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Simple Summary

This review article explains how proton beam therapy, a more precise form of radiation
treatment, may improve care for women with gynecological cancers such as cervical, uter-
ine, and ovarian cancer. Unlike traditional radiation, proton therapy can target tumors
more accurately while reducing damage to nearby healthy organs like the bowel and blad-
der. This may help lower side effects and improve quality of life. The review also discusses
current challenges, including high cost and limited availability, and highlights the need
for more clinical studies in the future.

Abstract

Radiation therapy is central to the management of gynecological cancers, including endo-
metrial, cervical, ovarian, and vaginal malignancies. Despite advances in photon-based
techniques, treatment-related toxicity remains significant owing to the anatomical prox-
imity of pelvic targets to critical organs at risk (OARs), including the bowel, bladder, and
bone marrow. Proton beam therapy exploits the Bragg peak to deliver a precise dose at
depth with minimal exit dose, potentially reducing OAR exposure. This review develops
the physical principles, dosimetric evidence, and early clinical data for proton therapy in
gynecological malignancies, including cervical, endometrial, ovarian, vaginal, and vulvar
cancers. Major focus is given to clinical conditions where conventional brachytherapy is
not practical, and proton therapy may offer the greatest advantages, such as reirradiation
for recurrent disease, post-operative pelvic irradiation, and extended field nodal treat-
ment. This review also emphasizes current constraints that have slowed down wide clin-
ical implementation, such as the lack of mature prospective data, cost, and accessibility.
Finally, we emphasize future directions, including well-designed comparative trials, inte-
gration with systemic and immunotherapies, and adaptive treatment strategies. As the
body of accumulated evidence evolves, the proton beam therapy potential for the treat-
ment of gynecological malignancies has tremendously increased due to its role in safety
and personalization of radiation treatment.

Keywords: proton beam therapy; gynecological cancers; radiation oncology; cervical
cancer; endometrial cancer; ovarian cancer; pelvic irradiation; dosimetry; organs at risk;
reirradiation; adaptive radiation therapy; proton therapy; radiation toxicity; precision
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1. Introduction

Gynecological malignancies, encompassing cancers of the cervix, endometrium,
ovary, vagina, and vulva, represent a significant global health burden affecting women
across all age groups. Radiation therapy plays a pivotal role in the curative and palliative
management of these diseases, either as definitive treatment, adjuvant therapy following
surgery, or in the reirradiation setting for recurrent disease [1]. Despite advances in pho-
ton-based radiation techniques, including intensity-modulated radiation therapy (IMRT)
and volumetric modulated arc therapy (VMAT), treatment-related toxicities remain a sub-
stantial clinical challenge due to the anatomical proximity of gynecological targets to crit-
ical pelvic organs at risk (OARs) [2].

The pelvic anatomy presents unique challenges for radiation delivery [3]. The blad-
der, rectum, sigmoid colon, small bowel, and pelvic bone marrow are in close proximity
to gynecological treatment volumes, making it difficult to achieve adequate target cover-
age while minimizing normal tissue exposure with conventional photon techniques [4].
Acute toxicities, including diarrhea, cystitis, proctitis, and hematologic suppression, can
compromise treatment completion and quality of life during therapy. Late complications
such as chronic enteritis, fistula formation, pelvic insufficiency fractures, and secondary
malignancies can have profound long-term impacts on survivors [4].

Proton beam therapy represents a paradigm shift in radiation oncology, leveraging
fundamental physical properties that distinguish protons from photons [5]. The finite
range of protons in tissue and the characteristic Bragg peak, a sharp increase in energy
deposition at the end of the proton’s path, enable precise dose delivery with minimal exit
dose beyond the target [6,7]. This physical advantage translates into the potential for su-
perior sparing of normal tissues while maintaining or improving target coverage. For gy-
necological malignancies, where treatment volumes often encompass large pelvic fields
and where patients may be young with long life expectancies, the promise of reduced
integral dose and OAR exposure is particularly compelling [8,9].

The rationale for proton therapy in gynecological cancers is multifaceted [10]. First,
dosimetric modeling consistently predicts substantial reductions in dose to critical struc-
tures, which may translate into decreased acute and late toxicity. Second, reduced bone
marrow exposure may preserve hematologic function during concurrent chemotherapy,
potentially allowing for better treatment compliance and dose intensity. Third, a lower
integral body dose may reduce the risk of secondary malignancies, an important consid-
eration for younger patients with favorable prognoses. Fourth, in the reirradiation setting,
proton therapy’s ability to minimize dose to previously irradiated tissues may expand
treatment options for patients with recurrent disease.

However, it is important to note that the current evidence base consists predomi-
nantly of dosimetric planning studies and small retrospective or registry cohorts. No ran-
domized controlled trial has yet demonstrated clinical superiority of proton over modern
photon therapy in gynecological malignancies. Dosimetric advantages, while consistent
and promising, must therefore be clearly distinguished from proven clinical benefit, and
all claims of reduced toxicity or improved outcomes should be considered preliminary
pending prospective validation [11].

This comprehensive review aims to synthesize the current state of knowledge regard-
ing proton beam therapy for gynecological malignancies. We examine the physical and
radiobiological principles underlying proton therapy, critically analyze dosimetric com-
parisons with photon techniques, review clinical outcomes by disease site, discuss special
treatment scenarios, explore integration with systemic therapies and adaptive approaches,
and identify current limitations and future research directions. Our goal is to provide ra-
diation oncologists, gynecologic oncologists, and other stakeholders with an evidence-
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based framework for understanding the role of proton therapy in the contemporary man-
agement of gynecological cancers.
A systematic search of PubMed/MEDLINE, EMBASE, and ClinicalTrials.gov was

i

conducted using the MeSH terms and keywords: “proton therapy,” “proton beam ther-

s

1 3 : v v
apy,” “gynecological malignancies,

"o

cervical cancer,” “endometrial cancer,” “ovarian

” o

cancer,” “vaginal cancer,
and “NTCP.” The search spanned publications from inception through March 2026 and

o s o

vulvar cancer,” “radiation therapy,” “dosimetry,” “toxicity,”
was restricted to English-language articles. Studies were included if they reported original
dosimetric comparisons, clinical outcomes, or review data pertaining to proton therapy in
gynecological cancers. Case reports with fewer than three patients, non-English articles,
and conference abstracts without full data were excluded. Two authors independently

screened titles and abstracts, with discrepancies resolved by consensus.

2. Physical Principles and Radiobiological Basis of Proton Therapy
2.1. Fundamental Physics of Proton Beam Interactions

Proton beam therapy exploits fundamental differences in the physical interactions of
charged particles compared to photons as they traverse tissue. Unlike photons, which de-
posit dose exponentially along their path with maximum dose near the surface and con-
tinuous exit dose beyond the target, protons exhibit a characteristic depth—dose distribu-
tion known as the Bragg peak [12,13].

Modern proton therapy employs pencil-beam scanning (PBS) technology, which de-
livers treatment using magnetically steered narrow proton beamlets of varying energies
and intensities. This approach enables intensity-modulated proton therapy (IMPT), anal-
ogous to photon IMRT, where the three-dimensional dose distribution is optimized by
modulating the number of protons delivered to each spot position and energy layer. IMPT
provides superior dose conformality compared to passive scattering techniques and al-
lows for sophisticated optimization strategies, including robust optimization to account
for uncertainties [14,15]. This phenomenon arises from the inverse relationship between
proton energy and linear energy transfer (LET): as protons slow in tissue, they deposit
increasing amounts of energy per unit path length, culminating in a sharp peak at the end
of their range, followed by a rapid dose fall-off [16].

The depth of the Bragg peak is determined by the initial proton energy, with higher
energies penetrating deeper into tissue [Figure 1A,B].

Clinical proton therapy systems typically generate proton beams with energies rang-
ing from 70 to 250 MeV, corresponding to ranges in tissue from approximately 4 to 38 cm.
This finite range is a critical advantage, as it eliminates exit dose beyond the target volume,
a fundamental limitation of photon therapy that cannot be overcome by any beam ar-
rangement or optimization strategy [17].
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Figure 1. Comparison of depth—dose distributions between protons and photons. (A) The physical
advantage of proton therapy is characterized by the Bragg peak. Conventional megavoltage photons
(dashed line) demonstrate an initial dose build-up followed by exponential attenuation, resulting in
a significant exit dose beyond the target volume. In contrast, the proton beam (solid line) maintains
a low entry dose and deposits most of its energy at a specific, adjustable depth, with a rapid distal
fall-off and no exit dose. This property allows for superior sparing of healthy tissues located deep
to the tumor. (B) Cross-sectional representation of the clinical application of proton therapy in the
pelvis. The proton beam (indicated by the directional arrow) achieves a precise stop within the tar-
get volume (cervix/uterus). Because the beam does not traverse the entire body like a standard pho-
ton beam, posterior organs at risk, such as the rectum, are spared from unnecessary radiation expo-
sure, thereby reducing the “integral dose” to the patient. This visualization highlights the reduction
in the “integral dose” to the patient. Created in BioRender. Bakshi H. (2026) https://BioRen-

der.com/Basic.

2.2. Relative Biological Effectiveness

A critical consideration in proton therapy is the relative biological effectiveness (RBE),
which quantifies the biological effect of proton radiation relative to photon radiation for a
given absorbed dose [18]. Current clinical practice employs a generic RBE value of 1.1,
meaning that 1 Gy of proton dose is considered biologically equivalent to 1.1 Gy of photon
dose. This value is based on extensive in vitro and in vivo experimental data and has been
used throughout the history of clinical proton therapy [18]. According to AAPM TG-256,
RBE values at the distal edge of the SOBP can range from approximately 1.1 to 1.7 de-
pending on dose per fraction, tissue alpha/beta ratio, and LET [19]. For posterior and lat-
eral proton beam arrangements in pelvic treatments, the posterior bladder wall and ante-
rior rectal wall may reside at or near the distal field edge, where RBE enhancement is
greatest. Underestimation of biological dose in these OARs under a fixed RBE = 1.1 as-
sumption represents a clinically meaningful uncertainty, particularly for hypofraction-
ated schedules or high-LET beam arrangements. Research groups are developing varia-
ble-RBE treatment-planning models [20]; however, insufficient clinical evidence currently

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

5 of 37

supports departing from the fixed RBE = 1.1 for routine practice. Oncologists applying
proton therapy to pelvic targets should nevertheless be aware of this biological uncer-
tainty, particularly when OARs are deliberately positioned near distal field edges.

2.3. Dosimetric Advantages: Theoretical Framework

The physical properties of protons translate into several dosimetric advantages rele-
vant to gynecological malignancies:

Reduced integral dose: The absence of exit dose and the concentrated energy depo-
sition in the Bragg peak result in substantially lower integral dose to the patient compared
to photon techniques [11]. This is particularly relevant for large pelvic treatment volumes
where photon plans necessarily irradiate significant volumes of normal tissue [21]

Improved dose conformality: IMPT can achieve highly conformal dose distributions
that closely match complex target geometries while respecting dose constraints to adjacent
OARSs. The ability to control dose deposition in three dimensions with minimal proximal
and no distal dose provides degrees of freedom not available with photon therapy [22].

Reduced low-dose bath: Photon IMRT, particularly with multiple beam angles, cre-
ates a characteristic low-dose bath throughout the pelvis and abdomen [22]. Proton ther-
apy dramatically reduces the volume of tissue receiving low doses (e.g., V5Gy, V10Gy),
which may be relevant for reducing secondary malignancy risk and preserving bone mar-
row function [22].

Organ-specific sparing: For gynecological targets, proton therapy can selectively
spare specific OARs based on their geometric relationship to the target [23]. Anteriorly
located bladder, posteriorly located rectum and sigmoid, superiorly located small bowel,
and circumferentially distributed pelvic bone marrow can all benefit from reduced dose
exposure [23]. As illustrated in Figure 2, the unique physical properties of the proton beam
allow for high-dose conformality to the endometrial target while ensuring a rapid distal
fall-off that protects these critical adjacent structures.

Endometrium
: Target
w (Target) /Pelvic Anatomy
3 —
==

/ r : "
{ “ | === v/
\:l | : Proton f
. / | Beam

Proton Beam

Injector Bragg Peak—Targeted Dose

Precision targeting with minimal collateral tissue damage

Figure 2. Schematic of targeted proton delivery in endometrial malignancy. This illustration demon-
strates the clinical application of the Bragg peak for precision dose deposition within a gynecological
target known as critical target volume (CTV). The proton injector delivers a modulated beam that
conforms to the geometry of the tumor while ensuring a rapid distal fall-off. This mechanical prop-
erty allows for the delivery of therapeutic doses to the primary site while effectively sparing critical
adjacent organs at risk (OARs), specifically the anteriorly located bladder and the posteriorly located
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rectum and sigmoid colon, thereby minimizing the integral dose to healthy pelvic tissue. Created in
BioRender. Bakshi H. (2026) https://BioRender.com/Basic.

These theoretical advantages provide the foundation for clinical investigation of pro-
ton therapy in gynecological malignancies, with the goal of translating dosimetric im-
provements into clinically meaningful reductions in toxicity and improvements in quality
of life.

3. Dosimetric Comparisons with Photon-Based Techniques
3.1. Methodology of Comparative Planning Studies

It must be emphasized that no randomized controlled trial has yet demonstrated clin-
ical superiority of IMPT over modern photon techniques in gynecological malignancies.
The dosimetric evidence reviewed here is, by definition, hypothesis-generating. State-
ments regarding predicted toxicity reductions should be framed accordingly throughout
the manuscript [24].

Proton Therapy Versus Modern Adaptive Photon Techniques

A clinically pivotal question is whether IMPT provides meaningful dosimetric or
clinical benefit beyond state-of-the-art adaptive photon approaches, including MR-guided
radiotherapy (MRgRT) and online adaptive IMRT/VMAT. Available dosimetric compari-
sons indicate that modern adaptive photon platforms substantially reduce OAR dose ver-
sus conventional IMRT; however, IMPT continues to show incremental advantages in
low-dose bath reduction (V5Gy, V10Gy) to small bowel and pelvic bone marrow —metrics
less amenable to improvement through beam-angle optimization alone. The dosimetric
margin between modern adaptive photon and proton approaches is nonetheless narrow-
ing. No prospective clinical trial has demonstrated that IMPT is superior to state-of-the-
art adaptive photon therapy in terms of patient-reported or clinician-graded outcomes in
gynecological malignancies [25].

3.2. Small-Bowel Dose Reduction

Small-bowel toxicity represents one of the most significant dose-limiting factors in
pelvic radiation therapy [26]. Acute enteritis, manifesting as diarrhea, cramping, and mal-
absorption, can compromise treatment completion and quality of life, while late compli-
cations, including stricture, obstruction, and fistula formation, can be devastating. Multi-
ple dosimetric studies have demonstrated substantial small-bowel sparing with IMPT
compared to photon techniques [26].

In a landmark intra-individual comparison by Marnitz et al. involving 20 patients
with locally advanced cervical cancer, IMPT reduced mean small-bowel dose by 38-52%
compared to photon techniques (IMRT, helical tomotherapy, and VMAT) [23]. For pa-
tients receiving pelvic irradiation, the mean small-bowel dose decreased from 30.2 to 34.1
Gy with photon techniques to 18.6 Gy with IMPT. For extended-field radiation therapy
(EFRT) including para-aortic nodes, the reduction was even more pronounced, from 24.0
to0 26.3 Gy to 13.8 Gy. Importantly, the volume of small bowel receiving low doses (V10Gy)
was reduced by approximately 50% with IMPT, which may be particularly relevant for
reducing acute toxicity [23].

Boer et al. investigated the combination of MRI-based target tailoring and IMPT for
cervical cancer, demonstrating that IMPT alone reduced the NTCP for Grade >2 acute
small-bowel toxicity from 25% to 18%, with further reduction to 9% when combined with
adaptive target tailoring [27]. This study highlighted that IMPT provides clinically mean-
ingful reductions in predicted toxicity, with NTCP reductions exceeding 10% when base-
line small-bowel V45Gy exceeded 275 cm? [27].
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Hashimoto et al. compared spot-scanning proton therapy (SSPT) with IMRT and 3D-
CRT for whole-pelvic radiotherapy in 10 cervical cancer patients, finding that SSPT re-
sulted in lower median V20 values for the small intestine and superior mean dose sparing
compared to other modalities [28]. The homogeneity and conformity indices were also
favorable for SSPT, suggesting improved dose distributions [28].

3.3. Bladder and Rectum Sparing

Bladder and rectal toxicities, including cystitis, proctitis, bleeding, fistula formation,
and functional impairment, significantly impact quality of life for gynecological cancer
survivors. Dosimetric studies have consistently shown reductions in bladder and rectum
dose with IMPT, though the magnitude of benefit varies depending on target location and
field arrangement.

Marnitz et al. reported that IMPT decreased the mean dose to bladder and rectum by
approximately 7-9 Gy compared to photon approaches in the same patients [23]. While
these reductions are less dramatic than those observed for the small bowel, they may still
translate into clinically meaningful toxicity reductions, particularly for late effects where
dose-response relationships are steep.

Shang et al. performed a detailed robustness analysis comparing IMPT with helical
IMRT for cervical cancer, demonstrating that robustly optimized IMPT achieved lower
NTCP values for rectum (2.8% vs. 4.8%, p < 0.05) and sigmoid colon (5.2% vs. 5.7%, p <
0.05) compared to IMRT [29]. This study employed sophisticated robust optimization
techniques to account for setup and range uncertainties, providing more clinically realistic
estimates of achievable dose distributions [29].

For boost treatments in cervical cancer, Sharma et al. compared pencil-beam scanning
with photon-based stereotactic body radiation therapy (SBRT) in patients unable to re-
ceive brachytherapy, finding that PBS significantly reduced integral dose to normal tis-
sues and achieved lower maximum doses to bladder and rectum [30]. However, it is im-
portant to note that even advanced external beam techniques, including IMPT, generally
remain inferior to high-quality image-guided brachytherapy for cervical cancer boost
treatments, as demonstrated by Georg et al. [4].

3.4. Pelvic Bone Marrow Sparing

Preservation of pelvic bone marrow (PBM) function is particularly important in gy-
necological malignancies, where concurrent chemotherapy is standard for many patients.
Hematologic toxicity can lead to treatment delays, dose reductions, or discontinuation of
chemotherapy, potentially compromising oncologic outcomes. Additionally, bone mar-
row suppression may impair immune function, which is increasingly recognized as rele-
vant for both tumor control and response to immunotherapy.

Multiple studies have demonstrated substantial PBM sparing with proton therapy.
Wark et al. conducted a matched-pair cohort study of 50 patients (25 IMPT, 25 IMRT) with
cervical or endometrial cancer receiving postoperative radiation, finding that IMPT sig-
nificantly reduced integral dose to the pelvic skeleton (23.4 Gy[RBE] vs. 34.3 Gy, p <0.001)
[31]. Average V5Gy, V10Gy, and V20Gy to the pelvic skeleton were reduced by 40%, 41%,
and 28%, respectively (p < 0.001). This dosimetric advantage translated into significantly
less hematotoxicity in the IMPT group (32% vs. 80%, p = 0.0009), with particularly striking
reductions in Grade >2 hematotoxicity (8% vs. 36%, p = 0.037) [31]. This correlation be-
tween reduced skeletal dose and improved clinical hematologic outcomes is visually sum-
marized in Figure 3.
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Figure 3. Impact of IMPT on bone marrow sparing and hematologic outcomes. Data from [32] (IMPT
n =25, IMRT n = 25, matched-pair cohort). (A) Grade >2 HT: 8% (IMPT) vs. 36% (IMRT), p = 0.037.
Any-grade HT: 32% (IMPT) vs. 80% (IMRT), p = 0.0009. V10 pelvic skeleton shown as a mean per-
centage. (B) Mean skeletal dose: 23.4 Gy (IMPT) vs. 34.3 Gy (IMRT), p < 0.001. Sample sizes (1 =25

per group).

Xu et al. evaluated extended-field radiation for endometrial cancer, comparing pen-
cil-beam scanning (PBS) with IMRT in 25 patients [25,32]. PBS resulted in 22% lower me-
dian PBM volume irradiated to 10 Gy[RBE] (71.3% vs. 93.4%, p <0.001), with significantly
lower dose volumes across the range from 0 to 26 Gy [25,32]. This is particularly relevant
for extended-field treatments, where large volumes of bone marrow are at risk.

Song et al. compared IMRT with three-dimensional conformal proton therapy
(B3DCPT) specifically for PBM sparing in cervical cancer, demonstrating that 3DCPT
showed superiority in reducing lower doses (V30 or less) to PBM, with average V10 and
V20 reductions of 10.8% (p = 0.001) and 7.4% (p = 0.04), respectively [33]. Interestingly,
IMRT provided better sparing for higher doses (>V30), highlighting the complementary
strengths of different techniques [33].

Lin et al. reported that PBS significantly lowered the volume of pelvic bone marrow
receiving 10 to 30 Gy compared to IMRT (p < 0.05) in 11 posthysterectomy patients, while
maintaining target coverage robustness [34]. This early clinical feasibility study provided
proof-of-concept that the dosimetric advantages observed in planning studies could be
realized in clinical practice [34]. The integrated clinical and dosimetric advantages of pro-
ton beam therapy (PBT) synthesized from these representative studies are summarized in
Table 1. By consolidating the quantitative sparing of the gastrointestinal, hematological,
and genitourinary systems, this summary underscores the superior therapeutic ratio of
IMPT over traditional photon-based modalities. It further highlights the mechanical ne-
cessity of advanced delivery techniques, such as pencil-beam scanning and adaptive re-
planning, to maintain these clinical gains.

Several confounding factors should be considered when interpreting reported hema-
tologic toxicity differences between proton and photon cohorts. First, bone marrow con-
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touring methodology varies widely: some studies contour the whole pelvic skeleton while
others use MRI-derived active marrow subvolumes, producing non-comparable dose-
volume metrics. Second, radiation field extent (pelvis-only vs. extended-field para-aortic)
substantially affects the bone marrow volume irradiated, confounding cross-study com-
parisons. Third, chemotherapy regimen details —cisplatin dose intensity, weekly versus
triweekly scheduling, and concurrent bevacizumab —independently modulate hemato-
logic toxicity and were not uniformly reported. Fourth, patient-level factors, including
baseline blood counts, prior chemotherapy exposure, and body habitus, represent addi-
tional confounders rarely controlled in available studies. Future investigations should
adopt standardized bone marrow contouring protocols and report full chemotherapy reg-
imen details to enable valid comparisons.

Table 1. Summary of dosimetric sparing and clinical outcomes in pelvic PBT.

Clinical Do-
main

Gastrointestinal
(G))

Hematological
(BM)

Genitourinary
(GU)

Target Coverage

Technical Deliv-
ery

Dosimetric Metric
(PBT vs.
IMRT/VMAT)

38-52% reduction in
mean small-bowel

dose (V15Gy-V45Gy)

Lower V10Gy/V20Gy

to the pelvic bone
marrow skeleton;

mean skeletal dose re-

duced from 34.3 Gy
(IMRT) to 23.4 Gy
(IMPT)

Mean bladder dose
reduction of 7-9 Gy

Superior conformality

using pencil-beam
scanning (PBS); DVH
band widths 0.6% vs.

2.1% (IMPT vs. IMRT)

Necessity of adaptive

replanning protocols;

CTV centroid shift >3

mm triggers plan ad-
aptation

Clinical Signifi-
cance

Significant decrease
in acute Grade 2+
diarrhea and enteri-
tis

Reduction in Grade
2+ neutropenia
(from 36% to 8%)
during cisplatin-
based chemoradia-
tion

Potential for im-
proved long-term
urinary function
and reduced ur-

gency

Maintenance of tar-
get coverage (V95%)
despite proximity to
OARs under robust
optimization

Mitigates range un-
certainties caused
by bladder and rec-
tal volume shifts
during treatment

Patient n

n =20 (pelvic);
n =10 (EFRT)

n =50 (25 IMPT,
25 IMRT);
n =25 (EFRT)

n=18
(robustness);

n=11
(postop. PBS)

Multiple studies

Key Reference(s)

Marnitz et al. [23]
Boer et al. [27]
Hashimoto et al.
[28]

Wark et al. [31]
Xu et al. [25]
Song et al. [33]
Lin et al. [34]

Marnitz et al. [23]

Shang et al. [29]
Lin et al. [34]

Shang et al. [29]
Yoshimura et al. [3]
PROTECT trial [35]

Associated Figure

Figures 2 and 3

Figures 3 and 5

Figures 3 and 6

Figure 1

Figures 4 and 7

3.5. Normal Tissue Complication Probability Modeling

Beyond simple dose-volume metrics, several studies have employed NTCP modeling
to estimate the clinical impact of dosimetric differences. Yoshimura et al. (n = 13) com-
pared ro-IMPT, 3D-CRT, and IMXT, finding median NTCP for acute hematologic toxicity
of 0.06 (ro-IMPT) versus 0.20 (3D-CRT) and 0.19 (IMXT); for late gastrointestinal toxicity,
0.15 x 10! versus 0.58 x 10! and 0.24 x 107, respectively [3,33]. These modeling results
suggest clinically meaningful predicted toxicity reductions.

A critical methodological caveat is that established NTCP models —including the
Lyman-Kutcher-Burman and logistic regression models—were derived from photon
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dose-volume datasets. The spatially distinct dose distributions produced by proton ther-
apy, particularly the steeper dose gradients and markedly reduced low-dose bath, may
not conform to photon-derived dose-response relationships. Furthermore, variable RBE
introduces additional biological uncertainty at tissue interfaces in the distal fall-off region,
potentially causing NTCP models to under- or over-estimate actual complication proba-
bilities. It is therefore an important research priority to develop proton-specific NTCP
models derived from prospective proton cohorts with standardized dose reporting, rather
than relying solely on photon-derived surrogates [34].

3.6. Target Coverage and Plan Robustness

A critical consideration in proton therapy is plan robustness —the ability of the plan
to maintain adequate target coverage and OAR sparing in the presence of uncertainties,
including setup errors, organ motion, and proton range uncertainties. Unlike photon ther-
apy, where dose distributions are relatively insensitive to small positional changes, proton
therapy is vulnerable to range uncertainties arising from CT Hounsfield unit conversion
errors, tissue heterogeneities, and anatomical changes [28]. This dynamic interaction be-
tween anatomical shift and range uncertainty is detailed in the adaptive re-planning cycle
shown in Figure 4.

The Trigger:
1 Full bladder pushes uterus backward

3
The Solution:

Adaptive Re-Planning
Aligns Beam to Current

2

The Risk:
Range Uncertainty

Intended
Range
- -p

Proton beam stops short
of tumor due to new
tissue density.

Ensuring precision through the 5-week course.

Figure 4. The adaptive re-planning cycle: ensuring precision amidst anatomical variation. This sche-
matic illustrates the clinical workflow required to manage the unique physical properties of proton
beams during a 5-week pelvic radiation course. 1. The Trigger (Anatomical Shift): Physiological
changes, such as a full bladder, can push the target volume (uterus) backward, deviating from the
original static treatment plan. 2. The Risk (Range Uncertainty): Because protons stop at a specific
depth based on tissue density, this shift causes the beam to stop short of the intended target, poten-
tially under-dosing the tumor. 3. The Solution (Adaptive Re-Planning): Routine verification imaging
triggers a recalculation of the plan, aligning the beam to the current anatomy to ensure robust target
coverage and optimal sparing of surrounding organs at risk. Created in BioRender. Bakshi H. (2026)
https://BioRender.com/basic.

Practical Motion Management and Adaptive Replanning Workflows

Interfractional anatomical variation is a fundamental challenge in pelvic proton ther-
apy. Bladder and rectal filling fluctuations directly alter tissue density along beam paths

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

11 of 37

and shift the Bragg peak position. Standard clinical mitigation strategies include (1) prep-
aration protocols: standardized voiding instructions, timed oral hydration for consistent
bladder filling, and endorectal balloons in selected patients to reduce rectal volume vari-
ability; (2) plan libraries: generation of 2-3 contingency plans from planning CTs obtained
at different bladder-filling states, with daily selection of the best-matching plan based on
online imaging (offline adaptive approach); (3) adaptive replanning triggers: most centers
initiate offline or online replanning when daily imaging demonstrates CTV centroid
shift >3 mm, D95 target coverage fall >5%, or OAR dose constraint violation; (4) imaging
modalities: orthogonal kV imaging verifies bony anatomy but cannot detect soft tissue
changes, CBCT provides volumetric anatomy but has limited Hounsfield unit accuracy
for proton range recalculation, fan-beam CT-on-rails offers superior Hounsfield unit fidel-
ity for range verification, synthetic CT generated from CBCT is an emerging alternative;
(5) online adaptive proton therapy—plan modification immediately before each frac-
tion —requires fast CT imaging, rapid Monte Carlo dose calculation, and streamlined QA,
and remains available at a limited number of specialist centers.

4. Clinical Evidence by Disease Site

An important caveat applies to all clinical evidence reviewed in this section: no ran-
domized or prospective comparative trial has demonstrated superiority or confirmed
equivalence of proton versus photon therapy for locoregional control, progression-free
survival, or overall survival in any gynecological malignancy. Available dosimetric data
confirm that IMPT achieves comparable target coverage metrics (V95%, D99%) to IMRT,
providing dosimetric—but not clinical —evidence of equivalent tumor dose delivery. The
biological equivalence assumption (RBE = 1.1) implies similar expected cell kill for equiv-
alent physical doses, but this assumption carries uncertainty, particularly at distal field
edges. All statements regarding clinical benefit in this section reflect early, preliminary
data and are subject to prospective validation. Ongoing trials —PROTECT and
APROVE —should incorporate locoregional control and survival as secondary endpoints
to begin addressing this critical evidence gap.

4.1. Cervical Cancer
4.1.1. Background and Treatment Paradigms

Cervical cancer remains a leading cause of cancer-related mortality in women world-
wide, particularly in resource-limited settings [36]. Standard treatment for locally ad-
vanced cervical cancer (LACC) consists of concurrent chemoradiation followed by image-
guided brachytherapy boost [36]. For early-stage disease with high-risk features, postop-
erative pelvic radiation with or without chemotherapy is indicated. The proximity of cer-
vical tumors to bladder, rectum, sigmoid colon, and small bowel makes this an ideal dis-
ease site for exploring the potential benefits of proton therapy [37].

4.1.2. Definitive Treatment Setting

The evidence for proton therapy in the definitive treatment of cervical cancer consists
primarily of dosimetric planning studies and small clinical series. Kagei et al. reported
long-term results of proton beam therapy for carcinoma of the uterine cervix in an early
series from Japan, though detailed outcome data are limited in the available literature [38].
This pioneering work established the feasibility of proton therapy for cervical cancer but
predated modern IMPT techniques.

Multiple planning studies have demonstrated substantial dosimetric advantages for
IMPT in the definitive setting. Marnitz et al. showed that IMPT reduced small-bowel mean
dose by 38-52% compared to photon techniques for both pelvic and extended-field irra-
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diation in 20 patients with FIGO stage IB2-IVA cervical cancer [23]. All techniques pro-
vided excellent target volume coverage, homogeneity, and conformity, but protons of-
fered superior OAR sparing that the authors suggested could contribute to significant re-
ductions in acute and late toxicity [23].

Critical point: Image-guided brachytherapy (IGBT) is and must remain the irreplace-
able standard of care for the boost component of definitive cervical cancer treatment. No
external beam technique, including IMPT, should substitute for IGBT in anatomically eli-
gible patients. Georg et al.’s benchmark study demonstrated inferior gross tumor volume
coverage (lower D90) and less favorable dose distributions with both IMPT and IMRT
versus high-tech brachytherapy in nine patients [4]. The dosimetric superiority of IGBT
reflects the fundamental geometric advantage of intracavitary dose delivery that beam
quality improvements cannot overcome. Proton therapy must therefore be understood as
strictly complementary to brachytherapy, not as a replacement. External beam boost with
IMPT represents a second-line option reserved for the minority of patients in whom
brachytherapy is anatomically or medically contraindicated.

For patients unable to receive brachytherapy due to anatomical constraints or other
factors, an external beam boost may be necessary. Sharma et al. compared pencil-beam
scanning with photon-based SBRT for boost treatment in five patients, demonstrating that
PBS significantly reduced integral dose to normal tissues (14.17 + 2.65 Gy vs. 25.29 + 6.35
Gy for IMRT and 25.24 + 6.24 Gy for VMAT) and achieved lower maximum doses to blad-
der and rectum [30]. While these dosimetric advantages are encouraging, clinical valida-
tion of outcomes is needed [30].

4.1.3. Postoperative Setting

The postoperative setting represents a particularly promising application for proton
therapy, as target volumes are typically well-defined and the absence of gross disease may
reduce concerns about range uncertainties. Lin et al. reported the initial clinical experience
with pencil-beam scanning proton therapy for 11 posthysterectomy patients with gyneco-
logic cancer (seven cervical, three endometrial, one vaginal) receiving whole pelvis radia-
tion therapy [34]. All patients completed treatment to 45-50.4 Gy[RBE]. Among nine pa-
tients receiving concurrent chemotherapy, Grade 2 and 3 hematologic toxicities occurred
in 33% and 11%, respectively, and Grade 3 acute gastrointestinal toxicity occurred in 9%
of patients. No patient developed Grade 23 genitourinary toxicity [34]. These toxicity rates
compare favorably to historical photon series, though direct comparative data are limited.

Dosimetric analysis in the Lin et al. series confirmed that PBS significantly lowered
the volume of pelvic bone marrow, bladder, and small bowel receiving 10 to 30 Gy com-
pared to IMRT (p <0.05), while rectum dose was comparable [35]. Target coverage robust-
ness was maintained under simulated setup uncertainties, supporting the clinical feasibil-
ity of PBS in this setting [34].

4.1.4. Extended-Field Nodal Irradiation

Extended-field radiation therapy, including para-aortic lymph nodes, is indicated for
patients with documented para-aortic nodal involvement or high risk of occult disease.
The large treatment volumes involved in EFRT result in substantial normal tissue expo-
sure with photon techniques, making this a particularly attractive application for proton
therapy.

Marnitz et al. specifically evaluated EFRT in 10 patients, demonstrating that IMPT
reduced small-bowel mean dose from 24.0 to 26.3 Gy with photon techniques to 13.8 Gy,
a reduction of approximately 47% [23]. The low-dose bath (V10Gy) to the small bowel was
reduced by approximately 50%, which may be particularly relevant for reducing acute
gastrointestinal toxicity during concurrent chemotherapy [23]. These dosimetric ad-

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

13 of 37

vantages suggest that proton therapy may enable safer delivery of EFRT, potentially ex-
panding treatment options for patients with advanced nodal disease.

4.1.5. Survival and Quality of Life Outcomes

A critical gap in the cervical cancer proton therapy literature is the paucity of long-
term survival and quality of life data from prospective trials. Most published series focus
on dosimetric comparisons or short-term toxicity outcomes. The PROTECT trial, a pro-
spective phase Il multicenter study evaluating adaptive IMPT for locally advanced cervi-
cal cancer, aims to address this gap [38]. The trial includes 30 women receiving external
beam radiation therapy with concurrent chemotherapy and 3D image-guided adaptive
brachytherapy. Primary endpoints include pelvic bone mean dose and mean bowel
V15Gy, with secondary endpoints encompassing dosimetric parameters, oncological out-
comes, health-related quality of life, immune response, safety, and tolerability [38]. Re-
sults from this trial will provide the first prospective data on the potential of IMPT to
reduce OAR dose and improve toxicity and quality of life for patients with locally ad-
vanced cervical cancer. No locoregional control, progression-free survival, or overall sur-
vival data comparing proton versus photon therapy in cervical cancer are currently avail-
able from prospective studies. The evidence reviewed here is entirely dosimetric or short-
term toxicity-based. Future studies must include oncologic efficacy endpoints as co-pri-
mary or key secondary outcomes alongside toxicity and quality of life measures, so that
the role of proton therapy in cervical cancer can be definitively established.

4.2. Endometrial Cancer
4.2.1. Clinical Context and Treatment Indications

Endometrial cancer is the most common gynecologic malignancy in developed coun-
tries, with most patients presenting with early-stage disease [35]. Adjuvant radiation ther-
apy is indicated for patients with high-risk features, including deep myometrial invasion,
lymphovascular space invasion, high-grade histology, or lymph node involvement [35].
Treatment typically consists of vaginal brachytherapy alone for intermediate-risk disease
or whole pelvic radiation therapy (with or without vaginal brachytherapy boost) for high-
risk or node-positive disease [39]. Extended-field radiation, including para-aortic nodes,
may be indicated for patients with documented para-aortic nodal involvement [39].

4.2.2. Comparative Clinical Outcomes

The most robust clinical evidence for proton therapy in endometrial cancer comes
from a prospective registry study by Anderson et al. comparing patient-reported out-
comes in 67 patients (22 proton therapy, 45 IMRT) receiving adjuvant pelvic radiation
therapy [4,5]. This study employed the Patient-Reported Outcomes version of the Com-
mon Terminology Criteria for Adverse Events (PRO-CTCAE) to assess symptoms during
and after treatment. The patient selection process and the specific allocation into the Pro-
ton (n =22) and IMRT (n =45) cohorts are detailed in the CONSORT flow diagram [Figure
5].
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Patients assessed

Proton therapy (n = 22) IMRT (n = 45)

Follow-up: end of treatment and 12 months

Figure 5. CONSORT flow diagram of patient selection and study design. This flowchart details the
recruitment and enrollment process for the 67 patients analyzed in the prospective registry study.
Subjects were allocated into either the Proton Therapy cohort (n = 22) or the IMRT cohort (n = 45)
based on treatment modality. The diagram outlines the clinical pathway from initial screening
through the 12-month follow-up period used to evaluate patient-reported outcomes and clinician-
graded toxicities. Created in BioRender. Bakshi H (2026) https://BioRender.com/basic.

Proton therapy was associated with significantly less diarrhea at the end of treatment
compared to IMRT (p = 0.01), with a trend toward less diarrhea persisting at 12 months (p
=0.24) [4,5]. Loss of bowel control at 12 months was more common with IMRT (p = 0.15),
suggesting potential long-term functional benefits with proton therapy [4,5]. Clinician-
graded Grade 3+ gastrointestinal toxicity was noted more frequently with IMRT (31% vs.
9%, p = 0.09), though this difference did not reach statistical significance in this relatively
small cohort [4,5]. As illustrated in Figure 6, while the cohort size was limited, the diver-
gence in severe gastrointestinal complications between treatment modalities suggests a
notable clinical advantage for proton therapy.

These patient-reported outcome data are particularly valuable as they capture the
patient experience of treatment-related symptoms, which may be more sensitive to differ-
ences in treatment modality than clinician-graded toxicity scales. The findings suggest
that the dosimetric advantages of proton therapy translate into meaningful improvements
in gastrointestinal symptoms and bowel function, though longer follow-up and larger co-
horts are needed to confirm these results and assess late toxicity and survival outcomes
[4,5]. However, it must be noted that the Anderson et al. registry study was designed to
assess patient-reported toxicity, not oncologic efficacy. No prospective data on locore-
gional control, recurrence rates, or survival comparing proton versus photon therapy in
endometrial cancer are available. Future comparative studies must incorporate tumor
control endpoints as co-primary or key secondary outcomes.
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Figure 6. Comparative analysis of acute and late gastrointestinal toxicity. (A) Modality Comparison:
Estimated toxicity risks across three treatment modalities: robustly optimized intensity-modulated
proton therapy (ro-IMPT), intensity-modulated X-ray therapy (IMXT), and 3D-conformal radiation
therapy (3D-CRT). (B) Clinical Outcomes: Observed percentage of Grade 3+ gastrointestinal (GI)
toxicity at the conclusion of treatment. In the clinical registry study, proton therapy demonstrated a
marked reduction in severe GI complications (9%) compared to IMRT (31%). Created in BioRender.
Bakshi H. (2026) https://BioRender.com/basic.

4.2.3. Extended-Field Radiation for Node-Positive Disease

Xu et al. evaluated extended-field radiation for 25 patients with locally advanced en-
dometrial malignancies (seven treated with PBS, 18 with IMRT), focusing on pelvic and
para-aortic lymph node disease [25]. PBS resulted in 22% lower median pelvic bone mar-
row volume irradiated to 10 Gy[RBE] (71.3% vs. 93.4%, p < 0.001), with significantly lower
dose volumes across the range from 0 to 26 Gy [25]. PBS also achieved significantly lower
doses to the small bowel, large bowel, and bladder in the lower dose regions [25].

These dosimetric advantages are particularly relevant for extended-field treatments
where large volumes of bone marrow and bowel are at risk. The substantial reduction in
bone marrow exposure may enable better tolerance of concurrent chemotherapy and pre-
serve immune function, though clinical validation of these hypothesized benefits is
needed.

4.2 4. Postoperative Pelvic Radiation

Wark et al. conducted a matched-pair cohort study specifically evaluating bone mar-
row sparing in postoperative irradiation of gynecologic malignancies, including 17 endo-
metrial cancer patients among 50 total patients (25 IMPT, 25 IMRT) [31]. IMPT signifi-
cantly reduced integral dose to the pelvic skeleton (23.4 Gy[RBE] vs. 34.3 Gy, p < 0.001)
and achieved 40-41% reductions in V5Gy and V10Gy to the pelvic skeleton [31]. This
translated into significantly less hematotoxicity in the IMPT group (32% vs. 80%, p =
0.0009), with particularly striking reductions in Grade >2 hematotoxicity (8% vs. 36%, p =
0.037) [31]. No patient in the IMPT group experienced hematotoxicity greater than Grade
2 [31].

Interestingly, the study also reported sacral insufficiency fractures in 32% of IMPT
patients, appearing similar to reported IMRT rates [31]. These findings highlight that
while proton therapy reduces integral bone dose, it does not eliminate the risk of bone-
related complications, and attention to bone health remains important.
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4.3. Ovarian Cancer
Limited Evidence Base

The role of radiation therapy in ovarian cancer is limited compared to cervical and
endometrial cancers, as systemic therapy is the primary treatment modality for most pa-
tients [40]. Radiation may be considered for consolidation after chemotherapy in selected
patients with limited residual disease, palliation of symptomatic metastases, or treatment
of isolated recurrences. Consequently, the literature on proton therapy for ovarian cancer
is extremely sparse [41].

No dedicated clinical series or outcomes data for proton therapy in ovarian cancer
were identified in the current literature review. The potential applications of proton ther-
apy in this disease site remain largely theoretical, based on extrapolation from other gy-
necologic malignancies [42]. Whole abdominal radiation, historically used for ovarian
cancer, would theoretically benefit from proton therapy’s reduced integral dose and low-
dose bath, potentially reducing toxicity to liver, kidneys, and bone marrow [42]. However,
the large treatment volumes, respiratory motion, and range uncertainties present signifi-
cant technical challenges.

For patients with isolated pelvic or para-aortic nodal recurrences, proton therapy
might offer advantages similar to those demonstrated in cervical and endometrial cancers,
with improved OAR sparing enabling safer dose escalation or reirradiation [43]. However,
clinical data are needed to validate these hypothetical benefits.

4.4. Vaginal and Vulvar Cancers
4.4.1. Clinical Context

Vaginal and vulvar cancers are rare gynecologic malignancies, collectively account-
ing for less than 10% of gynecologic cancers [44]. Treatment typically involves surgery
and/or radiation therapy, with the specific approach depending on stage, location, and
patient factors [44]. Radiation therapy plays a central role in organ preservation strategies
and for locally advanced disease [45]. The proximity of treatment volumes to critical struc-
tures, including the urethra, bladder, rectum, and anal sphincter, makes toxicity a signifi-
cant concern [45].

Across the disease sites discussed above, a consistent pattern emerges: dosimetric
advantages of proton therapy are well-documented, while clinical outcome data remain
limited to small retrospective series, matched cohorts, and a single prospective registry
study. Table 2 consolidates the key studies reviewed in this section, summarizing study
design, disease site, patient population, comparator technique, and principal dosimetric
and clinical findings. This summary highlights both the breadth of dosimetric evidence
accumulated to date and the corresponding scarcity of prospective comparative data, un-
derscoring the need for the randomized trials discussed in subsequent sections of this re-
view.

Table 2. Summary of key studies evaluating proton beam therapy in gynecological malignancies.

Study (Ref.)

Marnitz et al.
[23]

. Disease Key Dosimetric Key Clinical
Design . . n Comparator L. L.
Site/Setting Finding Finding
Mean small-
Intra-pa- Cerv1ca1' can IMPT vs. IMRT, bowil dose {38~ Dosimetric only;
. cer; pelvic and . 52%; V10Gy .. e
tient plan- . 20 helical tomo- o clinical validation
. extended-field 1~50%; blad-
ning study therapy, VMAT not performed

(EFRT) der/rectum dose

17-9 Gy
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Planning
study with
MRI-based

target tai-

loring

Boer et al. [27]

Hashimoto et
al. [28]

Planning
study

Robust op-
Shang et al. [29] t1m1zaf1on
planning

study

Planning
study
(boost

compari-

Sharma et al.
[30]

son)

Benchmark
Georg et al. [4] planmng
compari-

son

Matched-
pair cohort
study

Wark et al. [31]

Retrospec-
ive plan-
Xu et al. [25] t1.ve plan
ning com-

parison

Cervical can-
cer; definitive
setting

Cervical can-
cer; whole-
pelvis RT

Cervical can-
cer

Cervical can-
cer; boost for
brachy-
therapy-ineli-
gible patients

Cervical can-
cer; brachy-
therapy boost

Cervical and
endometrial
cancer; post-
operative pel-
vic RT

Endometrial
cancer; ex-
tended-field
nodal RT

IMPT vs.
11 IGART (photon
adaptive)

Spot-scanning

10 proton therapy
(SSPT) vs. IMRT
and 3D-CRT
Robustly opti-
18 mized IMPT vs.
helical IMRT
Pencil-beam
scanning (PBS)
5 vs. photon-
based SBRT
(IMRT/VMAT)
IMRT and IMPT
vs. high-tech
9 image-guided
brachytherapy
(IGBT)
50 (25
IMPT, 25 IMPT vs. IMRT
IMRT)
25(7
PBS, 18 PBS vs. IMRT
IMRT)

NTCP for Grade
>2 acute small-
bowel toxicity re-
duced from 25%
(IGART) to 18%
(IMPT alone) to
9% (IMPT + tai-
loring)

Lower median
small intestine
V20; favorable
homogene-
ity/conformity
indices

DVH band
widths 0.6%
(IMPT) vs. 2.1%
(IMRT); NTCP
rectum 2.8% vs.
4.8% (p <0.05);
sigmoid 5.2% vs.
5.7% (p < 0.05)

Integral dose
14.17 £2.65 Gy
(PBS) vs. 25.29 +
6.35 Gy
(IMRT)/25.24 +
6.24 Gy (VMAT);
lower max blad-
der/rectum dose

Both IMRT and
IMPT show
lower GTV D90
and less favora-
ble dose distribu-
tions vs. IGBT

Integral pelvic
skeletal dose 23.4
Gy[RBE] (IMPT)

vs. 34.3 Gy
(IMRT), p <0.001;
V5Gy/V10Gy
140-41%

Median pelvic
bone marrow
V10Gy[RBE]

71.3% (PBS) vs.

In silico NTCP
modeling only

Dosimetric only

Dosimetric/NTCP
modeling only

Dosimetric only;
clinical validation
needed

Confirms IGBT
remains the gold
standard; proton

therapy is com-
plementary, not a

replacement

Any-grade hema-
totoxicity 32% vs.
80% (p = 0.0009);
Grade >2 hemato-
toxicity 8% vs.
36% (p =0.037);
sacral insuffi-
ciency fractures
32% (IMPT), sim-
ilar to IMRT

Dosimetric only;
clinical validation
needed

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

18 of 37

Song et al. [33]

Lin et al. [34]

Yoshimura et
al. [3]

Anderson et al.
[4,5]

PROTECT trial
[35] (ongoing)

Planning
compari-
son

Prospec-
tive clinical
feasibility
series

Robust op-
timization
planning +
NTCP
modeling

Prospec-
tive regis-
try study
(PRO-
CTCAE)

Prospec-
tive phase
II multi-
center trial

Cervical can- 3D conformal

cer; pelvic Not proton therapy
bone marrow  specified (3DCPT) vs.
sparing IMRT
Cervical (7),
endometrlal PBS proton
(3), vaginal (1) )
cancer; post- 11 the:rapy vs. his-
. torical IMRT se-
operative ries
whole pelvis
RT
Mixed gyne-
cologic malig-
nancies; post- 13 ro-IMPT vs. 3D-
operative CRT and IMXT
whole pelvic
RT
Endometrial 67 (22
. Proton therapy
cancer; adju-  proton, vs. IMRT
vant pelvic RT 45 IMRT)
Locally ad- 30 Adaptive IMPT
vanced cervi- (planned Vs.
cal cancer ) IMRT/VMAT

93.4% (IMRT), p
<0.001; lower-
small-bowel,
large-bowel,
bladder doses at
low-dose regions

3DCPT superior
for V10/V20
(110.8% and
17.4%, p=
0.001/0.04); IMRT
better for V30+

PBS significantly
lowered pelvic
bone marrow,

bladder, and
small-bowel dose
(10-30 Gy) vs.
IMRT (p < 0.05);
rectum dose
comparable; tar-
get coverage ro-
bust

Median NTCP
acute hemato-
logic toxicity:
0.06 (ro-IMPT)
vs. 0.20 (3D-CRT)
vs. 0.19 (IMXT);
late GI NTCP:
0.015 vs. 0.058 vs.
0.024

Not primary
endpoint (clinical
registry)

Primary end-
points: pelvic
bone mean dose,
bowel V15Gy

Dosimetric only

Grade 2/3 hema-
tologic toxicity
33%/11%; Grade
3 GI toxicity 9%;
no Grade >3 GU
toxicity (9 pa-
tients with con-
current chemo)

In silico model-
ing only

Less diarrhea at
the end of treat-
ment (p = 0.01);
Grade 3+ GI tox-
icity 9% (proton)
vs. 31% (IMRT), p
=0.09 (NS); the
strongest availa-
ble prospective
clinical evidence

Secondary end-
points: oncologi-
cal outcomes,
QoL, immune re-
sponse, safety,
tolerability —re-
sults pending

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

19 of 37

APROVE trial
[46] (ongoing)

Primary end-

Planni :
:im;:irfliias;?(jy point: absence of
Cervical and & CTCAE Grade
Prospec- . small/large- .
. endometrial 25 . 3/4 toxicity; sec-
tive phase Proton therapy =~ bowel and kid-
II single- cancer; post-  (planned (single arm) ney dose vs. pho- ondary: QoL
arm t%'ial operative pel- ) ° tor}:' PBS recilfced (EORTC-QLQ30/-
vic RT ’ EN24/-CX24),
bowel V15 vs. PFS— results
IMRT

pending

Note: | This symbol indicates decrease. Abbreviations: IMPT, intensity-modulated proton therapy;
PBS, pencil-beam scanning; ro-IMPT, robustly optimized IMPT; IMRT, intensity-modulated radia-
tion therapy; VMAT, volumetric modulated arc therapy; 3D-CRT, three-dimensional conformal ra-
diotherapy; IMXT, intensity-modulated X-ray therapy; IGART, image-guided adaptive radiation
therapy; IGBT, image-guided brachytherapy; NTCP, normal tissue complication probability; GTV,
gross tumor volume; GI, gastrointestinal; GU, genitourinary; QoL, quality of life; PFS, progression-
free survival; NS, not significant. Most studies represent dosimetric planning comparisons or small

retrospective/prospective cohorts; no randomized controlled trial data are currently available.

4.4.2. Limited Clinical Experience

The literature on proton therapy for vaginal and vulvar cancers is extremely limited.
Lin et al. included one vaginal cancer patient in their series of 11 posthysterectomy pa-
tients receiving PBS proton therapy [34]. Site-specific toxicity outcomes were not sepa-
rately reported for this patient, limiting conclusions about the specific benefits in vaginal
cancer.

No dedicated series of proton therapy for vulvar cancer was identified in the current
literature review [47]. The superficial location of vulvar tumors and the need for adequate
skin dose present unique challenges for proton therapy, as the Bragg peak must be posi-
tioned to ensure adequate dose at shallow depths [47]. Additionally, the proximity to crit-
ical structures, including the urethra, vagina, and anal sphincter, requires careful treat-
ment planning [48].

Despite the limited evidence, there are theoretical rationales for considering proton
therapy in selected cases of vaginal and vulvar cancer [49]. For vaginal cancers requiring
pelvic nodal irradiation, the dosimetric advantages demonstrated for cervical cancer
would likely apply [49]. For vulvar cancers requiring inguinal and pelvic nodal irradiation,
proton therapy might reduce dose to femoral heads, external genitalia, and pelvic organs,
potentially reducing both acute and late toxicity [49]. However, clinical data are urgently
needed to validate these theoretical benefits and establish appropriate patient selection
criteria.

5. Special Clinical Scenarios
5.1. Postoperative Pelvic Irradiation

Postoperative pelvic radiation represents a particularly promising application of pro-
ton therapy. As detailed in Sections 3.5, 4.1.3 and 4.2.4, dosimetric advantages and favor-
able early clinical outcomes have been demonstrated by Lin et al. [34], Wark et al. [31],
and Yoshimura et al. [3]. The ongoing APROVE trial will provide prospective phase II
evidence for this setting [46].

5.2. Extended-Field Nodal Treatment

The dosimetric advantages of proton therapy are particularly pronounced for ex-
tended-field treatments, as demonstrated by Marnitz et al. (~47% small-bowel dose reduc-
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tion) and Xu et al. (22% lower pelvic bone marrow V10Gy[RBE]), detailed in Sections 4.1.4
and 4.2.3, respectively [23,25]. These advantages may enable safer EFRT delivery for pa-
tients with advanced nodal disease [50].

5.3. Reirradiation for Recurrent Disease

Reirradiation for recurrent gynecological malignancies represents one of the most
challenging scenarios in radiation oncology [51]. Patients with pelvic recurrences after
prior radiation therapy have limited treatment options, and reirradiation with conven-
tional photon techniques carries substantial risks of severe late toxicity due to cumulative
dose to previously irradiated normal tissues [52]. The ability of proton therapy to mini-
mize dose to surrounding normal tissues while delivering adequate dose to the recurrent
tumor makes it an attractive option in this setting [53].

Despite the theoretical advantages, the current literature on proton therapy for reir-
radiation of gynecological malignancies is extremely limited [11]. No dedicated clinical
series or outcomes data were identified in the current review. This represents a significant
evidence gap, as reirradiation is a clinical scenario where proton therapy might offer the
greatest potential benefit [54].

The challenges of reirradiation with proton therapy include accurate assessment of
prior dose distributions (particularly if prior treatment was delivered at a different insti-
tution or with older techniques), accounting for tissue changes from prior radiation and
surgery, managing range uncertainties in previously irradiated tissues, and predicting cu-
mulative toxicity risks [55,56]. Advanced imaging, including MRI and PET, may help de-
fine target volumes and assess tissue changes, while sophisticated dose accumulation
techniques can estimate cumulative dose distributions [57].

Future research should prioritize evaluation of proton therapy for reirradiation in
gynecological malignancies, including development of patient selection criteria, dose-
fractionation strategies, and systematic assessment of outcomes and toxicity [58]. Registry
studies or multi-institutional collaborations may be necessary to accrue sufficient patients,
given the relative rarity of this clinical scenario [58].

6. Integration with Systemic Therapies
6.1. Concurrent Chemotherapy

Concurrent chemoradiation is the standard of care for locally advanced cervical can-
cer and is increasingly used for high-risk endometrial cancer [59]. The radiosensitizing
chemotherapy, typically cisplatin-based, enhances tumor cell kill but also increases acute
toxicity, particularly hematologic and gastrointestinal effects [59]. The potential for proton
therapy to reduce bone marrow and bowel dose may enable better tolerance of concurrent
chemotherapy, potentially allowing for improved treatment compliance and dose inten-
sity [59].

Clinical experience with proton therapy and concurrent chemotherapy in gynecolog-
ical malignancies is limited but growing. Lin et al. reported that among 11 posthysterec-
tomy patients receiving PBS proton therapy, nine received concurrent chemotherapy (typ-
ically cisplatin) [8]. Among these nine patients, Grade 2 and 3 hematologic toxicities oc-
curred in 33% and 11%, respectively, and Grade 3 acute gastrointestinal toxicity occurred
in 9% [8]. No patient developed Grade >3 genitourinary toxicity [8]. While these rates
compare favorably to historical photon series, direct comparative data are limited.

Wark et al. demonstrated that IMPT significantly reduced hematotoxicity compared
to IMRT in postoperative irradiation of gynecologic malignancies (32% vs. 80%, p=0.0009),
with particularly striking reductions in Grade >2 hematotoxicity (8% vs. 36%, p = 0.037)
[31]. This reduction in hematologic toxicity may be particularly relevant for patients re-
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ceiving concurrent chemotherapy, potentially allowing for better treatment compliance
and reduced need for dose modifications or treatment breaks. However, as discussed in
Section 3.4, reported hematotoxicity differences between proton and photon chemoradia-
tion cohorts may be partially attributable to differences in bone marrow contouring meth-
odology, radiation field extent, cisplatin dose intensity, and baseline patient characteris-
tics, rather than radiation modality alone. These confounders should be addressed in the
design and reporting of future comparative studies.

The PROTECT trial is specifically evaluating adaptive IMPT for locally advanced cer-
vical cancer with concurrent chemotherapy, with endpoints including not only dosimetric
parameters and toxicity but also immune response [35]. This is particularly relevant as
emerging evidence suggests that radiation-induced lymphopenia may impact outcomes,
and preservation of circulating lymphocytes through reduced dose to the blood pool and
bone marrow may be beneficial.

6.2. Targeted Therapies and Immunotherapy

The integration of targeted therapies and immunotherapy with radiation therapy
represents an evolving frontier in oncology [60]. For gynecological malignancies, targeted
agents including bevacizumab (anti-VEGF antibody) and PARP inhibitors are increas-
ingly used, while immune checkpoint inhibitors are being evaluated in selected popula-
tions, including mismatch repair-deficient endometrial cancers and PD-L1-positive cervi-
cal cancers [60].

The potential synergy between proton therapy and immunotherapy is an area of ac-
tive investigation [61]. Radiation therapy can enhance anti-tumor immunity through mul-
tiple mechanisms, including induction of immunogenic cell death, upregulation of tumor
antigens, and modulation of the tumor microenvironment. However, radiation can also
suppress immune function through lymphopenia induced by irradiation of circulating
lymphocytes and bone marrow [61].

Proton therapy’s ability to reduce the low-dose bath and spare bone marrow may
preserve immune function better than photon therapy, potentially enhancing the efficacy
of immunotherapy combinations. Kuipers et al. developed a dynamic lymphocyte flow
model to predict lymphocyte dose and surviving fraction for VMAT and IMPT treatments
in locally advanced cervical cancer [62]. While specific results are not detailed in the avail-
able metadata, this type of modeling may help optimize radiation techniques to minimize
immunosuppression.

The PROTECT trial includes immune response as a secondary endpoint, which will
provide valuable data on the impact of IMPT versus IMRT/VMAT on immune function in
cervical cancer patients [35]. However, clinical trials specifically evaluating proton ther-
apy in combination with immunotherapy or targeted agents for gynecological malignan-
cies are lacking, representing an important area for future research.

6.3. Sequencing and Timing Considerations

The optimal sequencing and timing of proton therapy with systemic therapies re-
main to be fully defined. For concurrent chemoradiation, the approach is similar to photon
therapy, with chemotherapy delivered weekly during radiation [63]. For sequential ap-
proaches, considerations include the potential for proton therapy to reduce cumulative
toxicity when combined with prior or subsequent chemotherapy, the impact of systemic
therapy on tissue composition and range uncertainties, and the timing of adaptive replan-
ning if significant anatomical changes occur during treatment [44].

Future research should address these sequencing questions through prospective tri-
als, with careful attention to pharmacokinetic interactions, toxicity profiles, and efficacy
outcomes. The development of predictive biomarkers to identify patients most likely to

https://doi.org/10.3390/radiation6030023


https://doi.org/10.3390/radiation6030023

Radiation 2026, 6, 23

22 of 37

benefit from proton therapy in combination with specific systemic agents would facilitate
personalized treatment approaches [64].

7. Adaptive Treatment Strategies and Image-Guided Approaches
7.1. Rationale for Adaptive Proton Therapy

Gynecological malignancies present unique challenges for radiation therapy due to
significant interfractional anatomical variations. Bladder and rectal filling, bowel motion,
tumor response during treatment, and weight changes can all impact target position and
normal tissue anatomy [65]. For proton therapy, these anatomical changes are particularly
problematic due to range uncertainties—small changes in tissue density or patient posi-
tioning can significantly alter the proton beam range and dose distribution [65].

Adaptive radiation therapy (ART) involves systematic monitoring of anatomical
changes during treatment and modification of the treatment plan when necessary to main-
tain optimal target coverage and OAR sparing [66]. For proton therapy, adaptive ap-
proaches are not merely beneficial but may be essential to realize the full potential of the
modality while ensuring safe and effective treatment delivery [66].

7.2. MRI-Guided Target Tailoring

Boer et al. investigated the combination of MRI-based target tailoring and proton
therapy for cervical cancer, demonstrating synergistic benefits [27]. The study included
planning CTs from 11 previously treated cervical cancer patients who had a >4 cm tumor-
free part of the proximal uterus on diagnostic MRI. Four treatment plans were compared
per patient: standard target with image-guided adaptive radiation therapy (IGART) alone,
standard target with IMPT, tailored target (excluding tumor-free proximal uterus) with
IGART, and tailored target with IMPT [27].

IMPT alone reduced the NTCP for Grade >2 acute small-bowel toxicity from 25% to
18%, while combining IMPT with MRI-based target tailoring further reduced NTCP to 9%
[27]. The study found that NTCP reductions exceeding 10% could be achieved if V45Gy
for bowel bag was >275 cm? with IMPT alone or >200 cm? with IMPT plus tailoring [27].
IMPT significantly reduced V15Gy, V30Gy, V45Gy, and mean dose for bladder and small
bowel [27].

This study demonstrates that adaptive target tailoring based on advanced imaging
can complement the physical advantages of proton therapy, achieving toxicity reductions
that exceed what either approach can accomplish alone. The integration of MRI into pro-
ton therapy workflows, while technically challenging, may be essential for optimal out-
comes in gynecological malignancies.

7.3. Robust Optimization Strategies

Robust optimization is a treatment planning technique that explicitly accounts for
uncertainties in patient setup, organ motion, and proton range by optimizing the plan to
maintain acceptable target coverage and OAR sparing across a range of uncertainty sce-
narios [67]. This approach is particularly important for proton therapy, where dose distri-
butions are more sensitive to uncertainties than photon therapy [67].

Shang et al. compared robustly optimized IMPT with helical IMRT for cervical cancer
in 18 patients, demonstrating that robust optimization yielded smaller dose-variation
bands under perturbed scenarios and more stable target coverage [29]. The study found
that robustly optimized IMPT achieved better CTV coverage and OAR sparing with
smaller DVH band widths (0.6% vs. 2.1%) compared to IMRT [5]. NTCP calculations re-
vealed lower toxicities for robustly optimized IMPT: rectum 2.8% vs. 4.8% (p < 0.05) and
sigmoid 5.2% vs. 5.7% (p < 0.05) [29].
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Yoshimura et al. specifically evaluated robustly optimized IMPT (ro-IMPT) for post-
operative whole pelvic radiotherapy, demonstrating significant reductions in NTCP for
acute hematologic toxicity and late gastrointestinal toxicity compared with 3D-CRT and
IMXT [3]. The robust optimization approach ensured that these benefits were maintained
even in the presence of setup and range uncertainties [3].

7.4. Image-Guided Radiation Therapy
Practical IGRT Workflow in Gynecological Proton Therapy

Daily image guidance serves three functions in proton therapy: (1) positioning veri-
fication—correcting translational and rotational setup errors; (2) anatomy assessment—
detecting significant interfractional anatomical changes; and (3) range verification —con-
firming the beam stops at the intended depth. Orthogonal kV imaging verifies bony align-
ment but cannot detect soft tissue filling changes. CBCT provides volumetric soft tissue
imaging but has limited Hounsfield unit accuracy for direct proton range recalculation.
Fan-beam CT-on-rails offers superior Hounsfield unit fidelity and is preferred for range
verification when available. Emerging approaches include synthetic CT generation from
CBCT for online range verification. Adaptive replanning is triggered when daily imaging
reveals anatomy deviating beyond predefined thresholds: CTV centroid shift >3 mm, D95
target coverage <95%, or OAR constraint violation. Offline adaptation prepares a revised
plan between fractions; online adaptation modifies the plan at the machine immediately
before treatment delivery, requiring fast dose calculation and streamlined QA. MRI guid-
ance—established for photon MR-linac platforms—remains aspirational for proton ther-
apy with prototype systems under development.

The PROTECT trial is evaluating adaptive proton therapy for cervical cancer with a
systematic assessment of anatomical changes and plan adaptation [35]. The trial protocol
includes 3D image-guided adaptive brachytherapy in addition to external beam proton
therapy, recognizing the importance of image guidance throughout the treatment course
[35].

Future developments in image-guided proton therapy may include MRI-linear accel-
erator (MR-linac) analogs for protons, real-time tumor tracking, and automated plan ad-
aptation algorithms. These technologies could further enhance the precision and safety of
proton therapy for gynecological malignancies, though significant technical challenges re-
main.

7.5. Brachytherapy Integration

Image-guided brachytherapy (IGBT) remains the irreplaceable standard boost mo-
dality for eligible cervical cancer patients, and this must be stated explicitly when discuss-
ing any external beam alternative. Georg et al.’s benchmark study confirmed that IMPT,
despite its physical advantages, achieves inferior gross tumor volume D90 and less favor-
able dose-volume distributions compared to IGBT [4]. External beam proton boost is a
second-line option strictly for brachytherapy-ineligible patients. Careful dose accumula-
tion accounting for anatomical changes between external beam and brachytherapy phases
is required when combining both modalities [31]. The PROTECT trial evaluates IMPT in-
tegrated with 3D image-guided adaptive brachytherapy —the appropriate combined ap-
proach [35].

8. Current Limitations and Challenges
8.1. Cost and Economic Considerations

The high capital and operational costs of proton therapy represent a major barrier to
widespread adoption [68]. Proton therapy centers require substantial infrastructure, in-
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cluding cyclotrons or synchrotrons, beam transport systems, treatment gantries, and so-
phisticated treatment planning and quality assurance systems [68]. The initial capital in-
vestment for a multi-room proton therapy center typically ranges from $100-200 million,
with ongoing operational costs significantly exceeding those of conventional photon ther-
apy facilities [68].

According to market analyses, the global proton therapy market was valued at ap-
proximately $763.6 million in 2023 and is projected to grow to $2405.6 million by 2032,
with a compound annual growth rate of 12.11% [69]. Despite this growth, proton therapy
remains accessible to less than 9% of patients who would potentially benefit from it. The
limited number of proton therapy centers worldwide, concentrated primarily in high-in-
come countries, creates geographic barriers to access [69].

Current evidence does not justify the routine broad implementation of proton ther-
apy for all gynecological cancer patients. Given that IMPT typically costs approximately
2-3 times more per fraction than IMRT, the economic case requires demonstrable reduc-
tions in hospitalization rates, interventional procedures, and long-term complication man-
agement—none of which have been prospectively established in this disease site. A
model-based patient selection framework —analogous to that proposed for head and neck
and prostate cancers—offers a rational interim approach: selecting patients whose NTCP
analysis predicts a clinically meaningful benefit threshold (e.g., >10% absolute NTCP re-
duction) with proton versus photon plans. This strategy concentrates the resource invest-
ment where clinical benefit is most probable while the evidence base matures. Develop-
ment of compact, lower-cost single-room proton systems may substantially reduce the
economic barrier [70].

8.2. Limited Accessibility and Geographic Disparities

As of 2024, there were approximately 40 operational proton therapy centers in the
United States and fewer than 100 worldwide [71]. This limited availability creates sub-
stantial geographic disparities in access, with patients in rural areas or developing coun-
tries having little to no access to proton therapy. Even in countries with multiple centers,
the concentration of facilities in urban areas means that many patients face significant
travel burdens, including time away from work and family, lodging costs, and logistical
challenges [71].

The 2025 NAPT survey reported that two new proton therapy centers came online in
2024 in North Carolina and Illinois, modestly expanding access [71,72]. However, the rate
of new center development has slowed compared to earlier years, partly due to economic
pressures and uncertainty about reimbursement. The number of patients receiving proton
therapy increased by only 1081 patients from 2023 to 2024, totaling 18,202 nationwide, a
modest increase that reflects both capacity constraints and referral patterns [71].

For gynecological malignancies specifically, the limited evidence base and lack of
clear clinical guidelines contribute to underutilization even among patients with geo-
graphic access to proton therapy [11]. Many radiation oncologists and gynecologic oncol-
ogists remain unfamiliar with the potential benefits and appropriate patient selection cri-
teria for proton therapy, leading to low referral rates [11].

8.3. Lack of Prospective Randomized Data

The most significant limitation in the evidence base for proton therapy in gynecolog-
ical malignancies is the paucity of prospective randomized trials comparing proton ther-
apy with modern photon techniques [11]. The existing literature consists primarily of do-
simetric planning studies, small single-institution retrospective series, and prospective
registries without randomized comparisons. While these studies provide valuable in-
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sights into dosimetric advantages and feasibility, they cannot definitively establish clinical
superiority [11].

Randomized trials of radiation therapy modalities face several challenges [73]. The
substantial differences in infrastructure and workflow between proton and photon ther-
apy make blinding impossible, potentially introducing bias in outcome assessment [73].
Patient and physician preferences may lead to selection bias if randomization is refused.
The need for patients to travel to proton therapy centers creates logistical barriers to trial
participation [73]. Additionally, the relatively long follow-up required to assess late tox-
icity and survival outcomes necessitates sustained funding and institutional commitment
[73].

Despite these challenges, randomized trials are essential to definitively establish the
role of proton therapy in gynecological malignancies [74]. Such trials should employ pa-
tient-reported outcomes as primary or co-primary endpoints, as these may be more sen-
sitive to differences in treatment modality than clinician-graded toxicity scales [74]. Qual-
ity of life assessments, functional outcomes, and economic analyses should be integrated
into trial designs [74]. Pragmatic trial designs that reflect real-world practice patterns may
enhance feasibility and generalizability [74].

8.4. Technical Challenges
8.4.1. Range Uncertainty

Proton range uncertainty is a fundamental challenge in proton therapy, arising from
multiple sources, including CT Hounsfield unit to stop power conversion errors, patient
positioning uncertainties, organ motion, and anatomical changes during treatment [75].
For gynecological malignancies, where targets are surrounded by tissues of varying den-
sity (bone, muscle, fat, air in bowel and bladder), range uncertainties can significantly im-
pact dose distributions [75].

Current clinical practice typically employs range uncertainty margins of 3.5% of the
beam range plus 1-3 mm, though the optimal margin remains debated [76]. Robust opti-
mization techniques explicitly account for range uncertainties during treatment planning
but cannot eliminate the underlying physical uncertainties [76]. Advances in imaging, in-
cluding dual-energy CT and proton radiography, may reduce range uncertainties, but
these technologies are not yet widely available [76].

8.4.2. Organ Motion and Anatomical Changes

Bladder and rectal filling variations, bowel motion, tumor response, and weight
changes during treatment can significantly alter anatomy in the pelvis [77]. For proton
therapy, these changes can shift the Bragg peak position, potentially leading to underdos-
age of the target or overdosage of OARs [77]. Daily image guidance and adaptive replan-
ning strategies are essential to manage these challenges, but add complexity and resource
requirements to treatment delivery [77].

The development of online adaptive proton therapy, where the treatment plan is
modified immediately before each fraction based on the day’s anatomy, represents a po-
tential solution but requires substantial advances in imaging, treatment planning speed,
and quality assurance workflows [78]. Such capabilities are beginning to emerge for pho-
ton therapy with MR-linac systems, but remain largely aspirational for proton therapy
[78].

8.4.3. Interplay Effects
For pencil-beam scanning proton therapy, the interaction between beam scanning
motion and organ motion can create interplay effects that cause dose heterogeneities [79].
While these effects are generally less pronounced for pelvic treatments than for thoracic
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treatments (where respiratory motion is more significant), they remain a consideration,
particularly for targets near mobile structures like bowel [79]. Mitigation strategies in-
clude rescanning (delivering the same spot pattern multiple times), breath-hold tech-
niques, and motion management, but these approaches add complexity to treatment de-
livery [79].

8.5. Quality Assurance and Credentialing

The technical complexity of proton therapy necessitates rigorous quality assurance
programs and specialized training for radiation oncologists, medical physicists, dosime-
trists, and therapists. The relative novelty of proton therapy means that many practition-
ers have limited experience with the modality, and standardized credentialing processes
are still evolving [80].

For clinical trials of proton therapy, ensuring consistent treatment planning and de-
livery across multiple institutions is challenging. Benchmark cases, central review of treat-
ment plans, and site qualification procedures are essential but resource-intensive [81]. The
development of consensus guidelines for proton therapy in gynecological malignancies
would facilitate standardization and quality assurance.

9. Future Directions and Ongoing Clinical Trials
9.1. Prospective Clinical Trials

Several prospective trials are underway or planned to evaluate proton therapy for
gynecological malignancies, addressing the critical evidence gap in randomized compar-
ative data.

The PROTECT trial (Prospective Phase-II-Trial Evaluating Adaptive Proton Therapy
for Cervical Cancer to Reduce the Impact on Morbidity and the Immune System) is a non-
randomized prospective multicenter phase II study including 30 women with locally ad-
vanced cervical cancer [35]. The trial evaluates whether IMPT enables significant dose re-
duction to organs at risk compared to IMRT/VMAT. Primary endpoints include pelvic
bone mean dose and mean bowel V15Gy, with secondary endpoints encompassing dosi-
metric parameters, oncological outcomes, health-related quality of life, immune response,
safety, and tolerability [35]. Critically, future trials beyond PROTECT and APROVE must
incorporate locoregional control, progression-free survival, and overall survival as co-pri-
mary or key secondary endpoints, in addition to toxicity and quality of life metrics. With-
out oncologic efficacy data, the role of proton therapy in gynecological malignancies can-
not be definitively established, regardless of the magnitude of dosimetric or toxicity im-
provements,

The APROVE trial (A Prospective Phase-II-Study Evaluating Postoperative Radio-
therapy of Cervical and Endometrial Cancer Patients Using Protons) is a prospective sin-
gle-center one-arm phase II study planning to enroll 25 patients over two years [46]. The
study includes patients with cervical or endometrial cancer after surgical resection who
have an indication for postoperative pelvic radiotherapy. The primary endpoint is the ab-
sence of any CTCAE Grade 3 or 4 toxicity, with secondary endpoints including clinical
symptoms and toxicity, quality of life (EORTC-QLQ30/-EN24/-CX24), and progression-
free survival [46].

Additional trials are needed to address specific clinical questions, including

¢ Randomized comparison of IMPT versus IMRT for definitive chemoradiation in cer-
vical cancer;

e  Evaluation of proton therapy for extended-field radiation in node-positive disease;

e  Assessment of proton therapy for reirradiation of recurrent gynecological malignan-
cies;
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e Integration of proton therapy with immunotherapy and targeted agents;
e  Cost-effectiveness analyses comparing proton therapy with modern photon tech-
niques.

9.2. Technological Advances
9.2.1. FLASH Proton Therapy

FLASH radiation therapy —delivery of ultra-high dose rates (>40 Gy/second)—has
emerged as a promising approach to reduce normal tissue toxicity while maintaining tu-
mor control [82]. Preclinical studies have demonstrated a “FLASH effect” where normal
tissues exhibit reduced toxicity when irradiated at ultra-high dose rates, while tumor re-
sponse is preserved. Proton therapy is particularly well-suited for FLASH delivery due to
the high dose rates achievable with pencil-beam scanning systems [82].

For gynecological malignancies, FLASH proton therapy could potentially further re-
duce gastrointestinal, genitourinary, and hematologic toxicities beyond what is achieva-
ble with conventional dose rate proton therapy [82]. However, substantial technical chal-
lenges remain, including beam delivery system modifications, dosimetry at ultra-high
dose rates, and treatment planning optimization [82]. Clinical trials of FLASH proton ther-
apy are in early phases, and applications to gynecological malignancies remain investiga-
tional [82].

9.2.2. Proton Arc Therapy

Proton arc therapy, analogous to photon VMAT, involves continuous beam delivery
while the gantry rotates around the patient [83]. This approach may offer improved dis-
tributions and reduced treatment times compared to static-field IMPT. For gynecological
malignancies, proton arc therapy could potentially provide even better OAR sparing by
optimizing beam angles throughout the 360-degree arc [83].

Technical challenges for proton arc therapy include energy layer switching during
gantry rotation, real-time spot position adjustment, and quality assurance of continuously
varying beam parameters. Several proton therapy centers are developing proton arc ca-
pabilities, and clinical implementation is anticipated in the coming years [83].

9.2.3. Artificial Intelligence and Machine Learning

Artificial intelligence (AI) and machine learning (ML) technologies are being applied
to multiple aspects of proton therapy, including automated treatment planning, outcome
prediction, adaptive replanning, and quality assurance [84]. For gynecological malignan-
cies, AI/ML could potentially

e Automate target and OAR segmentation on CT and MRJ;

e  Generate optimized treatment plans that balance target coverage and OAR sparing;

e  Predict which patients are most likely to benefit from proton therapy based on ana-
tomical and clinical features;

e  Identify anatomical changes during treatment that warrant adaptive replanning;

e  Predict toxicity risk, based on dose distributions and patient factors.

Several research groups are developing AI/ML tools for proton therapy, though clin-
ical validation and regulatory approval remain ongoing [84]. The integration of these tech-
nologies into clinical workflows could enhance efficiency, consistency, and outcomes. The
convergence of these future frontiers, including Al-driven optimization, FLASH dose
rates, and advanced biomarker integration, is illustrated in Figure 7.
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Figure 7. Future frontiers in proton therapy for gynecological malignancies. This conceptual sum-
mary illustrates the integration of emerging technologies designed to further enhance the therapeu-
tic ratio of proton beam therapy. FLASH Therapy: Delivery of ultra-high dose rates (>40 Gy/s) to
exploit the “FLASH effect,” potentially increasing the sparing of healthy pelvic tissues while main-
taining robust tumor control. AI/ML: Real-time daily adaptation and automated contouring for
zero-margin precision, enabling personalized treatment optimization. Immuno-Oncology: Lower
integral dose results in fewer circulating lymphocytes destroyed, producing better synergy with
immunotherapy. Additionally, reduced radiation-induced bystander effects (RIBE), whereby non-
irradiated cells exhibit DNA damage or apoptosis through paracrine signaling from irradiated
neighbors, may further limit normal tissue injury and potentially augment abscopal anti-tumor im-
mune responses. The interplay between FLASH ultra-high dose rates and RIBE signaling pathways
represents an emerging area of investigation. The three nodes are mutually reinforcing: Al-driven
precision reduces unnecessary dose, FLASH spares normal tissue at ultra-high rates, and together
these effects preserve immune competence and enhance immunotherapy synergy. Created in Bio-
Render. Bakshi H. (2026) https://BioRender.com/Basic.

9.3. Biomarker Development

The development of predictive biomarkers to identify patients most likely to benefit
from proton therapy would facilitate personalized treatment selection and improve cost-
effectiveness. Potential biomarkers include

Anatomical biomarkers: Patients with anatomical features that result in high OAR
doses with photon therapy (e.g., large-bowel volumes in the pelvis, extensive bone mar-
row in treatment fields) may derive greater benefit from proton therapy. Automated anal-
ysis of planning CT scans could identify such patients [85].

Genetic biomarkers: Patients with genetic variants associated with increased radia-
tion sensitivity or impaired DNA repair may be at higher risk for toxicity and could pref-
erentially benefit from the reduced integral dose of proton therapy. Germline genetic test-
ing for radiation sensitivity variants is an area of active research [86].

Tumor biomarkers: Tumors with specific molecular features (e.g., hypoxia, immune
infiltration) may respond differently to proton versus photon therapy due to differences
in LET and dose distribution. Identification of such features could guide treatment selec-
tion [87].
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Functional biomarkers: Baseline organ function (e.g., bone marrow reserve, bowel
function, bladder capacity) may predict tolerance of radiation therapy and benefit from
OAR sparing with proton therapy [88].

The integration of multi-omic data (genomics, radiomics, dosimetrics) with machine
learning approaches may enable the development of comprehensive prediction models
for treatment selection.

9.4. Consensus Guidelines and Patient Selection Criteria

The development of evidence-based consensus guidelines for proton therapy in gy-
necological malignancies is essential to standardize practice and facilitate appropriate pa-
tient selection. Such guidelines should address

e  Clinical scenarios where proton therapy is recommended, optional, or not indicated;

e Dosimetric criteria for patient selection (e.g., minimum OAR dose reduction thresh-
olds);

e  Technical requirements for treatment planning and delivery;

¢ Quality assurance standards;

e Outcome reporting standards for clinical trials and registries.

Professional societies, including the American Society for Radiation Oncology (AS-
TRO), the European Society for Radiotherapy and Oncology (ESTRO), and the Particle
Therapy Co-Operative Group (PTCOG), are developing model policies and guidelines for
proton therapy [89,90]. Specific guidelines for gynecological malignancies should be de-
veloped through multidisciplinary consensus processes involving radiation oncologists,
gynecologic oncologists, medical physicists, and patient advocates [89].

9.5. Global Access and Health Equity

Addressing the substantial disparities in access to proton therapy is essential for re-
alizing the potential benefits of this technology for all patients who might benefit. Strate-
gies to improve access include

Technology development: Compact, lower-cost proton therapy systems are under de-
velopment, which could reduce capital costs and enable deployment in more settings. Sin-
gle-room systems and superconducting cyclotron technologies may reduce costs by 50%
or more compared to conventional multi-room centers [70].

Reimbursement reform: Evidence-based reimbursement policies that appropriately
value the potential benefits of proton therapy while ensuring cost-effectiveness could im-
prove access. Value-based payment models that reward outcomes rather than simply pro-
cedure volume may be appropriate [91].

Telemedicine and remote consultation: Telemedicine platforms could facilitate remote
consultation with proton therapy specialists, helping community oncologists identify ap-
propriate candidates for referral and coordinate care [92].

International collaboration: Partnerships between high-income and low- and middle-
income countries could facilitate technology transfer, training, and research collaboration
to expand global access to proton therapy [93].

Clinical trial participation: Expanding clinical trial networks to include more diverse
patient populations and geographic regions could improve both evidence generation and
access to proton therapy [94-98].

10. Conclusions

Proton beam therapy offers well-documented dosimetric advantages in gynecologi-
cal malignancies, particularly in reducing dose to small bowel, pelvic bone marrow, blad-
der, and rectum. These dosimetric benefits are consistent across planning studies. Early
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clinical data—most notably the Anderson et al. prospective registry study and the Wark
et al. matched-cohort study —provide preliminary evidence that these advantages may
translate into reduced acute gastrointestinal and hematologic toxicity. However, it must
be explicitly stated that no randomized controlled trial has confirmed clinical superiority
of proton over modern photon therapy in this disease site, and no survival or locoregional
control benefit has been established. All clinical benefit claims remain preliminary and are
subject to prospective validation through ongoing and future trials [5,31].

However, the evidence base remains limited by the predominance of planning stud-
ies and small retrospective cohorts, with a critical lack of prospective randomized trials
comparing proton therapy with modern photon techniques [73]. The existing data, while
promising, are insufficient to definitively establish clinical superiority or to justify routine
use of proton therapy for all gynecological cancer patients [74]. Ongoing prospective trials,
including the PROTECT and APROVE studies, will provide essential data on clinical out-
comes, toxicity, and quality of life, helping to define the appropriate role of proton therapy
in clinical practice [35,46,74].

These early findings warrant cautious optimism rather than definitive conclusions.
The prospective registry study (Anderson et al., n = 67) is the strongest available clinical
evidence and shows promising patient-reported GI symptom differences, but was not de-
signed nor powered as a superiority trial [5]. The matched-cohort hematotoxicity data
(Wark et al.) are subject to the confounding factors outlined in Section 3.4. Completion of
the PROTECT and APROVE trials, and initiation of appropriately powered randomized
trials with oncologic co-endpoints, are required before proton therapy can be recom-
mended for routine use in gynecological malignancies beyond carefully selected cases [31].

Special clinical scenarios, including postoperative pelvic irradiation, extended-field
nodal treatment, and reirradiation for recurrent disease, represent particularly promising
applications where the dosimetric advantages of proton therapy may be most pronounced
[44]. The integration of proton therapy with systemic therapies, including chemotherapy,
targeted agents, and immunotherapy, warrants further investigation, with particular at-
tention to the potential for reduced bone marrow exposure to preserve immune function
[52]. Adaptive treatment strategies incorporating MRI-guided target tailoring and robust
optimization techniques may further enhance the therapeutic ratio of proton therapy [52].

Current limitations, including high costs, limited accessibility, technical challenges
related to range uncertainties and organ motion, and insufficient long-term outcome data,
must be addressed to realize the full potential of proton therapy for gynecological malig-
nancies [17]. The development of more compact and cost-effective proton therapy systems,
advances in imaging and adaptive planning technologies, and evidence-based reimburse-
ment policies could improve access and cost-effectiveness [14]. International collaboration
and clinical trial networks are essential to generate the high-quality evidence needed to
guide clinical decision-making and health policy [14].

Future directions include prospective randomized trials with patient-reported out-
comes as primary endpoints, technological advances including FLASH proton therapy
and proton arc therapy, development of predictive biomarkers for patient selection, and
creation of evidence-based consensus guidelines [82]. The integration of artificial intelli-
gence and machine learning into proton therapy workflows may enhance treatment plan-
ning, outcome prediction, and quality assurance [82]. Addressing global disparities in ac-
cess to proton therapy is essential to ensure that the benefits of this technology are avail-
able to all patients who might benefit, regardless of geographic location or socioeconomic
status [71].

In conclusion, proton beam therapy holds significant promise for improving out-
comes and reducing toxicity in gynecological malignancies. The physical advantages are
clear, and early clinical data are encouraging. However, definitive establishment of clini-
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cal benefit requires completion of ongoing prospective trials and initiation of additional
randomized studies. As the evidence base matures and technology advances, proton ther-
apy is likely to play an increasingly important role in the multidisciplinary management
of gynecological cancers, particularly for carefully selected patients where the dosimetric
advantages are most pronounced and the potential for toxicity reduction is greatest. Con-
tinued research, technological innovation, and collaborative efforts to improve access will
be essential to translate the promise of proton therapy into improved outcomes for women
with gynecological malignancies.
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