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Background: Hypofractionated radiation therapy (HFRT) is increasingly accepted for prostate cancer. This prospective study
compared clinical outcomes, early prostate-specific antigen (PSA) dynamics, and dosimetry between proton and photon HFRT for
high-risk prostate cancer.

Methods: A total of 118 patients with high-risk prostate cancer were treated with HFRT (70Gy in 28 fractions) between 2022-2024,
receiving either intensity-modulated proton therapy (IMPT, n = 36) or photon therapy (VMAT, n = 82). All patients received long-term
androgen deprivation therapy (ADT). Primary endpoints included biochemical control, PSA nadir at 6 months post-treatment, and
genitourinary (GU) and gastrointestinal (GI) toxicities. Dosimetric comparisons were performed in silico.

Results: While biochemical control rates were comparable, a significantly higher proportion of patients receiving proton therapy
achieved a PSA nadir <0.1 ng/mL within 6 months. Proton therapy was associated with reduced GU toxicity compared to photon
therapy, based on assessments from both physicians and patients. Dosimetric analysis confirmed that proton therapy provided excellent
target coverage with superior organ-at risk (bladder and rectum) sparing. We further identified dosimetric parameter to determine the
cuff-off value for GU events. The data revealed the percentage volume of bladder receiving >90% prescribed dose (V90%) >11% has
the predictive value for the development of grade >2 genitourinary toxicity.

Conclusion: Two-year biochemical control was comparable between proton- and photon- based HFRT in high-risk prostate cancer.
Proton therapy demonstrated improved early PSA kinetics and reduced GU toxicity, supported by favorable dosimetric profiles. The
identification of bladder V90% <11% as a planning constraint may guide treatment optimization. Further studies with longer follow-up
are warranted to validate these benefits.
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Introduction

Treatment selection for prostate cancer is influenced by multiple factors, including tumor risk stratification, treatment
efficacy, side effect profiles, and patient quality of life.' For patients with high-risk prostate cancer, radiation therapy
(RT) in combination with androgen deprivation therapy (ADT) represents a standard-of-care approach.

In recent years, hypofractionated radiation therapy (HFRT), which delivers larger doses per fraction over a shorter
treatment duration, has gained clinical acceptance as an alternative to conventionally fractionated RT (CFRT).>* Multiple
randomized trials have demonstrated the non-inferiority of HFRT in terms of biochemical control, with potential benefits
in patient convenience and healthcare resource utilization. HFRT has been extensively validated in low- and intermedi-
ate-risk prostate cancer, but evidence for its application in high-risk patients remains relatively scarce. Given the
aggressive nature of high-risk disease, it is particularly pertinent to investigate whether HFRT in this subgroup provides
comparable efficacy and safety. Furthermore, the concerns persist regarding its association with increased genitourinary

(GU) and gastrointestinal (GI) toxicity.*”’ Prior studies have identified several clinical and dosimetric factors® ' that
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may influence the risk of radiation-induced cystitis and proctitis, underscoring the importance of careful treatment
planning and dose constraint optimization. The issue regarding GI and GU toxicities associated with HFRT needs further
investigation.

Proton therapy (PT) offers a promising advancement due to its distinct physical properties, which allow for superior
dose conformality and reduced radiation exposure to surrounding normal tissues.'?'* The role of proton therapy in
prostate cancer has been increasingly studied. In low-risk and favorable intermediate-risk disease, both photon-based
therapy and proton therapy provide excellent long-term biochemical control. In contrast, high-risk prostate cancer
presents a greater challenge. Evidence for HFRT in this group is still evolving, and direct comparisons between proton
and photon therapy are limited. Available studies suggest that while both modalities achieve comparable disease control,
proton therapy may offer dosimetric advantages in reducing rectum and bladder exposure. However, whether these
dosimetric advantages translate into measurable clinical benefits remains under active investigation.

Regarding prostate tumor control, previous studies have suggested that early PSA kinetics have been shown to
correlate with long-term outcomes and may serve as an early surrogate marker of treatment efficacy.'”'® In this
prospective study, we compared clinical outcomes, toxicity profiles, and dosimetric parameters in patients with high-
risk prostate cancer treated with HFRT using either proton or photon therapy. We also evaluated early PSA kinetics and
conducted an in silico analysis to quantify the relative dosimetric advantages of PT. These findings may help clarify the
clinical value of PT in the context of modern prostate cancer radiotherapy and support evidence-based selection of
radiation modalities.

Materials and Methods

Patient Characteristics and Treatment Techniques

This prospective study was approved by the institutional review board of our hospital (No. 202201558B0). This study
adhered to strict confidentiality guidelines and in compliance with regulations regarding personal electronic data
protection and the Declaration of Helsinki. A total of 118 high-risk prostate cancer patients who received hypofractio-
nated radiotherapy (HFRT) since 2022 were enrolled. Informed consent was obtained from all participants prior to
enrollment. All patients received long-term androgen deprivation therapy (ADT), typically 2 years of LHRH analogue
monotherapy. HFRT was administered at a dose of 70 Gy in 28 fractions over six weeks. Patients were stratified by
treatment modality into either the proton or photon therapy group. Treatment allocation was based on patient preference,
not randomization. Photon therapy was delivered using volumetric modulated arc therapy (VMAT), while proton therapy
was administered via intensity-modulated proton therapy (IMPT). All patients underwent treatment planning using
modern standard-of-care techniques, including computed tomography (CT) simulation and motion management
protocols.'” For IMPT, an endorectal balloon was used during simulation and each daily session to ensure consistent
rectal positioning.'* Patients were instructed to maintain a comfortably full bladder at the time of simulation and during
treatment. Immobilization was achieved in the supine position, and daily cone beam CT (CBCT) imaging was used for
image-guided treatment and to monitor anatomical changes. The clinical target volume (CTV) included the prostate and
regional high-risk pelvic areas, while the bladder, rectum, bowel, and femoral heads were designated as organs at risk
(OARs). Treatment plans were optimized based on CTV coverage, dose homogeneity, and sparing of adjacent normal
tissues.

Clinical Assessment

Toxicities were assessed using the Radiation Therapy Oncology Group (RTOG) toxicity scale on a weekly basis during
treatment, at 1 month post-treatment, and subsequently at 3-month follow-up visits. Acute toxicities were defined as
adverse events occurring within 90 days following the completion of radiotherapy. In addition to toxicity evaluation, each
follow-up visit included a serum prostate-specific antigen (PSA) test, as well as the completion of the International
Prostate Symptom Score (IPSS) and the Urinary Distress Inventory (UDI-6) questionnaires. Biochemical-clinical failure

(BCF) was defined as the earliest occurrence of either clinical failure—including local recurrence, regional recurrence, or
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distant metastasis—or biochemical failure, according to the Phoenix definition (an increase in PSA > 2 ng/mL above the
nadir).

Proton Treatment Planning and In Silico Analysis

A relative biological effectiveness (RBE) value of 1.1 was assumed for proton therapy.'® At our institution, proton
therapy was delivered using a cyclotron system (Sumitomo Heavy Industries, Ltd). capable of producing a continuous,
high-intensity proton beam. For the in silico dosimetric comparison, CT simulation data from 36 patients in the proton
group were retrospectively collected to generate corresponding photon-based plans. Target volumes and OARs were
delineated on the CT images. For each patient, two treatment plans were created: one using VMAT and one using IMPT.
The prescribed dose for both modalities was 70 Gy (RBE) delivered in 28 fractions.

Statistical Analyses

Student’s t-tests were used to analyze the associations between RT-induced toxicity, dosimetric parameters, and clinical
characteristics and to compare the dose distribution between the plans. Dose reduction to the OAR was compared
between the VMAT and proton therapy plans. p-values for two-tailed tests with a 95% confidence interval was used.
Linear regression analyses were performed using SPSS version 17.0. Receiver operating characteristic (ROC) curves
were generated for various dose levels, and the area under the curve (AUC) values were calculated. The volumetric
constraint for the optimal dosimetric parameters were obtained through analyzing RT-induced toxicity sensitivity and
specificity values.

Results

Clinical Outcomes: Proton vs Photon HFRT
A total of 118 high-risk prostate cancer patients treated with HFRT between 2022 and 2024 were prospectively analyzed,
including 82 patients who received VMAT (photon group) and 36 who underwent IMPT (proton group). The 2-year
biochemical control rates were comparable between the two groups (90% in the proton group vs 83% in the photon
group; p = 0.742) (Figure 1a). Baseline clinical characteristics—including T-stage, PSA at diagnosis, and Gleason score
—were similarly distributed between groups (Table 1). Dosimetric analyses demonstrated superior target coverage in the
proton group, with a higher proportion of the clinical target volume (CTV) receiving both 95% and 100% of the
prescribed dose compared to the photon group (Table 2).

In this study, PSA levels within six months following treatment were analyzed. Among the patients, 53 (45%) had
a nadir PSA level of >0.1 ng/mL. Although not statistically significant, patients with a nadir PSA <0.1 ng/mL
demonstrated a trend toward improved 2-year biochemical control rates compared to those with higher nadir levels
(92% vs 64%, respectively; Figure 1b). Furthermore, a significantly higher proportion of patients in the proton group
reached this low PSA threshold (Table 3, P = 0.004). Additionally, baseline PSA levels (>20 ng/mL vs <20 ng/mL) were
significantly associated with early PSA nadir outcomes, suggesting that both treatment modality and initial disease
burden influence early biochemical response.

Clinical RT-Induced Toxicity

Patients receiving HFRT with proton therapy experienced significantly lower rates of acute GU toxicity compared to
those treated with photon therapy (p = 0.002), while no significant differences were observed in acute gastrointestinal
(GI) toxicity (p = 0.06) between the two groups (Figure 2a). To further characterize acute GU toxicity from the patient’s
perspective, we analyzed symptom burden using the IPSS and UDI-6 questionnaires at baseline, at the end of radio-
therapy, and at 1 and 3 months post-treatment. These validated tools assess urinary symptoms—including nocturia,
frequency, and incontinence—with higher scores indicating more severe symptoms. Both groups exhibited a transient
increase in urinary symptoms at the end of treatment, which improved by 3 months post-RT (Figure 2b). Notably, the
proportion of patients reporting moderate-to-severe urinary symptoms (including nocturia and frequency) was lower in
the proton group (p = 0.018). In terms of late toxicity, proton therapy was associated with a significantly reduced
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Figure | Clinical outcomes following HFRT in high-risk prostate cancer. (a) Biochemical control was assessed by plotting BCF-free survival curves, comparing proton
therapy to photon-based radiotherapy. (b) Biochemical control was assessed by plotting BCF-free survival curves, comparing PSA nadir<0.Ing/mL to PSA nadir20.Ing/mL.

incidence of late GU toxicity (p = 0.013), whereas no significant difference was observed for late GI toxicity (p = 0.81)

(Figure 2c). Importantly, physician-reported toxicities were consistent with patient-reported outcomes, underscoring the

reliability of the findings across assessment methods (Table 4).

Table 1 The Clinical Characteristics of High-Risk Prostate Cancer
Patients Treated with HFRT Between the PT and Photon Groups

PSA Stage Gleason Score
<20 | =220 | <T3 | Local-Advanced <8 >8
Photon | 32 50 30 52 39 43
PT 10 26 13 23 20 16
P value 0.244 0.961 0.428
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Table 2 Dosimetric Comparison of Target Coverage (CTV)
Between the PT and Photon Groups

CTV
V95* V98 vioo Dlc.c.
Photon 99.22+0.13 | 98.22+0.23 | 97.89+0.48 | 1.05+0.17
Proton therapy | 100.00£0.00 | 99.95+0.02 | 99.60+0.08 | 1.05+0.16
P value 0.038 0.0007 0.005 0.225

Notes: *Vx values (percentage volume receiving at least x% of the prescription dose).

Table 3 The Correlation Between the Lowest PSA Value Within 6 months and
Clinical Characteristics

The PSA Nadir within 6 Months | P Value
>0.1ng/mL <0.Ing/mL

Gleason score <8 26 33
28 27 32 0.855

PSA at <20 12 30
Diagnosis 220 41 35 0.008

Stage <T3 17 26
Local-advanced 36 39 0.378

RT technique Photon 44 38
PT 9 27 0.004

Dosimetric Factors Associated with Radiation-Induced GU Toxicity

Previous studies have demonstrated that bladder dose metrics—including total, maximal, mean doses, and specific dose-
volume percentages—are closely associated with radiation-induced GU toxicity during pelvic irradiation. In the present
analysis, proton therapy significantly reduced bladder volume across the 50%-100% isodose levels, as shown by dose-
volume histogram (DVH) comparisons (Figure 3a and b). Univariate analysis identified proton therapy (P=0.043) and
a reduction in bladder V50% to V100% (P<0.001) as being significantly associated with a lower incidence of acute grade
>2 GU toxicity. As shown in Supplementary Table 1 and Supplementary Figure 1, ROC curve analysis further confirmed
bladder V90 as a strong predictor of GU toxicity, with an area under the curve (AUC) exceeding 0.80. A V90 threshold of
10.99% was identified as the optimal cutoff for predicting > grade 2 GU toxicity (Table 5). Patients with a bladder V90
<11% experienced significantly lower rates of moderate-to-severe GU symptoms (Table 6). Importantly, patients treated

with proton therapy exhibited significantly lower bladder V90 values compared to those receiving photon therapy,
supporting the dosimetric advantage of proton therapy in minimizing radiation-induced GU toxicity.

Treatment Plan Comparison by In Silico Analysis

To further assess the dosimetric benefits of proton therapy, an in silico analysis was performed using CT simulation data
from 36 patients treated with proton therapy. For each patient, treatment plans were generated for both VMAT and IMPT,
utilizing identical target delineations and dose prescriptions. All plans achieved adequate target coverage, with at least
95% of the CTV receiving 100% of the prescribed dose. Compared to photon-based VMAT plans, proton therapy
consistently demonstrated superior sparing of OARs, including the bladder, rectum, and penile bulb (Figure 4 and
Table 7). These results underscore the dosimetric advantage of proton therapy in reducing radiation exposure to
surrounding normal tissues.
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Figure 2 Acute and Late Toxicities Following HFRT. (a) Physician-reported acute gastrointestinal (Gl) and genitourinary (GU) toxicities were compared between the PT and
photon groups. (b) Patient-reported GU symptoms (nocturia, frequency, incontinence) were assessed using validated questionnaires. The severity of symptoms was
normalized to baseline levels. (c) Incidence of physician-reported late Gl and GU toxicities was compared across modalities.

Discussion
The growing adoption of HFRT for prostate cancer is supported by the radiobiological rationale that prostate tumors
possess a low o/ ratio, rendering them more sensitive to larger fraction sizes. Multiple randomized trials have validated
HFRT as a safe and effective alternative to CFRT, demonstrating comparable tumor control and acceptable toxicity
profiles.?>** However, concerns persist regarding the potential for increased GU and GI toxicity, particularly in high-
dose regions.

Proton therapy (PT), owing to its favorable physical properties—including reduced exit dose and improved dose
conformality—has been proposed as a strategy to optimize HFRT by enhancing target coverage while minimizing
exposure to adjacent normal tissues. While PT has demonstrated dosimetric benefits in a variety of malignancies,

24-26

including hepatocellular carcinoma, pediatric cancers, and central nervous system tumors, its clinical utility in

Table 4 Concordance Between Physician-Reported GU Toxicities and Patient-Reported Outcomes Following

HFRT
Physician-Observed Acute GU Toxicity | Physician-Observed Late GU Toxicity
Patient-reported GU toxicity 0 | 0 |
0 59 7 69
| 37 I5 47 5
P value 0.011 0.010
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Figure 3 Dosimetric Predictors of Radiation-Induced GU Toxicity. (a) Representative isodose distributions from patients treated with photon and proton therapy. (b) The

ROC curves analysis. The dotted circle indicates the optimal cutoff value (Bladder V90% =10.99) for predicting = grade 2 acute and late GU toxicity.

prostate cancer remains under investigation. The lack of robust long-term outcome data and the high cost of PT continue
to limit its widespread implementation.'*'* In this prospective study, we compared HFRT delivered via photon-based
VMAT versus proton-based IMPT in patients with high-risk prostate cancer. Our findings revealed comparable bio-
chemical control between the two groups, with a trend toward improved prostate-specific antigen (PSA) response in the
proton cohort. Notably, a significantly higher proportion of patients in the proton group achieved a PSA nadir <0.1 ng/mL

Table 5 The Dose Parameter for Bladder for Between Photon and Proton

Groups
Bladder
V50% V65 V75 V8o V90 V100
Photon | 44.0+2.0% | 31.1+1.5% | 22.2+1.3% | 17.1£1.1% | 9.1¥0.5% | 3.6+0.2%
PT 19.0£1.0% | 12.8+0.8% | 9.3£0.7% | 7.6£0.6% | 4.8+0.4% | 1.8%0.2%
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Notes: *Vx values (percentage volume receiving at least x% of the prescription dose).
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Table 6 Correlation Between Bladder V90% Values and Physician- and Patient-Reported 2 Grade 2 GU Toxicity Incidence

RT Physician-Observed Patient-Reported Acute GU Physician-Observed late
Technique Acute GU Toxicity Toxicity GU Toxicity
Photon | PT | Grade 0-I Grade >2 | None-mild | Moderate to Severe | Grade 0-I Grade >2
V90% Bladder | <11% 57 36 88 5 59 34 92 |
2| 1% 25 0 7 18 7 18 21 4
P value <0.001 <0.001 0.001 0.001

within 6 months post-treatment—an early surrogate endpoint that has been associated with improved metastasis-free and
cancer-specific survival.”>'® Although PSA at 6 months largely reflects the suppressive effect of ADT, early PSA
kinetics remain prognostically informative. Prior studies have demonstrated that early PSA decline is predictive of
durable disease control, even in high-risk patients. Moreover, consistent reporting of PSA at 6 months provides
a standardized reference point for longitudinal monitoring. Therefore, this favorable PSA kinetics noted in our study
may reflect the superior target coverage provided by IMPT, which is particularly critical in high-risk patients requiring
dose escalation with strict normal tissue constraints. Future studies with longer follow-up and stratified analyses
according to ADT duration are warranted to better isolate the effect of proton therapy.

In terms of toxicity, proton therapy was associated with significantly lower rates of both acute and late GU toxicity
compared to photon-based HFRT. This reduction was consistently observed across physician-reported outcomes and
patient-reported symptom scores, the latter offering a more patient-centered evaluation of treatment-related morbidity.
These findings align with previous comparative studies demonstrating reduced GU toxicity with PT, although variability
remains across the literature, likely due to differences in radiation techniques, follow-up durations, and patient
selection.?’3°

Our dosimetric analysis further substantiates these clinical outcomes. Proton therapy significantly decreased the
irradiated volumes of both the bladder and rectum across clinically relevant dose thresholds. Importantly, bladder V90
>11% emerged as a significant predictor of > grade 2 GU toxicity, with this threshold validated through receiver

Photon

Proton

Figure 4 In Silico Dosimetric Comparison of Proton and Photon Therapy. Representative isodose distribution from comparative planning (A: anterior; P: posterior; H: head;
F: foot; R: right).
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Table 7 In Silico Dosimetric Comparison Between VMAT (Photon Planning) and IMPT (Proton)

CTV
V95 V98 vIi00 Dlc.c.
Photon (planning) 100.00+0.00 99.06+0.16 97.67+0.70 1.04£10.10
PT 100.00+0.00 99.95+0.02 99.60+0.10 1.05+0.18
P value - <0.001 0.009 0.006
Rectum
V50 V65 V75 V80 V90 vI100 Dlc.c

Photon (planning) | 46.0£3.8% | 28.6+2.4% | 17.8+1.4% | 13.2+1.0% | 7.5%0.6% | 2.2+0.3% 101.8+0.3

PT 20.2+1.8% | 13.6x1.2% | 9.4£0.7% 7.5£0.5% 4.6+0.4% 1.1£0.2% 100.1+0.1
P value <0.001 <0.001 <0.001 <0.001 <0.001 0.006 0.008
Bladder
V50 V65 V75 \'2:11} V90 vi00 Dlc.c

Photon (planning) | 37.842.6% | 25.9+1.9% | 17.7£1.4% | 14.3%x1.1% | 10.9%0.9% | 5.2+0.5% 103.9+0.2
PT 21.7£1.9% | 154+1.4% | 11.0£1.0% | 8.7+0.8% 5.6+0.5% | 2.2+0.3% 102.5+0.4
P value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.009

Notes: *Vx values (percentage volume receiving at least x% of the prescription dose).

operating characteristic (ROC) analysis (AUC >0.80). Patients with bladder V90 <11% had significantly lower rates of
moderate-to-severe urinary symptoms, highlighting the application of this parameter as a planning constraint in clinical
practice.

Interestingly, despite substantial rectal dose sparing achieved with IMPT, we did not observe a corresponding
reduction in GI toxicity. This may be due to the low baseline incidence of rectal events or the use of rectal balloons
in both groups, which are known to reduce rectal dose independent of radiation modality. Future studies incorporating
additional dose-modifying strategies, such as hydrogel spacers, may further mitigate rectal toxicity and warrant
investigation.

A key strength of this study is its comparison of IMPT and VMAT for delivering HFRT in a high-risk prostate cancer
population. These findings contribute to the growing body of evidence informing modality selection in the management
of high-risk prostate cancer.

This study has several limitations. The sample size was relatively small and derived from a single institution,
potentially limiting generalizability. Moreover, the median follow-up duration may be insufficient to fully assess long-
term oncologic outcomes and late toxicities. Our findings provide prospective evidence supporting the clinical and
dosimetric benefits of proton-based HFRT in the management of high-risk prostate cancer. Although the proton group
sample size was smaller, the study provides prospective data that could be validated in future larger trial.

Conclusion

In the prospective study of high-risk prostate cancer, HFRT using either photon or proton therapy are effective options
when combined with ADT. Proton therapy was associated with reduced GU toxicity and more favorable early PSA
kinetics, while GI toxicity outcomes were comparable. The identification of bladder V90% <11% as a predictor of GU
toxicity provides a practical dosimetric guideline for clinical planning. Although the sample size of proton cohort was
limited, these findings suggest that proton-based HFRT may offer both dosimetric and clinical advantages. Further large-
scale, long-term investigations are needed to confirm these benefits.

Data Sharing Statement

Research data are stored in an institutional repository and will be shared upon request to the corresponding author.
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