; Vol. 46 (11) https://smj.org.sa

Saudi Med J 2025; Vol. 46 (11): 1280-1299
doi: 10.15537/smj.2025.46.11.20250572

From the Radiation Oncology Unit (Aljabab, Alayed), College of
Medicine, King Saud University; from the Oncology Center (Aljabab,
Alayed), King Saud University Medical City; from the Department
of Radiation Oncology, (Aldehaim, S. Alghamdi) King Faisal
Specialist Hospital and Research Center; from the College of Medicine
(Aldehaim), Alfaisal University; from the Radiation Oncology
(AlHussain), Comprehensive Cancer Center, King Fahad Medical
City, Riyadh; from the Department of Radiology (Bahadur), King
Abdulaziz University Hospital; from Faulty of Medicine (Bahadur),
King Abdulaziz University; from Radiation Oncology (Alomary, M.
Alghamdi), Princess Norah Oncology Center, King Abdulaziz Medical
City, Ministry of National Guard Health Affairs-Western Region,
from the College of Medicine (Alomary, M. Alghamdi), King Saud
Bin Abdulaziz University for Health Sciences; from the Radiation
Oncology Section (Balbaid), Oncology Department, King Faisal
Specialist Hospital and Research Center, Jeddah; from the Radiation
Oncology Unit (Al Othman), Oncology Division, Johns Hopkins
Aramco Healthcare, Dhahran, Kingdom of Saudi Arabia.

Received Ist March 2025. Accepted 18th August 2025.

Address correspondence and reprint request ro: Dr. Ali Balbaid,
from the Oncology Department, King Faisal Specialist Hospital and
Research Center, Jeddah, Kingdom of Saudi Arabia.

Email: dr.balbaid@gmail.com

ORCID ID: hps:/lorcid.orgl0000-0002-8215-5297

Proton beam therapy (PBT) has experienced
exponential global growth over the past few
years, with more than 100 proton centers established
worldwide. The PBT benefits were first recognized by
Wilson in 1946, with proton treatment starting as early
as 1954 at the University of California, Berkeley, CA."2
The PBT therapeutic potential, compared to photon-
based external beam radiation, lies in its unique dose
deposition characteristics, which target specific areas
while minimizing exposure to surrounding healthy
tissues. The physical properties of protons, specifically
the Bragg peak, allow for dose delivery over a narrow
depth range in the body with no exit dose, unlike photon
beams. This feature widens the therapeutic window,
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allowing for dose escalation. Initially, the technology
faced significant challenges, such as limitations in beam
modulation and conformality, high costs, and a lack
of expertise. However, recent advancements in PBT
technology, such as pencil beam scanning, multi-leaf
collimation, and compact single-room solutions, help
offer highly conformal treatment plans with reduced
footprints and lower costs.

Staying abreast of the growing literature and clinical
evidence in PBT is essential to optimize patient selection
and treatment outcomes. Despite its wider adoption,
few randomized clinical trials have been published,
with PBT being guided by prospective and retrospective
studies. The American Society of Radiation Oncology
has updated its policy model for PBT. Furthermore, the
Saudi Association of Radiation Oncology (SARO) is a
leading society in radiation oncology and is committed
to enhancing patient clinical outcomes and quality of
care. Central to this commitment is the development
and distribution of updated guidelines for proton
therapy.

The Saudi Particle Therapy Center recently launched
its first proton facility in Riyadh, Saudi Arabia. With the
growing interest in proton therapy and patient selection
criteria among regional radiation oncologists, we aimed
to compile an update to previously published guidelines.
Given the high cost and potential limitations to the
capacity of PBT, these guidelines will provide evidence-
based recommendations for the selection of appropriate
candidates for PBT, and may serve as a resource for
healthcare professionals, patients, and healthcare
funders to make informed decisions regarding advanced
radiation therapy modalities.

Methods. Disclosure policy. The SARO guidelines
were developed through evaluating evidence and
classifying it in a systematic approach. Importantly,
SARO created these guidelines without funding, relying
on the efforts of its members. All members were asked
to disclose their industry relationships and personal
interests at least 6 months before their voluntary efforts.

History of development. The proton clinical practice
guideline, first developed and published in 2018, was
led by a panel of local experts. It was created under the
World Health Organization (WHO) rules and grading
recommendations and adopted by a newly formed task
force under SARO.

Selection of task force members. The SARO selected
its members from various practicing clinical institutions
within Saudi Arabia. Members with clinical experience
or training in proton therapy were preferred. Members
with related interests who represented organizations or

professional societies were also invited.

Literature  retrieval. 'The Panel pursued a
comprehensive literature search covering multiple
databases, including PubMed, EMBASE, Cochrane
Library, MEDLINE, and Web of Science, for studies
published between 1990 and 2024. Search terms
included a combination of free-text keywords and
Medical Subject Headings related to “protons,” “proton
radiotherapy,” “particle beam therapy,” “charged
particle therapy,” and “neoplasms” or “malignancy.”
We included randomized controlled trials (RCTs),
retrospective studies, case series, case reports, related
systematic reviews, and meta-analyses published in
peer-reviewed journals and available in English. Studies
with insufficient clinical data were excluded. All
included studies were reviewed by the Panel, and any
disagreements were resolved by consensus.

Level of evidence. The level of evidence was defined
using the Grading of Recommendations, Assessment,
Development, and Evaluation working group, Level I:
High-quality evidence, well-conducted RCTs, or good-
quality meta-analyses without heterogeneity; Level II:
Moderate-quality evidence, including clinical trials
with potential bias or meta-analyses with heterogeneity;
Level III: Low-quality evidence, including non-
randomized trials; Level IV: Very low-quality evidence,
including retrospective or case-control studies; and
Level V: Expert opinion, including case series and
reports. The Panel guideline recommendation level
for proton therapy was based on the overall body of
evidence using a 4-grade scale following the WHO
quality of evidence recommendations: strong (A), body
of evidence is strongly convincing; Moderate (B), the
body of evidence is moderately convincing; Low (C),
the body of evidence is partially convincing; and Very
low (D), Body of evidence is not convincing.

Result. 1. General. 1.1 Benign or malignant tumors
in children, adolescents, and young adults aged <39.
Radiation exposure is generally discouraged for healthy
tissue in pediatric, adolescent, and young adult (AYA)
populations. This is particularly true for infants and
young children—especially those under 3 years of age—
whose organs are undergoing critical developmental
stages and are therefore highly sensitive to even low
radiation doses. AYA individuals, typically defined as
those between 15 and 39 years old, also face elevated
risks of long-term radiation-related complications
due to their longer post-treatment life expectancy.
Documented late effects include the emergence of
secondary cancers, neurocognitive impairments,
hormonal insufficiencies, reproductive challenges,
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cardiovascular issues, and functional deterioration of
organs.

Currently, few randomized trials have directly
assessed the comparative toxicity profiles of proton
versus photon radiotherapy in the AYA demographic.
In a study using the National Cancer Database
(NCDB), Xiang et al’ investigated the incidence of
secondary malignancies among pediatric and adult
patients with various tumor types. Out of 450,373
patients, 33.5% underwent 3-dimensional conformal
radiotherapy (3DCRT), 65.2% received intensity-
modulated radiotherapy (IMRT), and 1.3% were
treated with PBT. Over a median follow-up of 5.1
years, no significant difference in secondary cancer
risk was found between IMRT and 3DCRT (adjusted
odds ratio [OR]=1.00, p=0.75). However, patients
treated with PBT demonstrated a significantly lower
risk of developing secondary malignancies compared to
those receiving IMRT (adjusted OR=0.31, p<0.0001),
supporting the theoretical benefit of PBT in minimizing
second cancer formation. Further evidence suggests that
PBT may preserve cognitive function in central nervous
system (CNS) tumor patients, with no observed decline
in intelligence quotient (IQ), in contrast to a yearly
reduction of 1.1 IQ points associated with photon
therapy (p=0.004). Additional benefits of PBT include
reduced rates of hypothyroidism (23% with PBT versus.
[vs.] 69% with photons), sex hormone deficiencies (3%
vs. 19%), and primary hypothyroidism (6% vs. 28%).>”
Given these findings, the dosimetric superiority of PBT
holds meaningful clinical relevance for young patients.
Minimizing radiation exposure to vulnerable organs
is key to lowering the probability of treatment-related
toxicities. PBT is particularly well-suited for candidates
such as children, AYAs requiring high-dose radiation
for curative intent, those with tumors in anatomically
sensitive regions, or tumors positioned near critical
structures.

The Panel’s review of the body of evidence is strongly
convincing (Level A recommendation) for children and
moderately convincing (Level B recommendation) for
adolescents and young adults (<39 years).

1.2. Patients with genetic syndromes and mutations.
While various genetic pathways are known to influence
adverse tissue reactions following radiation therapy,
the precise molecular determinants of individual
radiosensitivity are still not well defined. The propensity
for radiation-induced toxicity is closely associated
with patient-specific genetic characteristics, yet robust
biomarkers for forecasting severe post-radiotherapy
complications remain elusive. A prospective cohort
study highlighted correlations between radiation
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outcomes and genes such as ATM, CDKN1A, FDXR,
SESN1, XPC, ZMAT3, and the BCL2/BAX ratio.®
Certain inherited DNA repair syndromes—including
Ataxia-telangiectasia, xeroderma pigmentosum,
Bloom syndrome, Fanconi anemia, and Li-Fraumeni
syndrome—are strongly associated with significant
morbidity and, in some cases, mortality after
radiotherapy.”"!" For individuals with these conditions,
radiotherapy may need to be avoided altogether, or
its parameters (dose, field size, and technique) should
be adjusted with extreme care. Patients with TP53
mutations undergoing radiotherapy face a ~30% risk
of secondary malignancies within the irradiated area,
occurring 2 to 26 years post-treatment.'? Although no
absolute contraindications have been defined for other
mutations, caution is advised in individuals with NF-1,
MLH1 mutation, BRCA1/2, collagen vascular disease,
and inflammatory bowel syndromes, due to heightened
susceptibility to radiation-related side effects. The panel’s
review of the body of evidence is strongly convincing
(Level A recommendation).'?!°

1.3. Re-irradiation for curative intent treatment
(all sites). The delivery of re-irradiation (reRT) is
sometimes necessary for patients undergoing curative
treatment. ReRT aims to enhance local control and
achieve better clinical outcomes. However, this process
is often complex and challenging, with many organs at
risk of nearing their maximum radiation dose tolerance
during delivery of the first course. PBT offers a clear
advantage in reRT settings by minimizing the dose
around the target without compromising the necessary
target dose escalation.

Across different cancer types, proton therapy
concurrently with chemotherapy reduces grade
>3 toxicity and unplanned hospitalizations when
compared to photons (11.5% vs. 27.6%, p<0.01)." In
a substantial retrospective analysis of cranial tumors,
Atkins et al'® studied 815 metastases across 370 patients
who underwent proton stereotactic radiosurgery (SRS),
with approximately 55% having previously received
whole-brain radiotherapy. Their results demonstrated a
median survival of 12.4 months and a low incidence
of pathologically verified radionecrosis (3.6%). Several
extensive retrospective studies have examined reRT
using PBT for recurrent head and neck cancers, with
findings indicating that patients tend to have improved
survival outcomes with intensive PBT reRT compared
to photon-based approaches. Nonetheless, individuals
who survive remain vulnerable to both early and
delayed adverse effects.””?" In another retrospective
analysis, McDonald et al** examined 16 individuals
who underwent PBT re-irradiation for recurrent or
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progressive skull base chordomas, receiving a median
dose of 75.6 Gy relative biologic effectiveness (RBE).
The reported 2-year estimated rates for local control
(LC) and overall survival (OS) were 85% and 80%,
respectively, with a chordoma-specific survival rate of
88%. Adverse events were rare: one patient experienced
grade 4 radionecrosis affecting both temporal lobes,
while another developed a cerebrospinal fluid (CSF)
leak accompanied by meningitis, also classified as grade
4. In a prospective trial, Chao et al*® evaluated 57
patients with recurrent non-small cell lung cancer who
underwent proton beam re-irradiation. The majority
(93%) completed the treatment course, with 39%
experiencing grade >3 toxicities and 10% facing grade
5 events. The one-year OS rate was reported at 59%.
While the study confirmed the feasibility of PBT, the
authors emphasized the need for careful application,
taking into account tumor size, anatomical location,
and relevant dosimetric parameters.

A prospective, multi-center study* assessing
proton re-irradiation for locoregionally recurrent
esophageal cancer reported manageable levels of acute
toxicity—23% of patients experienced grade =3 side
effects, while 3% had grade 5 events. Disease control
outcomes were also deemed acceptable, with 1-year LC,
distant metastasis-free survival (DMFES), and OS rates
of 67.1%, 83.4%, and 27%, respectively. In a separate
study, Boimel et al” presented encouraging findings
for PBT re-irradiation in cases of locally recurrent
pancreatic cancer. Compared to historical data, PBT
was associated with improved OS, better local-regional
progression-free outcomes, and enhanced DMEFS.
Nonetheless, caution is advised when considering PBT
in patients fitted with biliary stents.

Koroulakis et al*® conducted a retrospective analysis
on the use of a twice-daily (BID) proton regimen for
re-irradiation in patients with recurrent rectal cancer.
The study showed manageable acute toxicity levels,
with grade 23 toxicities occurring in 10.7% of cases
and grade 5 events in 3%. Reported 1-year outcomes
included local progression at 33.7%, progression-free
survival at 45%, and overall survival at 81.8%. In the
context of breast cancer reRT, both PBT and volumetric
modulated arc therapy (VMAT) were shown to deliver
highly conformal radiation plans that minimize exposure
to the brachial plexus. However, VMAT was associated
with significantly greater loss in dose coverage to nearby
at-risk target volumes compared to PBT.” Separately,
Guttman et al®® reported favorable outcomes using PBT
re-irradiation for recurrent soft-tissue sarcomas, with no

grade 4 or 5 toxicities observed and a 3-year local failure
rate of 41%.

In summary, PBT continues to be the recommended
modality for curative-intent reRT, especially when the
critical structural accumulative dose exceeds tolerance.
The Panel’s review of the body of evidence is strongly
convincing (Level A recommendations).

2. Central nervous system malignancies. 2.1.
Ocular neoplasms. Uveal melanoma represents the
most prevalent form of primary intraocular malignancy
in adults, often resulting in irreversible vision loss
and the potential for distant metastasis.”’ Treatment
options for this condition include enucleation, photon-
based radiotherapy, and mold brachytherapy. PBT
offers the advantage of delivering a uniform radiation
dose within narrow and anatomically complex target
volumes while preserving the eye and visual function.
The Nice Teaching Hospital in France reported 16 years
of clinical experience with PBT for uveal melanoma,
treating 886 patients with a dose of 60 cobalt gray
equivalents (CGE). At a 10-year follow-up, 87.3% of
patients retained their eyes, with a local control rate
(LCR) of 92.1% and a metastasis-free survival rate
(MFSR) of 76.4%.% Similarly, the Clatterbridge Centre
for Oncology treated 349 individuals with choroidal
melanoma between 1993 and 2003 using a total
dose of 53.1 CGE. Their 5-year LCR was 96.5% for
patients receiving PBT, compared to 90.6% for those
who underwent enucleation.’ In the only randomized
clinical trial comparing charged particle therapy with
iodine-125 plaque brachytherapy, 12-year outcomes
favored particle treatment, with local control rates of
98% versus 79%, especially for tumors located within 2
mm of the optic disc. Additionally, enucleation rates at
12 years were significantly lower with particle therapy
(17%) compared to plaque therapy (37%).>* The Panel’s
review of the body of evidence is strongly convincing
(Level A recommendations).

2.2. Base of skull and primary spinal tumors.
Chordomas/Chondrosarcomas. Performing en bloc
resections of chordomas and chondrosarcomas located
at the Base of Skull (BOS) or near the spinal cord
presents considerable surgical difficulty and often leads
to high morbidity. Delivering curative radiation doses to
these anatomically complex regions is also challenging
with conventional photon therapy, due to the need for
high-dose prescriptions and the proximity of critical
structures.?® At the Paul Scherrer Institute in Switzerland,
a cohort of 251 patients with BOS chondrosarcomas
was treated using a combined approach of proton beam
and photon therapy, achieving a total dose of 70.2 cobalt
CGE. Their results demonstrated excellent outcomes,
with 7-year LC and MFSR of 95.2% and 98.4%,
respectively, and an estimated 7-year OS rate of 93%.%
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They also reported outcomes for 77 chondrosarcoma
patients treated with spot scanning, observing a local
failure rate of 7.8%, with 8-year LC and OS rates of
89.7% and 93.5%, respectively.” Munzenrider et al*®
reported a 10-year local control rate (LCR) of 94%
and OS of 88% in a cohort of 229 patients with BOS
chondrosarcomas treated with PBT at a dose of 74.5
Gy (RBE). At the University of Florida Proton Therapy
Institute, Deraniyagala et al’’ evaluated 33 patients
with BOS chordomas, with a median follow-up of 21
months. They observed 2-year LC and OS rates of 86%
and 92%, respectively. In a prospective study, lannalfi et
al’® treated 70 patients with BOS chordomas using PBT,
reporting a 5-year LC rate of 84% and OS of 83%. Rutz
et al*” examined a small series of 26 patients with spinal
chordomas treated with PBT at 72 CGE. Their findings
identified tumor volumes exceeding 30 cc and prior
surgical interventions as adverse prognostic factors.
Rotondo et al® reviewed 126 cases of spinal chordomas
and chondrosarcomas treated with PBT. With a median
follow-up of 3.5 years, the 5-year OS was 81%, and
LC was 62%. Notably, primary chordomas showed a
higher local control rate (68%) compared to recurrent
cases (49%), approaching statistical significance
(»=0.058). At the Paul Scherrer Institute (PSI), Staab
et al*! evaluated 40 patients with spinal chordomas who
underwent spot-scanning PBT. Following a median
follow-up of 43 months, they found that patients who
received spinal stabilization had a significantly lower
LC rate of 30% compared to 100% in those without
(p = 0.0003). In Japan, Mima et al*’ reported on 23
patients with sacral chordomas treated with either
PBT or carbon ion therapy (CIT). After a median
follow-up of 38 months, the LC, OS, and PFS rates
were 94%, 83%, and 68%, respectively. No significant
differences in clinical outcomes were observed between
the 2 treatment modalities. Finally, Chen et al®® from
Massachusetts General Hospital (MGH), presented
data on 24 patients with spinal chordomas—mostly
located at the S1-S2 level—who received high-dose
definitive radiotherapy using a combination of protons
and photons. After a median follow-up of 56 months,
3-year local PFS and OS were 90.4% and 91.7%,
respectively. Tumor size was found to be a critical
prognostic factor, with volumes exceeding 500 cm3
associated with poorer overall survival outcomes.
Meningiomas. Florijn et al* conducted a
dosimetric comparison involving 20 patients with
BOS meningiomas, analyzing treatment plans using
intensity-modulated proton therapy (IMPT), IMRT,
and non-coplanar VMAT. Their findings showed that
IMPT significantly reduced radiation doses to the
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bilateral hippocampi, total brain, and volumes receiving
between 20 and 30 Gy. In a retrospective analysis from
Geneva University Hospital in Switzerland® 39 patients
with atypical BOS meningiomas were treated with PBT
to a total dose of 56 Gy. The study reported favorable
long-term outcomes, with a 5-year LCR of 84.8%
and an OS rate of 81.8%, with no instances of late
toxicity. Similarly, McDonald et al*® presented a case
series involving 22 patients with atypical meningiomas
treated with PBT at a dose of 63 CGE. They observed
a 5-year LCR of 71%, and only one patient developed
late-onset radiation necrosis. The panel’s review of
the body of evidence is strongly convincing (Level A
recommendation).

2.3. Primary adult CNS tumors that require
craniospinal irradiation. Primary CNS cancers are
localized tumors that tend to disseminate throughout
the CSE Medulloblastoma is the most common tumor
type associated with dissemination. However, its
incidence in adults is only 0.5 per million patients.”” The
treatment of these tumors usually includes craniospinal
irradiation (CSI), which is associated with significant
acute and late adverse events.*® Dinh et al* compared
plans for 10 patients requiring CSI using passive
scattering proton therapy (PSPT) and multi-field
optimized IMPT (MFO-IMPT) and reported that
IMPT displayed superior sparing of the lens and
cochleae. Brown et al® reported a retrospective review of
40 adult medulloblastoma patients treated with photon
CSI (n=21) or proton CSI (n=19). Patients treated
with proton CSI experienced less nausea, vomiting,
weight loss, and esophagitis. The Panel’s review of the
body of evidence was moderately convincing (Level B
recommendations).

2.4. Adult low-grade glioma (LGG). Growing
attention is being given to the long-term risks of
radiation-induced side effects, particularly cognitive
decline.’! A systematic review of 9 studies compared PBT
and IMRT, focusing on dosimetric outcomes, toxicity
profiles, and neurocognitive effects. The PBT plans
demonstrated clear advantages over IMRT, delivering
significantly lower radiation doses to uninvolved
brain tissues. The prescribed PBT doses ranged from
50.4 to 68.0 CGE. Acute grade 3 toxicities observed
with PBT included fatigue (10-17%), localized skin
erythema (5%), and headaches (5%). Importantly,
no neurocognitive impairments were reported across
the reviewed studies. Survival outcomes were also
favorable, with 5-year OS and PFS rates of 84% and
40%, respectively.”? A small prospective study involving
20 adults with LGG treated with 54 CGE of PBT
further supported these findings. At a 5-year follow-up,
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patients maintained stable intellectual performance,
visuospatial skills, cognitive abilities, and executive
function.’® Subsequent long-term analysis of this cohort
confirmed the preservation of both neurocognitive and
neuroendocrine functions.”® The Panel’s review of the
body of evidence was moderately convincing (Level B
recommendations).

2.5. Acoustic mneuromas (AN) and vestibular
schwannomas (VS). Vernimmen et al® conducted a
retrospective analysis to evaluate the effectiveness of
hypofractionated PBT in 51 patients diagnosed with
AN. Patients received a mean dose of 26 CGE delivered
over 3 fractions. At a median follow-up of 6 years,
the study reported a 5-year LCR of 98%. Functional
outcomes were also notable, with hearing preserved in
42% of cases, facial nerve (cranial nerve VII) function
maintained in 90%, and trigeminal nerve (cranial nerve
V) function preserved in 93% of patients. In a separate
study from MGH, 88 patients with VS were treated
with PBT at a dose of 12 CGE. The reported LC rates
were 95.3% at 2 years and 93.6% at 5 years. Facial
nerve preservation at 5 years was also high, approaching
90%.>¢ 'The Panel’s review of the body of evidence is
partially convincing (Level C recommendations).

2.6. Leptomeningeal  disease. ~ Some  patients
with metastatic solid tumors in the CNS can have
leptomeningeal dissemination, with limited treatment
options and surviva.””*® Yang et al® conducted a
prospective phase I clinical trial evaluating the use of
proton CSlin 24 patients diagnosed with leptomeningeal
metastases. The majority of participants had either
non-small cell lung cancer (NSCLC, n=11) or breast
cancer (n=7). The median PFS within the CNS was 7
months, while the median OS was 8 months. Notably,
4 patients remained free from CNS disease progression
for more than 12 months, indicating a potential for
durable response in select individuals. The Panel review
of the body of evidence was not convincing (Level D
recommendations).

3. Pediatric malignancies. 3.1 Pediatric CNS tumors.
Medulloblastoma. The PBT has become a preferred
modality for treating pediatric medulloblastoma,
primarily due to its ability to reduce both acute and
long-term toxicities associated with CSI. In contrast,
photon-based CSI has been linked to a higher risk of
delayed adverse effects in children, including growth
stunting, cardiomyopathy, hypothyroidism, and the
development of secondary malignancies.® Several
studies have reinforced the advantages of PBT in this
setting. At MGH, a cohort of children with standard-
risk medulloblastoma received CSI followed by a
tumor bed boost using either PBT or photon therapy.

Results showed that PBT was a statistically significant
predictor of reduced risks for growth suppression,
hypothyroidism, and hormone deficiencies.” Similarly,
Brodin et al®" conducted a smaller planning study
involving 10 pediatric medulloblastoma patients,
comparing treatment plans that included photon CSI
at doses of 23.4 Gy and 36 Gy followed by a posterior
fossa boost to 54 Gy, delivered via conformal photons,
VMAT, or PBT. The findings indicated that PBT
significantly lowered the calculated risk of second
solid malignancies and other long-term complications
compared to photon-based techniques. Beyond
long-term benefits, PBT also appears to minimize
acute toxicities. A phase II trial involving 59 pediatric
patients (39 with standard-risk and 20 with high-risk
medulloblastoma) treated between 2003 and 2009 with
PBT-based CSI (18-36 CGE) followed by a boost,
reported encouraging outcomes. At 5 years, 35% of
patients had hearing scores that either remained stable
or improved by at least one point. Additionally, IQ was
preserved throughout the follow-up period. The 5-year
progression-free survival (PFS) and overall survival (OS)
rates were 80% and 83%, respectively.®” In a multi-
institutional comparative analysis, Liu et al®® evaluated
hematologic toxicity in 97 pediatric patients with
medulloblastoma, including 60 who received proton
CSI and 37 treated with photon CSI. The majority of
patients (over 80%) had standard-risk disease. During
weeks 3 to 6 of CSI treatment, patients in the proton
group demonstrated significantly higher blood counts,
suggesting reduced bone marrow suppression. However,
there was no observed difference in OS between the 2
cohorts. Aldrich etal” retrospectively assessed endocrine-
related late effects in 118 medulloblastoma patients
treated with either proton or photon CSI. Notably, the
incidence of primary hypothyroidism was significantly
higher in the photon-treated group (28%) compared
to the proton group (6%) (p=0.03). No significant
differences were found between the 2 groups in rates
of central hypothyroidism, growth hormone deficiency
(GHD), or adrenal insufficiency (AI). Neurocognitive
outcomes were also examined by Kahalley et al** who
analyzed 79 pediatric medulloblastoma patients—37
treated with proton CSI and 42 with photon CSI.
The study found superior intellectual outcomes in
the proton group, with stable cognitive scores across
all domains except processing speed. In contrast, the
photon group experienced notable declines in global
IQ, working memory, and processing speed. The
authors also reported significant differences in boost
dose margins between the 2 cohorts (p<0.001), which
may have contributed to the disparity in cognitive
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outcomes.

One of the key concerns in pediatric CSI is
the long-term risk of radiation-induced secondary
malignancies. Baliga et al® investigated late toxicities
in a cohort of 178 pediatric medulloblastoma
survivors treated with proton therapy. With a median
follow-up of 9.3 years, the 10-year cumulative
incidence of brainstem injury was 2.1%, while the
risk of developing a secondary malignancy was 5.6%.
These results highlight the relatively low incidence of
severe late effects following PBT. Similarly, Indelicato
et al*®® conducted a large-scale analysis involving 1,713
consecutive pediatric patients treated with PBT at the
University of Florida Proton Therapy Institute. Only
11 patients developed secondary tumors, resulting in
5- and 10-year cumulative incidence rates of 0.8% and
3.1%, respectively.

Pediatric ependymomas. The deep-seated location of
ependymomasoften presentsachallengeforconventional
photon-based techniques. This raises concerns over
potential late effects, such as neurocognitive and
endocrine dysfunction. PBT, with its superior dose
distribution, offers a promising alternative. Mizumoto et
al®” demonstrated the dosimetric advantages of PBT in a
comparative analysis involving 6 pediatric ependymoma
cases. Their findings revealed a 47% reduction in the
mean dose to normal brain tissue when using PBT
over conformal photon therapy. Clinically, MacDonald
et al® evaluated outcomes in 70 children treated with
PBT (54 CGE), reporting 3-year PFS and OS rates of
76% and 95%, respectively, after a median follow-up
of 4 years. Indelicato et al® presented long-term
outcomes from 386 children with ependymoma treated
at 2 major centers. At a median follow-up of 5 years,
the 7-LC, PES, and OS rates were 77%, 63.8%, and
82.2%, respectively. Importantly, subtotal resection
was linked to poorer outcomes across all 3 measures.
Additionally, a focused study by Amsbaugh et al”® from
MD Anderson Cancer Center reviewed 8 pediatric
patients with spinal ependymomas treated using PBT.
With a mean follow-up of 26 months, they observed
100% LC, event-free survival (EES), and OS, with no
patients experiencing grade 3 or higher toxicities.

Low-grade glioma. Reduced radiation dose to the
surrounding growing brain tissue is especially valuable
in the pediatric population with LGG. A retrospective
analysis evaluated 174 children treated with PBT (54
CGE) between 2007 and 2017. The study reported
excellent outcomes: a 5-year LC rate of 85%, PFS
of 84%, and OS of 92%. Notably, approximately
96% of patients experienced no serious or lasting
toxicities.”! These findings reinforce the rationale for
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using PBT in pediatric LGG, as the therapy provides
effective tumor control while significantly reducing the
likelihood of long-term sequelae. The panel’s review of
the body of evidence is strongly convincing (Level A
recommendations).

3.2. Pediatric  rhabdomyosarcoma (RMS). A
European analysis involving 83 pediatric patients
diagnosed with RMS was conducted between 2000
and 2014. These children underwent systemic
chemotherapy followed by PBT at a dose of 54 CGE.
The majority of the cohort had embryonal histology
(n=74), with parameningeal (PM) (n=46) and orbital
involvement (n=17). The study reported a 5-year LC
rate of 78.5% and an OS rate nearing 80%, with
minimal long-term treatment-related side effects.”
In a separate investigation, Childs et al”? at MGH
evaluated 17 consecutive patients with PM-RMS and
concluded that outcomes with PBT were comparable
to historical cohorts. The 5-year failure-free survival was
reported at 59% and OS rates was reported at 64%.
Another study from the same institution examined 7
children with bladder or prostate RMS, comparing
PBT planning with IMRT.”* These proton-based plans
demonstrated superior preservation of bony structures
and reproductive organs. At a median follow-up of
27 months, 5 of the 7 patients remained disease-free
with bladder function intact. PBT plans significantly
lowered the average radiation dose delivered to the
bladder, testes, femoral heads, growth plates, and pelvic
bones compared to IMRT. Additionally, Indelicato et
al” conducted a prospective trial involving 31 patients
with pelvic RMS treated with PBT between 2007 and
2018. All participants had group III disease, excluding
those with vaginal or cervical tumors. After a median
follow-up period of 4.2 years, the study reported LC,
PFS, and OS rates of 83%, 80%, and 84%, respectively.
Notably, children under the age of 3 with embryonal
histology demonstrated better clinical outcomes.
The Panel’s review of the body of evidence is strongly
convincing (Level A recommendations).

4. Head and neck malignancies. 4. 1. Nasopharynx,
unresectable nasal cavity and paranasal sinuses (PNS)
rumors. There is growing support for the application
of PBT in treating locally advanced nasopharyngeal
carcinoma (NPC), particularly in patients with T4
disease. In a phase II trial, Chan et al’® assessed 23
individuals with advanced NPC who received a
combination of photon and proton therapies. The
outcomes showed a 2-year disease-free survival (DES)
rate of 90%, with both LC and OS reaching 100%.
Among the reported grade >3 toxicities, 29% of patients
experienced hearing loss and 38% had significant
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weight loss; however, no cases of grade >3 xerostomia
were observed.” In a separate retrospective study,
McDonald et al”® found that patients with NPC and
paranasal sinus tumors treated with PBT demonstrated
reduced dependence on feeding tubes and opioids.
Despite these promising findings, further prospective
research is necessary to validate the observed benefits
and assess long-term toxicity profiles. Currently, several
clinical trials are in progress to evaluate PBT’s role in
managing head and neck malignancies, including NPC.

For tumors of the nasal cavity and PNS, the standard
approach involves craniofacial resection followed by
adjuvant radiotherapy. However, surgical intervention in
T4 cases is often technically challenging and may result
in significant anatomical or functional impairment. In
cases where resection is not feasible, definitive radiation
therapy using 3DCRT or IMRT carries a substantial
risk of long-term complications.” PBT offers the
advantage of dose escalation while minimizing exposure
to nearby critical structures such as the optic nerves
and brainstem, potentially reducing toxicity. A meta-
analysis of 41 observational studies concluded that PBT
is associated with significantly improved 5-year OS and
DES compared to photon-based modalities, although
the retrospective nature of these studies introduces
certain limitations and potential biases.*” In a multi-
institutional analysis, Yu et al®' examined 69 patients
with sinonasal tumors treated with PBT, reporting
favorable 3-year outcomes: OS of 100%, DMES of
84%, and LRC of 92.9%. Among patients undergoing
re-irradiation, the 3-year OS was 76.2%, with a lower
incidence of late adverse effects. Another retrospective
review of 90 patients also demonstrated reduced rates of
severe toxicity following PBT.®* Additionally, data from
Memorial Sloan Kettering Cancer Center (MSKCC)
involving 86 patients indicated better LC outcomes
using IMPT compared to 3D conformal proton
techniques.®

The Panel’s review of the body of evidence is
moderately convincing (Level B recommendation) for
locally advanced T4 nasopharyngeal cancer and strongly
convincing (Level A recommendation) for unresectable
nasal cavity and paranasal sinus tumors.

4.2. Oropharyngeal cancer. The PBT is gaining
recognition as a promising treatment approach for
reducing toxicity and enhancing quality of life (QoL)
in patients with oropharyngeal carcinoma. In the
first prospective PBT trial for this disease, Slater et
al** evaluated 29 individuals with locally advanced
oropharyngeal cancer. The treatment was well tolerated,
achieving a 5-year LRC rate of 84%, with grade
3 toxicities reported in only 11% of patients. In a

separate analysis, Aljabab et al®*® examined 46 cases and
observed 100% LRC, 93.5% PES, and 95.7% OS at
a median follow-up of 19.2 months. Blanchard et al®
compared 50 patients treated with IMPT to 100 who
received IMRT, finding similar 2-year OS and PFS rates
between the 2 groups, but significantly lower rates of
grade 3 weight loss and gastrostomy tube placement in
the IMPT group. Likewise, Cao et al* reported that
IMPT recipients experienced less moderate-to-severe
xerostomia compared to IMRT patients at both 18-24
months (6% vs. 20%) and 24-36 months (6% vs.
20%).

Evidence from a randomized phase III trial further
supports the benefits of PBT previously suggested by
retrospective findings.®® A total of 440 patients were
randomized to IMRT (n=219) or IMPT (n=221) across
21 centers, with 95% being HPV/p16-positive. Median
follow-up was 3.14 years. In the intention-to-treat
analysis, the hazard ratio (HR) for disease progression
or death at 3 years was 0.87 (95% confidence interval
[CI]: 0.56-1.35; p=0.006), and for OS it was 0.63
(95% CI: 0.36-1.10), indicating a possible survival
advantage with IMPT. Per-protocol analysis revealed
reduced gastrostomy tube dependence with IMPT
compared to IMRT (42% vs. 28%, p=0.019) and
a higher proportion of IMPT patients maintaining
nutritional status, as indicated by an end-of-treatment
weight loss of less than 5% of baseline (24% vs. 14%,
=0.037). The Panel’s review of the body of evidence is
strongly convincing (Level A recommendations).

4.3. Head and neck cancers requiring ipsilateral
radiation. In selected head and neck cancers where
the risk of metastasis to the contralateral neck is
low—such as certain salivary gland malignancies, oral
cavity tumors, oropharyngeal cancers, and specific skin
cancers—PBT can provide an advantage over IMRT
by minimizing radiation exposure to the opposite
side. Holliday et al* evaluated postoperative ipsilateral
treatment with IMPT in 16 patients with adenoid
cystic carcinoma, reporting a LCR rate of 93.8% and
minimal severe toxicities after a median follow-up of
24.9 months. A randomized clinical trial currently
in progress (NCT02923570) is comparing PBT
with IMRT for unilateral head and neck irradiation,
with the primary endpoint focused on acute toxicity
reduction. Additionally, the phase II/III study RTOG
1008 (NCT01220583) has investigated radiotherapy,
with or without concurrent chemotherapy, for resected
malignant salivary gland tumors, incorporating PBT as
one of the treatment modalities. The Panel’s review of
the body of evidence was moderately convincing (Level
B recommendations).
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5. Thoracic malignancies. 5.1. Primary mediastinal
tumors. Limiting radiation exposure to mediastinal
organs is advised to reduce the likelihood of long-term
adverse effects. A review by the Proton Collaborative
Group’s multi-institutional prospective registry analyzed
70 individuals with thymic tumors who underwent
PBT at 12 proton therapy centers between 2011
and 2021.”° The median follow-up duration was 16
months. Thymoma accounted for 81.4% of cases, while
thymic carcinoma represented 18.6%. Surgical removal
was performed in 59 patients, whereas 11 received
definitive PBT, 5 of whom also underwent concurrent
chemotherapy. Overall, treatment was well tolerated,
with only one incident of grade 4 pneumonitis.
Findings indicated that PBT demonstrated favorable
survival outcomes and local control, especially among
those who had surgery before radiation. The Panel’s
review of the body of evidence is partially convincing
(Level C recommendations).

5.2 Bulky  mediastinal  lymphomas.  The
mediastinum is frequently involved in lymphoma,
placing nearby organs such as the heart, lungs, and
breasts at risk for long-term radiotherapy-related
complications, including cardiotoxicity and secondary
cancers. Compared with conventional photon-based
modalities like 3DCRT and IMRT, PBT provides
notable advantages—particularly in cases with inferior
mediastinal disease—by significantly lowering the mean
doses to the heart, lungs, and breasts, thereby decreasing
the likelihood of cardiac injury and radiation-induced
malignancies. The use of pencil-beam scanning further
refines dose distribution to the lungs and improves
treatment robustness in mediastinal lymphoma, offering
additional dosimetric benefits.”** Furthermore, PBT
has been associated with a more favorable adjusted
odds ratio for secondary cancer development.> Hoppe
et al” evaluated 138 young individuals with Hodgkin’s
lymphoma who received chemotherapy followed by
proton therapy—pediatric patients were given 15-36
Gy (RBE) and adults 20-45 Gy (RBE). The 3-year PFS
was 96% in adults and 87% in pediatric patients, with no
Grade 3 radiation-related toxicities reported. Similarly,
Tseng et al” analyzed outcomes for 56 mediastinal
lymphoma patients treated with PBT between 2012
and 2019, with a median age of 24 years (range, 12-88
years) and a female proportion of 55%. Nearly all
participants (96%) met the International Lymphoma
Radiation Oncology Group (ILROG) criteria: 95%
presented with lower mediastinal disease, 46% were
young women, and 9% had received extensive prior
treatments. The lowest mean heart and lung doses were
linked to cases with minimal mediastinal involvement.
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ILROG guidelines specifically advocate PBT use in
young females, heavily pretreated individuals, and
patients with disease in the lower mediastinum to
mitigate late toxicities.”” The Panel’s review of the
body of evidence was moderately convincing (Level B
recommendations).

5.3 Malignant pleural mesothelioma (MPM). The
MPM isanuncommonand highlyaggressive malignancy,
most frequently linked to asbestos exposure. Prognosis
is generally poor, with a median OS of around one year.
The disease is typically diagnosed at an advanced stage,
and therapeutic options remain limited. PBT provides
dosimetric benefits by delivering high radiation doses
to the tumor while minimizing exposure to adjacent
healthy structures. This is particularly advantageous for
MPM due to the irregular geometry and anatomical
position of its tumors. A Swiss study” evaluated 8
patients with MPM who had undergone extra-pleural
pneumonectomy followed by IMRT and subsequently
had their plans re-optimized with PBT. The PBT plans
improved planning target volume (PTV) coverage and
significantly lowered mean radiation doses to the spinal
cord, both kidneys, the contralateral lung, the heart,
and the liver. In particular, contralateral lung V5 Gy,
V13 Gy, and V20 Gy were notably reduced. Another
investigation from the University of Pennsylvania®®
involved 16 MPM patients treated with PBT, with a
median treatment age of 69.8 years. All participants
received chemotherapy either prior to or during proton
therapy. PBT was delivered as adjuvant therapy post-
surgery (n=8), for progressive disease (n=8), or as
primary treatment (n=1), at a median dose of 51.75
Gy. At the time of analysis, the median OS had not
yet been reached. No grade >3 toxicities were reported,
and most adverse effects were mild (grade 2), including
radiation dermatitis, dysphagia, esophagitis, anorexia,
fatigue, cough, and one case of radiation pneumonitis.
The Panel review of the body of evidence was not
convincing (Level D recommendations).

5.4 Non-small cell lung cancer. Treating locally
advanced NSCLC with radiation remains complex
due to the proximity of vital structures such as the
heart, esophagus, and lungs. PBT offers distinct
benefits over conventional photon-based approaches
by limiting unnecessary radiation to these critical
organs, potentially enhancing survival outcomes, while
decreasing toxicity and improving QoL. The standard
treatment protocol for this condition continues to
involve radiotherapy in combination with concurrent
chemotherapy, followed by adjuvant immunotherapy.”
Multiple retrospective analyses have shown that,
after concurrent chemoradiation, PBT can reduce
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pulmonary, esophageal, and hematologic toxicities
compared to photon therapy, without compromising
tumor control or overall survival.'”'% In a phase 2
investigation 44 patients with locally advanced NSCLC
received PBT with concurrent chemotherapy, and
the results were evaluated for toxicity and OS.'” The
median follow-up was 1.7 years, with no cases of grade
IV toxicities attributable to PBT. Local recurrence
occurred in 20% of patients, while 43% experienced
distant metastases. At one year, OS was 86% and
PFS was 63%. The first randomized controlled trial
comparing IMRT to passive scatter PBT (PS-PBT) in
NSCLC showed no statistically significant differences
in the primary endpoints—radiation pneumonitis
and local failure—but reported more favorable heart
dose-volume parameters with PS-PBT.'* Secondary
findings pointed to the influence of a learning curve on
treatment outcomes and highlighted the importance
of adaptive planning, particularly for larger tumors.
Reducing cardiac dose via proton therapy could
potentially translate into improved survival, a concept
currently under investigation in the ongoing phase III
RTOG 1308 trial (NCT01993810). The Panel’s review
of the body of evidence is partially convincing (Level C
recommendations).

6. Breast cancer. 6.1 Breast cancer requiring
nodal treatment, with specific conditions. Advanced
radiotherapy techniques for the breast aim to improve
target coverage while reducing toxicities such as
heart disease, pneumonitis, dermatitis, lymphedema,
and secondary malignancies. The risk of ischemic
heart disease is associated with radiation-induced
atherosclerotic lesions within the coronary arteries,
particularly in the left anterior descending artery. Other
heart-related morbidities include pericarditis and heart
failure. Darby et al'® reported a significant risk of
cardiac morbidity beyond a mean cardiac dose of 5 Gy,
with a 7% increase for each additional Gy. This study
remains a medicolegal reference, despite methodological
criticism. Advanced photon techniques, such as IMRT,
VMAT, and TOMO, offer better nodal coverage than
3DCRT, especially for the internal mammary chain
(IMC); however, this is at the cost of an increased
mean heart dose.''%® The advantage of PBT is that it
improves nodal/IMC coverage and dose homogeneity
while reducing the heart dose and morbidity.
Radiation-induced secondary malignancies are another
critical consideration, especially in young patients
with long life expectancies. As previously discussed, a
large National Cancer Database study reported lower
secondary cancer risks with PBT than with IMRT and
3DCRT in patients with breast cancer.’ Currently,

there is no high-level evidence supporting the routine
use of PBT for breast cancer. Available studies primarily
consist of small prospective and retrospective studies.
Macdonald et al'” conducted a phase 1 prospective
clinical trial that included 12 patients with breast cancer
who received 50.4 Gy (RBE) to the chest wall and
regional nodes. They reported maximum skin toxicity
(CTCAE) of grade 2 and grade 3 fatigue. Jimenez et
al''’ conducted a phase 2 single-arm clinical trial that
included 70 patients with nonmetastatic breast cancer
who underwent postoperative PBT of the breast/
chest wall and regional nodes. They reported 1 grade 2
(CTCAE) radiation pneumonitis event and no grade 4
toxicity. The study also revealed no significant changes
in echocardiography or cardiac biomarker levels after
proton therapy. The 5-year rate for OS and locoregional
failure rates were 91% and 1.5%, respectively.
Conventional fractionation of PBT in breast cancer
cases with comprehensive nodal coverage remains
standard practice. The COMPRO study is an ongoing
non-inferiority phase 3 trial investigating conventional
versus  hypofractionation PBT.''  RADCOMP/
RTOG3510 is a large-scale, multicenter, randomized
clinical study of proton versus photon radiotherapy
in patients with nonmetastatic breast cancer requiring
comprehensive nodal irradiation."? This study was
recently completed and provided high-quality data.
Other similarly anticipated international phase 3
clinical trials include the DBCG study in Denmark''?
and the PARABLE study in the UK.'*

In summary, PBT for breast cancer has low toxicity
rates and similar rates of disease control to photons, with
clear cardiac-sparing dosimetric advantages. However,
its skin toxicity remains a major concern. Conditions in
which PBT is best suited include bilateral breast cancer
cases requiring nodal irradiation on one or both sides;
locally advanced breast cancer requiring comprehensive
nodal radiotherapy, including IMC; patients with
breast cancer with an unfavorable anatomy (e.g.,
pectus excavatum) that would lead to the delivery of
unacceptably high doses to at-risk organs; and patients
requiring dose escalation to the involved or suspected
IMC nodes. The Panel’s review of the body of evidence
was moderately convincing (Level B recommendations).

6.2 Early breast cancers and partial breast
irradiation. Radiotherapy for early-stage breast cancer
without nodal irradiation usually involves smaller
radiation fields that benefit from advanced heart-
sparing techniques, such as partial breast irradiation
(PBI) and breath-hold techniques. Early phase II
clinical trials reported disease control rates similar to
those of photons, with no significant differences in
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breast pain, fibrosis, or fat necrosis.'">''® However,

significant acute and late cutaneous toxicities, such as
telangiectasia and discoloration, result in lower rates
of good-to-excellent cosmesis (60-70%). These poor
results are attributed to the use of a single treatment
field per fraction and a very high dose per fraction per
day. The Boston group received 32 Gy in 8 fractions (4
Gy per fraction twice daily), whereas the Korean group
received 30 Gy in 5 fractions (6 Gy per fraction daily).
In addition, the Boston group used a 2-3-cm expansion
in the surgical cavity to the PTV. More recent proton
PBI clinical phase 2 trials used multiple fields (2—4) for
every fraction and lower doses per fraction per day.'”'"?
The Loma Linda group received 40 Gy in 10 fractions
(4 Gy per fraction daily), and the MD Anderson group
received 34 Gy in 10 fractions (3.4 Gy per fraction twice
daily). They used smaller PTV volumes with 0.5-1 cm
expansions. These studies reported a high tumor control
rate and no grade >3 acute skin toxicities, with high
good/excellent cosmesis rates (80-90%). Currently,
there is no substantial evidence supporting the use of
PBT in early-stage breast cancer. Certain conditions
may be worth considering, such as relatively large
left-sided medial tumors near or overlying the heart
where constraints with photons, photon/electron, or
PBI using cardiac-sparing techniques are challenging to
achieve; and patients with limited ipsilateral arm range
of motion that require treatment in the arms-down
position. The Panel review of the body of evidence was
not convincing (Level D recommendations).

7. Gastrointestinal malignancies. 7.1. Locally
advanced esophageal cancer. Retrospective analyses
and dosimetric findings indicate possible advantages
of PBT in the management of esophageal cancer.
Nevertheless, translating these dosimetric benefits
into tangible improvements in clinical outcomes
remains uncertain due to the scarcity of robust clinical
evidence. A retrospective review by Xi et al'* involving
343 patients compared IMRT with PS-PBT delivered
through 2-field posterior and left posterior-oblique
approaches at a median total dose of 50.4 Gy in 28
fractions, combined with concurrent chemotherapy,
without subsequent surgery. Results showed that PBT
achieved a superior 5-year OS rate of 41.6% versus
31.6% for IMRT, with the survival advantage persisting
in multivariate analysis. Furthermore, locoregional
failure-free survival was significantly higher (HR=0.684;
p=0.041), particularly among stage III cases, while
adverse event rates were comparable between groups.
Dosimetric evaluation revealed lower mean lung and
heart doses with PBT (6.5 Gy and 11.6 Gy, respectively)
compared to IMRT (10.0 Gy and 19.9 Gy; p<0.001).
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Additionally, PBT patients exhibited significantly
reduced lung V5 Gy (28% vs. 48%), V10 Gy (23% vs.
32%), and V20 Gy (11% vs. 18%), as well as a lower
heart V30 Gy (19% vs. 24%; all p<0.001). Ishikawa et
al"?! examined PS-PBT with concurrent chemotherapy
in 40 esophageal cancer patients, predominantly with
squamous cell carcinoma. Treatment consisted of 60 Gy
in 30 fractions with 5-fluorouracil and cisplatin. The
study reported no grade 3 or higher cardiopulmonary
toxicities, alongside a 2-year OS rate of 77% and a
locoregional control (LRC) rate of 66%. Lin et al'*
conducted a randomized phase IIB trial comparing
PBT and IMRT in locally advanced disease, with
primary endpoints of total toxicity burden (TTB) and
PES. Because treatment-related complications increase
healthcare costs, a reduction in TTB could enhance the
cost-effectiveness of PBT. The trial demonstrated that
PBT yielded a mean TTB 2.3 times lower and a mean
postoperative complication score 7.6 times lower than
IMRT. However, 3-year PES and OS rates were nearly
identical between modalities (51.2% vs. 50.8% for
PES; 44.5% vs. 44.5% for OS). The group also initiated
a randomized phase III trial (NRG GI-0006) to compare
PBT and IMRT in stage I-IVA esophageal cancer, with
additional evaluation of symptom burden, functional
capacity, and quality of life (QoL). The Panel’s review of
the body of evidence was moderately convincing (Level
B recommendations).

7.2. Hepatocellular carcinoma (HCC).
Radiosensitivity and the susceptibility of the liver to
radiation-induced liver disease (RILD) are ongoing
challenges in radiotherapy. Studies have reported a
strong correlation between a normal liver volume
receiving low doses of radiation (1-10 Gy) and hepatic
toxicity.'**** This challenge is exacerbated in cases
of large HCC tumors or small normal liver volumes
(<800 cc). Two retrospective studies compared PBT
with photons in unresectable HCC and revealed
an improvement in OS with PBT."®'* The OS
improvement was secondary to the lower rates of
RILD in the PBT arm. Another challenge is that dose
escalation is more diflicult to achieve using photons than
using PBT. NRG/RTOG 1112 was a randomized phase
III study of sorafenib versus photon-based Stereotactic
Body Radiation Therapy followed by sorafenib in
HCC."” This study reported statistically significant
improvements in OS, PFS, and time to progression.
The study allowed doses of up to 50 Gy in 5 fractions;
however, the median dose in the study was only 35 Gy
because several patients required dose de-escalation to
meet liver constraints. Conversely, several PBT studies
have established that proton therapy has a low risk


http://www.smj.org.sa/index.php/smj/index

National proton therapy indications ... Afjabab et al

of post-treatment Child—Pugh (CP) score elevation
while allowing for dose escalation up to 66-72.6 Gy
RBE.!#130 Regarding RCTs, Bush et al*®! conducted
a phase 3 study of trans-arterial chemoembolization
(TACE) versus PBT 70.2 Gy RBE in 15 fractions. The
2-year OS rates were comparable between the PBT and
TACE groups (68% and 65%, respectively; p=0.80).
However, PBT significantly improved the median PFS
and LC compared with TACE (p=0.002 and p=0.003,
respectively). Post-treatment hospitalization duration
was shorter for PBT at 24 days than compared to 166
days (p<0.001). Additionally, the total average cost per
patient, including treatment and post-treatment care,
demonstrated 28% cost savings with PBT. Similarly,
Kim etal'® conducted a phase 3 study of radiofrequency
ablation (RFA) versus PBT 66 Gy RBE in 10 fractions.
The study included mainly small HCC tumors size <3
cm and number <2, with most having a CP score of A.
The 2- and 4-year OS rates were similar. However, the
2-year local PFS rate favored PBT, with a difference of
10.9% (94.8% vs. 83.9%; p<0.001). An ongoing phase
3 study (NRG GI-003) of photon therapy versus PBT
for HCC will guide future clinical practice.

The Panel’s review of the body of evidence is strongly
convincing (Level A recommendations).

7.3 Locally advanced pancreatic and ampullary
tumors. Proton therapy has the potential to enhance
the therapeutic ratio traditional ~ photon-
based radiotherapy for pancreatic cancer. Multiple
retrospective analyses have assessed the toxicity profile
of PBT in this setting, with delivered doses typically
ranging from 50.4 to 59.4 Gy (RBE). These studies
demonstrated substantial sparing of the small bowel and
reported no grade >3 non-hematologic toxicities.'3>'3
In a retrospective investigation, Hiroshima et a
evaluated the clinical outcomes of concurrent proton
chemoradiotherapy in 42 patients with unresectable,
locally advanced pancreatic carcinoma, administering
doses up to 67.5 Gy (RBE). Nearly half of the patients
(45%) experienced grade >3 toxicities, all of which were
hematologic, with no late high-grade adverse events
observed. The reported 2-year OS was 50.8%, with a
median survival duration of 25.6 months. The 2-year
LC rate reached 78.9%, and the median time to local
recurrence exceeded 36 months. The authors concluded
that concurrent chemoradiotherapy with proton beams
improved survival compared to historical photon-based
data, and that, in univariate analysis, the total radiation
dose was the only significant predictor for prolonged
OS and LC. The Panel’s review of the body of evidence
is partially convincing (Level C recommendations).

over

1135

7.4 Locally advanced rectal and anal cancer.
Proton therapy may lower radiation exposure to organs
at risk in patients with locally advanced rectal cancer. A
systematic review and meta-analysis of eight retrospective
studies found significantly reduced volumes of small
bowel, bladder, and bone marrow receiving 40 Gy
with PBT compared to photon therapy.'* The Swedish
PRORECT phase I randomized trial (NCT04525989)
is the first ongoing study to assess PBT in primary
rectal cancer. In anal cancer, clinical trials have aimed to
minimize toxicity by limiting OAR radiation dose. Two
multi-institutional investigations showed that while
PBT reduced the volume of normal tissue exposed
to low-dose radiation, it did not decrease high-dose
exposure, resulting in no significant difference in grade
23 adverse events between PBT and photons.'?”"*® The
Panel review of the body of evidence was not convincing
(Level D recommendations).

8. Prostate cancer. Numerous retrospective studies
have evaluated PBT versus photon therapy for prostate
cancer, producing varied findings; the VA Evidence
Synthesis Program recently reviewed these.”” The
largest retrospective study using the NCDB indicated
better outcomes with PBT in patients with T1-3, NO,
MO prostate cancer.'® More recently, results from the
PARTIQoL randomized clinical trial comparing PBT
and IMRT for prostate cancer were reported.'! In this
trial, patients with low- or intermediate-risk disease, not
receiving hormonal therapy, were randomly assigned to
PBT or IMRT. Stratification factors included treatment
center, patient age, use of rectal spacers, and radiation
fractionation schedules (79.2 Gy in 44 fractions versus
70 Gy in 28 fractions). The primary outcome was the
change from baseline in bowel QoL, while secondary
endpoints evaluated urinary and sexual functions,
toxicity profiles, and treatment efficacy. Findings
revealed no significant differences between PBT and
IMRT across any QoL measures or PES, including
within = stratified subgroups. In the postoperative
context, smaller studies have confirmed the practicality
of prostate bed irradiation, with ongoing randomized
trials exploring this indication further."®*'* The Panel
review of the body of evidence was not convincing
(Level D recommendations).

9. Gynecologic malignancies. A few published
studies have shown the dosimetric benefits of PBT
in gynecological cancers, including endometrial,
cervical, and vaginal cancers.'*'¥” A retrospective study
demonstrated that patients undergoing pelvic radiation
for gynecologic cancers experienced significantly less
acute grade 2 gastrointestinal toxicity with IMPT
compared to VMAT.'*® A prospective single-arm phase
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2 study investigating the safety of postoperative PBT
for cervical or endometrial cancer reported low-grade
acute and late toxicities.'” A prospective phase II trial
of PBT for cervical cancer is currently ongoing.'” The
Panel review of the body of evidence was not convincing
(Level D recommendations).

10. Softtissuesarcoma(STS).10.1. Retroperitoneal
sarcomas. The PBT has gained attention as a promising
approach for treating retroperitoneal STS, offering
potential dosimetric and clinical benefits. Dosimetric
analyses consistently show that PBT results in a lower
integral radiation dose compared to IMRT and 3DCRT,
thereby decreasing overall radiation exposure. This dose
reduction results in significantly lower radiation being
delivered to critical organs, particularly the bowels
and kidneys. Swanson et al”' found that the volume
of small bowel receiving 15 Gy was 16.4% with PBT,
compared to 52.2% and 66.1% for IMRT and 3DCRT,
respectively. Additionally, PBT achieved a contralateral
kidney V5 of 0%, markedly less than 49.9% for IMRT
and 99.7% for 3DCRT. Such precision is especially
important in the retroperitoneal region, where critical
organs lie in close proximity to the tumor. Although
clinical evidence remains limited, early data appear
promising. Chung et al"** reported a 3-year LCR of
90% in patients with primary retroperitoneal STS
treated with PBT. These findings also indicate an
acceptable toxicity profile, supporting the potential
role of proton therapy in this setting. The Panel review
of the body of evidence was not convincing (Level D
recommendations).

10.28pinal and paraspinal sarcomas. Although
data are limited, current evidence indicates a possible
role for PBT in managing spinal and paraspinal STS.
In a phase II trial involving 50 patients treated with
high-dose photon and proton radiotherapy, doses of
70 CGE were delivered for microscopic disease and 77
CGE for gross tumor. Among these patients, 7 (14%)
had soft tissue sarcomas, comprising individual cases of
angiosarcoma, spindle and round cell sarcoma, myxoid
liposarcoma, malignant peripheral nerve sheath tumor,
osteosarcoma, Ewing’s sarcoma, and giant cell tumor
of bone. At a median follow-up of 4 years, the 5-year
actuarial LC, recurrence-free survival, and OS rates for
the cohort were 78%, 63%, and 87%, respectively.'>
The Panel’s review of the body of evidence is partially
convincing (Level C recommendations).

Discussion. The expert Panel reported that the
body of evidence was strongly convincing in favor of
PBT for specific indications, including ocular tumors,

1292 Saudi Med J 2025; Vol. 46 (11) https://smj.org.sa

tumors at the BOS or spine, oropharyngeal cancer,
hepatocellular carcinoma, specific genetic syndromes
and mutations, pediatric rhabdomyosarcoma, pediatric
CNS malignancies, tumors of the paranasal sinuses/
nasal cavity, and for re-irradiation of all sites when
curative treatment was intended. In addition, PBT
may be considered at other sites when photon therapy
exceeds the dose constraints for critical structures. The
body of evidence is not convincing for leptomeningeal
disease, pleural mesothelioma, early-stage breast cancer,
locally advanced rectal and anal cancer, prostate cancer,
gynecologic malignancies, or retroperitoneal sarcoma.
The Panel did not recommend the routine use of PBT
for other cancer sites outside the context of a clinical
trial. These guidelines will be updated as more evidence-
based studies become available. Table 1 outlines future
studies, and Table 2 summarizes the recommendations.
The integration of PBT guidelines into clinical practice
faces several barriers that may hinder widespread
adoption. Limitations include limited accessibility
and high treatment costs, which restrict patient access
and contribute to disparities in treatment options.
Additionally, many clinicians and institutions lack
sufficient experience in proton treatment planning and
delivery, leading to variability in clinical outcomes.
To overcome some of these challenges, implementing
multidisciplinary tumor boards, integrating decision-
support tools, and engaging clinicians with proton
experience may aid in facilitating appropriate patient
selection and adherence to evidence-based guidelines.

The Panel updated the guidelines with the evolving
literature to aid radiation oncologists in Saudi Arabia
in determining proton therapy indications for their
patients. These guidelines are not mandatory, and
recommendations should be considered as part of the
overall assessment plan. Individual cases should be
assessed following a multidisciplinary review and expert
consultation, while accounting for financial, logistical,
and patient-specific factors.

In conclusion, the updated guidelines aim to
align national practices with the evolving landscape
of literature in the proton therapy space. Further
randomized trials are necessary to refine the current
guidelines. These guidelines provide a framework for
radiation oncologists in Saudi Arabia to evaluate the
indications for proton therapy and selectively refer
patients for this treatment.
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Table 1 - Current proton versus photon clinical trials.

Site Subsite Study ID Status Phase
Central nervous system High-grade glioma NRG BNO001 Closed 2023 Phase 2 RCT
Head and neck Unilateral Radiation (N CTI(\)AZS9§3 570) Open Phase 2 RCT
Salivary Tumors (NCT01220583) Open Phase 2/3 RCT
Thoracic Lung cancer (Nfg:l%?;)gg? 0) Closed 2023 Phase 3 RCT
Breast Locally advanced RADCOMP (US) Closed 2024 RCT
Locally advanced PARABLE (UK) Open RCT
Locally advanced D%g?ﬂf}:jﬁj)n 2 Open RCT
Hypofractionation COMPRO Open RCT
Gastro-intestinal Liver NRG GI003 Open Phase 3 RCT
Esophageal NRG GI006 Open Phase 3RCT
Rectal PRORECT Open Phase 2 RCT
Prostate Prostate (standard and hypofractionation) COMPPARE Closed 2022 Prospective
Prostate, post-prostatectomy NRG GU008 Open Phase 3 RCT
Prostate, post-prostatectomy PAROS Open Phase 3 RCT
Prostate high-risk, allows protons NRG GU009 Open Phase 3 RCT
Prostate intermediate-risk, allows protons NRG GU010 Open Phase 3 RCT
Gynecologic Cervical cancer PROTECT Open Phase 2
*RCT: Randomized controlled trial
Table 2 - Summary of Current Recommendations based on published evidence.
Disease site No. Description Hifgheft Level - Recommendation
of Evidence level
1 General 1.1A° Benign/malignant tumors in children v A
1.1B Benign or malignant tumors in patients (<39 years) v B
1.2 Tumors in patients with specific genetic syndromes and mutations I A
1.3 Curative intent re-irradiation 111 A
2 Central nervous system (CNS) 2.1 Ocular tumors II A
2.2 Base of skull and spinal tumors I A
2.3 Primary adult CNS tumors that require craniospinal irradiation v B
2.4 Adult low-grade glioma I B
2.5  Acoustic neuromas and vestibular schwannomas v C
2.6 Leptomeningeal disease requiring craniospinal irradiation I D
3 Pediatric malignancies 3.1 Pediatric CNS tumors v A
3.2 Pediatric Rhabdomyosarcoma v A
4 Head and neck 4.1A  Locally advanced Nasopharynx I B
4.1B  Unresectable nasal cavity and paranasal sinus cancers I A
4.2 Advanced oropharyngeal cancer I A
4.3 Head and neck cancers requiring ipsilateral radiation 111 B
5 Thoracic 5.1 Primary mediastinal tumors v C
5.2 Bulky mediastinal lymphomas 111 B
5.3 Malignant pleural mesothelioma 1\% D
5.4 Inoperable non-small cell lung cancer stages IT & IIT 1I C
6 Breast 6.1 Breast cancers requiring nodal treatment, with specific conditions I B
6.2 Early breast cancer I D
7 Gastrointestinal 7.1 Advanced esophageal cancer 11 B
7.2 Hepatocellular carcinoma (Child-Pugh A) 1 A
7.3 Locally advanced pancreatic & ampullary tumors v C
7.4 Advanced rectal/Anal cancer I D
8 Prostate 8.1 Prostate cancer I D
9 Gynecologic 9.1 Gynecologic malignancies v D
10 Soft tissue sarcoma 10.1  Retroperitoneal sarcoma v D
10.2  Spinal and paraspinal sarcomas 11 C
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