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Background and purpose

This study aimed to compare the safety and efficacy of high-dose biologically effective dose (BED) versus standard dose regimens in stereotactic body radiotherapy (SBRT) for localized prostate cancer (PCa) using a propensity score matching (PSM) analysis.





Methods

Between June 2012 and February 2022, prostate-localized SBRT patients from two institutions were retrospectively reviewed. The high-dose group (n=12) received high-dose BED1.5 (>250Gy), and the control group (n=119) according to NCCN guidelines (35-37.5 Gy/5f, BED1.5 198.3-225Gy). PSM was performed in a 1:4 ratio based on key clinical variables. Survival outcomes, including overall survival(OS), cancer-specific survival (CSS), biochemical progression-free survival (bPFS), local control (LC), and distant metastasis-free survival (DMFS)were analyzed using Kaplan-Meier methods with SPSS v26.





Results

In the 7-year follow-up, the high-dose group exhibited a 66.7% OS rate vs. 83.4% in controls (p=0.402) and an 88.9% CSS rate compared to 90.5% in controls (p=0.480). The high-dose group demonstrated a 91.7% 7-year bPFS rate, while controls had a 67.4% rate (p=0.497). Higher gleason score correlated with impaired biochemical control (p=0.028), and adverse NCCN classifications indicated suboptimal control (p=0.028). The high-dose group achieved a 100% 7-year LC rate vs. 95.1% in controls (p=0.569) and a 91.7% 7-year DMFS rate compared to 81.6% in controls (p=0.918). Patients with pre-existing health conditions were less likely to develop distant metastasis (p=0.047). Most patients tolerated SBRT with minimal toxicity, and no grade 3 or higher adverse events were observed.





Conclusion

Escalating the biologically effective dose above standard levels did not yield a significant improvement in tumor control or survival outcomes compared to conventional SBRT dosing for localized PCa. Further prospective studies are warranted to clarify the role of dose escalation in this setting.
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Highlights

	Retrospective study of high vs. standard dose BED in SBRT for localized PCa.

	Standard doses remain effective in achieving comparable outcomes to high-dose regimens.

	High BED in SBRT for localized PCa did not significantly enhance tumor control or survival rates.







Introduction

For localized prostate cancer (PCa), standard treatments include active surveillance (AS), radical prostatectomy (RP), and external beam radiotherapy (EBRT) (1). Nonetheless, these options lead to significant adverse effects, such as urinary incontinence and erectile dysfunction (2). A systematic review of 72 studies, including focal therapy (FT) modalities like focal brachytherapy, shows promising early results, though long-term oncological effectiveness remains uncertain. High-quality evidence suggests minimal adverse reactions with FT (3). Notably, most FT approaches require repeated general anesthesia, impacting patients’ quality of life (QoL). An alternative, stereotactic body radiotherapy (SBRT), offers precise treatment without anesthesia, demonstrating efficacy comparable to intensity-modulated radiation therapy (IMRT) (4).

These evolving strategies illustrate the trend in oncology toward precise, minimally invasive treatments that aim to reduce toxicity while maintaining effectiveness, driven by advances in biology and technology (5). SBRT offers several advantages (6). Firstly, escalating the dose enhances cancer control. Secondly, the low α/β ratio of prostate cancer (estimated at 1-2) leads to significant relative biological effectiveness (RBE) with SBRT, increasing the biologically effective dose (BED) (7). Consequently, this low α/β ratio of prostate cancer renders it particularly sensitive to hypofractionated high-dose radiotherapy. Implementing individualized high-dose fractionation protocols can thus enhance tumor control while simultaneously minimizing the radiation dose to surrounding normal tissues, ultimately reducing the incidence of late radiation-induced toxicity. Lastly, the CyberKnife system provides precise, image-guided radiation delivery, minimizing exposure to critical organs and enhancing patient convenience during extensive radiation procedures.

Hypofractionated radiation therapy, notably SBRT, gains popularity for localized PCa due to its safety and convenience. Trials explore dose escalation benefits in conventional radiation (8, 9), with hypofractionation (42.7 Gy/7f) proving non-inferior for intermediate and high-risk patients (4). The current National Comprehensive Cancer Network (NCCN) guidelines recommends at least 36.25 Gy/5 fractions based on PACE-B research (10, 11). However, earlier NCCN versions have acknowledged that lower SBRT doses, such as 35 Gy/5 fractions, may still be acceptable. Notably, the NCCN also endorses fractionation schemes like 9.5 Gy*4 fractions or 8 Gy*5 fractions, each resulting in a BED greater than 250 Gy, while simultaneously recognizing regimens with BEDs below this threshold. Ongoing debates continue regarding the optimal SBRT dose, with the impact of delivering higher BEDs—such as 40 Gy/5 fractions—on survival outcomes yet to be explored in cohort studies. This retrospective study evaluates the influence of dose escalation on survival outcomes between higher BED (>250) and recommended fractionation doses.





Materials and methods




Patient selection

Patients receiving prostate-localized SBRT without regional lymph node involvement or distant metastasis from two research medical institutions (June 2012 - February 2022) were selected. Exclusions included prior radical surgery, brachytherapy, or proton therapy. Inclusion criteria comprised confirmed prostate adenocarcinoma, enhanced pelvic magnetic resonance imaging (MRI), emission computed tomography (ECT), Eastern Cooperative Oncology Group (ECOG) performance score ≤ 1, and those unsuitable for surgery due to medical conditions. Informed consent was obtained from all enrolled patients prior to treatment. Data included age, ECOG status, prostate-specific antigen (PSA), Gleason score grading, clinical T-stage, NCCN risk group, prior surgery/androgen deprivation therapy (ADT), and SBRT details. The high-dose group (n=12) had BED1.5 (α/β=1.5Gy) >250Gy, while the controls (n=119) followed NCCN guidelines (35-37.5 Gy/5f, BED1.5 198.3-225Gy). Approved by the institutional review board, this study adhered to the Helsinki Declaration.





SBRT protocols

Before formulating the radiation therapy plan, two or four fiducial markers were implanted into the prostate. Patients were positioned supine, arms resting at their sides, and secured with a thermoplastic mask. One week post-marker insertion, an enhanced computed tomography (CT) scan (1.5 mm slice thickness, 10 cm above and below the prostate) was conducted. For low-risk prostate cancer, the clinical target volume (CTV) covered the entire prostate. In the intermediate-risk group, CTV included the prostate and a 1-centimeter margin around seminal vesicles. For the high-risk and very high-risk groups, the CTV comprised the entire prostate and a 2-centimeter margin around the seminal vesicles. If the tumor invaded seminal vesicles, CTV covered the entire prostate and seminal vesicles. SBRT was administered using CyberKnife (Accuray Corporation, Sunnyvale, CA, USA).

The planning target volume (PTV) expanded by 5mm in all directions (excluding posterior), and CTV expanded by 3mm to minimize rectal radiation. Table 1 summarizes treatment parameters for both approaches. The distribution graph of BED1.5 for the two patient groups can be found in Supplementary Figure S1. The control group received a prescription dose of 35-37.5 Gy in 5 fractions every other day, with the median prescription isodose line at 79%. BED was calculated using the standard linear-quadratic model (α/β = 1.5Gy, common for prostate cancer). Dose-volume constraints for organs at risk (OAR) included rectum (V18.1 Gy < 50%, V29 Gy < 20%, V36 Gy < 1 cc), bladder (V18.1 Gy < 40%, V37 Gy < 10 cc, optimal V37 Gy < 5 cc), prostatic urethra (V42 Gy < 50%), femoral head (V14.5 Gy < 5%), penile bulb (V29.5 Gy < 50%), and intestine (V18.1 Gy < 5 cc, V30 Gy < 1 cc) (12).


Table 1 | Treatment parameters used for radiotherapy.
	Parameters
	Total
	The high-dose group
	The control group



	Clinical Target Volume (ml)
	55.6 (8.0-182.7)
	34.2 (8.0-122.0)
	61.0 (23.8-182.7)


	Total prescribed dose (Gy)
	36.9 (35.0-42.0)
	39.6 (36.0-42.0)
	36.2 (35.0-37.5)


	Number of fractions
	5 (3-5)
	4 (3-5)
	5


	Dose per fraction (Gy)
	8.1 (7-13.3)
	12.3 (8-13.3)
	7.2 (7.0 -7.5)


	BED1.5 (Gy)
	236.7 (198.3-395.4)
	339.01 (253.3-395.4)
	211.0 (198.3-225)


	Number of fiducials
	4 
	2
	4


	Prescription isodose line (%)
	76 (57-85)
	65 (57-72)
	79 (71-85)





All data were shown as median values (range).

BED1.5: biologic equivalent dose (α/β=1.5 Gy).







Response evaluation and follow-up

Post-radiation, monthly assessments monitored PSA and testosterone levels. Biochemical progression was defined as PSA increase ≥ 2 ng/mL from nadir (13). Overall survival (OS) was calculated from radiation therapy start to final follow-up or death. Cancer-specific survival (CSS) was defined as the time to death resulting from prostate cancer progression. Biochemical progression-free survival (bPFS) was from SBRT initiation to biochemical progression or last follow-up. Local control (LC) denoted no progression at the primary site. Distant metastasis-free survival (DMFS) calculated from radiation therapy start to clinical metastasis diagnosis or patient’s death. Acute and late toxicities assessed by Common Terminology Criteria for Adverse Events (CTCAE) v5.0.





Statistical analysis

Propensity score matching (PSM) was conducted in R to address selection bias in this observational study by pairing patients with similar controls, effectively controlling for confounders including NCCN risk group, Gleason grade, TNM stage, age, and PSA. R4.3.1 software performed 1:4 nearest neighbor matching, resulting in 12*4 matched samples. Kaplan-Meier analysis in SPSS v26 assessed survival differences, with log-rank tests comparing treatment groups. Chi-square and Student’s t-test detected differences in categorical and continuous variables. All tests were two-sided, with significance set at P<0.05.






Results




Basic parameters

The study involved 12 high-dose and 48 control patients. Specifically, in the high-dose group, there was 1 patient with low risk, 2 with unfavorable intermediate risk, 6 with high risk, and 3 with very high risk. In the control group, there were 4 patients with low risk, 12 with unfavorable intermediate risk, 22 with high risk, and 10 with very high risk. Last follow-up was May 2023 or death. The median follow-up period extended to 74.0 months (range 5.3-117.0 months). The high-dose group had 75% high/very high-risk patients, with 33% undergoing hormonal therapy. Four patients succumbed to prostate cancer progression, while five had non-cancer-related deaths, including three strokes and two pneumonia cases. Among these non-cancer-related deaths, one patient had an unfavorable intermediate-risk (NCCN classification), and four were high-risk. Of the four patients who died due to prostate cancer metastasis, one had multiple advanced metastases affecting the lungs and bones. Another patient exhibited metastases in various locations, including the lumbar spine and multiple bones. In the remaining two cases, systemic metastatic progression was considered. A total of 47 patients (78.3%) had pre-existing health conditions, such as diabetes, hypertension, and coronary heart disease. Specific patient demographics are detailed in Table 2.


Table 2 | Patients demography and tumor characteristics.
	Characteristics
	Total
	The high-dose group
	The control group



	Total patients, n
	60
	12
	48


	Follow-up, median (SD)
	74.0 (5.3-117.0)
	52.8 (14.5-99.3)
	76.9 (5.3-117.0)


	Age at treatment time-years, median (SD)
	73.5 (54-83)
	72 (65-78)
	74 (54-83)


	PSA, median (SD)
	17.1 (0.4-100)
	17.1 (0.4-100)
	18.4 (0.4-91)


	Gleason score


	• 3 + 3 = 6
	13
	1
	12


	• 3 + 4 = 7,4 + 3 = 7
	23
	5
	18


	• 4 + 4 = 8,3 + 5 = 8,5 + 3 = 8
	14
	3
	11


	• 5 + 4 = 9,4 + 5 = 9
	10
	3
	7


	Clinical T-stage


	• T2a
	25
	5
	20


	• T2b
	5
	1
	4


	• T2c
	23
	4
	19


	• T3a
	2
	1
	1


	• T3b
	5
	1
	4


	NCCN risk grouping


	• Low
	3
	1
	2


	• Unfavorable intermediate
	16
	2
	14


	• High
	30
	6
	24


	• Very high
	11
	3
	8


	ECOG score


	• 0
	2
	1
	1


	• 1
	58
	11
	47


	Pre-treatment TURP


	• Yes
	14
	6
	8


	• No
	46
	6
	40


	Synchronize/previously used ADT


	• No
	45
	5
	40


	• Yes
	15
	7
	8


	Pre-existing health conditions


	• No
	13
	6
	7


	• Yes
	47
	6
	41











Survival differences

For 60 patients, 5-year OS was 91.7%, 7-year OS was 81%, median OS was 104.1 months (range 96.5-111.7). In the high-dose group, 5-year OS was 88.9%, 7-year OS was 66.7%, respectively. In the control group, the corresponding rates were 92.5% and 83.4% (p=0.402& Figure 1A). CSS rates at 5 and 7 years were 95.9% and 89.9%, median CSS 111.2 months (range 105.6-116.7). For CSS, the high-dose group had a 5-year rate of 88.9%, a 7-year rate of 88.9%, while the control group had a 5-year rate of 97.4%, a 7-year rate of 90.5% (p=0.480& Figure 1B). Dosimetric data related to BED were analyzed, and the correlation between clinical/patient baseline information and OS as well as prostate CSS was examined. Univariate analysis showed no significant correlation between prostate CSS or OS and clinical characteristics, patient baseline information, or SBRT parameters (Supplementary Tables S1, S2). Despite increased radiation dosage for a higher BED, there was no improvement in patient survival.
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Figure 1 | Actuarial survival analysis of patients in two distinct groups. (A) Overall survival. (B) Cancer-specific Survival. (C) Biochemical Progression-free Survival. (D) Local Control Survival. (E) Distant Metastasis-free Survival.





bPFS differences

In the 60-patient cohort, 5- and 7-year bPFS rates were 83.2% and 70.2%, with a median bPFS of 94.1 months (range 86.1-102.2 months). The high-dose group exhibited a 5-year bPFS of 91.7%, and 7-year bPFS of 91.7%, while the control group had a 5-year bPFS of 82.1%, 7-year bPFS of 67.4% (p=0.497& Figure 1C). No differences in biochemical control were observed. Univariate analysis revealed an association between elevated Gleason score and impaired biochemical control. Gleason score > 7 showed 5-year bPFS of 72.4%, 7-year bPFS of 55.5%, compared to Gleason score ≦ 7 with 5-year bPFS of 95.8%, 7-year bPFS of 89.8% (p=0.028). Additionally, Patients with more adverse classifications had suboptimal biochemical control (p=0.028) (Table 3). In the low/unfavorable intermediate risk group, 100% bPFS was achieved at both 5- and 7-year, while in the high/very high-risk group, 5-year bPFS was 77.4%, and 7-year bPFS was 60.6%.


Table 3 | Univariate analysis for bPFS rate.
	Factors
	5-year rate (%)
	7-year rate (%)
	P value



	Dose group
	 
	 
	0.497


	The high-dose group
	91.7
	91.7
	 


	The control group
	82.1
	67.4
	 


	Gleason Score
	 
	 
	0.028


	≦7
	95.8
	89.8
	 


	> 7
	72.4
	55.5
	 


	PSA at diagnosis-ng/ml
	 
	 
	0.128


	≦20
	93.1
	86.0
	 


	>20
	72.4
	61.2
	 


	NCCN risk grouping
	 
	 
	0.028


	Low+Unfavorable intermediate
	100
	100
	 


	High+very high
	77.4
	60.6
	 


	Treatment regimen:
	 
	 
	0.520


	Daily treatment
	88.9
	88.9
	 


	Alternate-day treatment
	82.1
	67.4
	 


	Age-years
	 
	 
	0.846


	<70
	76.5
	76.5
	 


	≧70
	86.9
	68.6
	 


	Synchronize/previously used ADT
	 
	 
	0.833


	Presence
	92.3
	65.6
	 


	Absence
	80.6
	72.1
	 


	TURP before SBRT
	 
	 
	0.626


	Yes
	93.3
	81.7
	 


	No
	80.6
	67.6
	 











LC and DMFS differences

Over 5- and 7-year periods, the cohort exhibited consistent LC rates of 95.7% and 95.7%, with an average follow-up of 113.9 months (range 109.6-118.1 months). The high-dose group achieved a 7-year LC rate of 100%, while the control group had a 7-year rate of 95.1% (p=0.569& Figure 1D). Additionally, DMFS rates at 5- and 7-year were 96.2% and 82.3%, averaging 99.8 months(range 93.1-106.6 months). The high-dose group had 5-year and 7-year DMFS rates of 91.7%, while the control group had rates of 97.6% and 81.6%, respectively (p=0.918& Figure 1E). In the patient cohorts, no significant correlation was observed between clinical patient information or SBRT parameters and LC (Supplementary Table S3). Univariate analysis revealed that patients with pre-existing health conditions such as hypertension, heart disease, and diabetes, were less prone to distant metastasis than those without (p=0.047). Patients with pre-existing conditions: 5-year DMFS 97.4%, 7-year DMFS 90.8%. Patients without such conditions: 5-year DMFS 92.3%, 7-year DMFS 46.9%. A higher distant metastasis trend was noted in Gleason >7 vs. ≤7 (p=0.060). No significant correlations with other clinical or treatment factors (Supplementary Table S4).





Overall toxicity

The majority of patients showed good tolerance to SBRT, with no grade 3+ adverse reactions observed. The high-dose group had no significant toxicity. In the control group (48 patients), one (2.1%) had grade 2 acute genitourinary (GU) toxicity, while two (4.2%) reported grade 1 acute GU symptoms. Two (2.3%) had grade 2 late GU toxicity. No acute or late gastrointestinal (GI) toxicity occurred. Common treatment-related adverse effects: hematuria, urinary frequency, nocturia, urinary pain, and difficulty in urination. All acute toxicities were transient, reversible with medication, and didn’t hinder treatment completion.






Discussion

In this retrospective study, PSM matching addressed efficacy bias by balancing high-dose and control groups. Results showed no significant differences in OS, CSS, bPFS, LC, or DMFS between them. The study supports NCCN’s recommendation of 36.25 Gy in five fractions for localized PCa patients undergoing SBRT, achieving a BED below 250 Gy.

SBRT, recommended for localized PCa, involves ultra-hypofractionated radiotherapy (7–10 Gy per fraction over 4–5 fractions) with a BED up to EQD2– 164 Gy, given within 1–2 weeks. It’s considered the standard of low- and intermediate-risk PCa, demonstrating excellent oncological outcomes. The HYPO-RT-PC trial in Scandinavia, compared ultra-hypofractionation (7 fractions of 42.7 Gy) with traditional fractionation (39 fractions of 78.0 Gy) (4). This comparison used 3D conformal radiation therapy (3DCRT), IMRT, or volumetric modulated arc therapy (VMAT) for intermediate or high-risk PCa. Ultra-fractionation proved non-inferior, with no difference in cancer-specific mortality or OS. Though associated with acute GU and GI symptoms, no difference was seen in late symptoms or overall QoL.

The PACE-B study (874 patients, low and favorable intermediate-risk PCa) compared conventional (78 Gy in 39 fractions over 8 weeks), moderately hypofractionated radiotherapy (62 Gy in 20 fractions over 4 weeks), and SBRT (36.25 Gy in 5 fractions). Results showed that SBRT’s shorter duration didn’t increase acute toxicity (10). The American Society for Radiation Oncology (ASTRO), the American Society of Clinical Oncology (ASCO), and the NCCN guidelines consider prostate SBRT acceptable for localized PCa (11). A meta-analysis (38 studies, 6,116 patients) on prostate cancer patients undergoing SBRT for low-, intermediate-, and high-risk diseases with fewer than 10 fractions exceeding 5 Gy demonstrated 5-year and 7-year biochemical recurrence-free survival rates (BRFS) rates of 95.3% and 93.7%. Estimated late grade 3 or higher GU and GI toxicity rates were 2.0% and 1.1%, respectively. This evidence supports SBRT as a standard for localized PCa. The review had a 39-month median follow-up, incorporating the HYPO-RT-PC trial. 80% of ultra-hypofractionation cases used 3D-CRT, with the rest using IMRT/VMAT (14). In a Phase II trial, localized SBRT (36.25 Gy/5 every other day) yielded promising outcomes. A 36-month follow-up showed a 96% 3-year bPFS rate, with all 24 eligible patients avoiding salvage prostatectomy. No grade 3 or higher toxicities were observed, indicating minimal impact on patients’ QoL (15). Another Phase II trial, HYPOSTA, explored hypofractionated robotic SBRT on 85 localized PCa patients. Using the CyberKnife system (35 Gy/5f), it showed favorable short-term toxicity profiles, especially for intermediate or high-risk cases involving the proximal seminal vesicles (16).

In conventional radiotherapy, NRG 0126 compared 70 Gy to a dose-escalated 79.2 Gy at 1.8 Gy per fraction in a similar group of intermediate-risk patients (n=1532). The report indicated that dose-escalated treatment, relatively better tolerated, significantly reduced distant metastasis (17). Therefore, the benefit of reducing distant metastasis with dose escalation in a larger SBRT patient cohort, as seen in RTOG 0126, might translate into a modest yet statistically significant improvement in OS (18). Previous studies also reported that dose-escalated SBRT can enhance BRFS rates compared to lower-dose SBRT in low- and intermediate-risk prostate cancer. However, these studies failed to detect potential improvements in OS or DMFS rates, alternative endpoints for prostate cancer patients (19). Other studies utilized different dose regimens. Meier et al. studied 309 low/intermediate-risk prostate cancer patients with robotic SBRT (40 Gy/5f for prostate, 36.25 Gy/5f for seminal vesicles), reporting minimal toxicity and 95.6% 5-year OS (20). Additionally, HYPO-RT-PC trial showed non-inferiority for freedom from failure (FFS) with 42.7 Gy/7f vs. conventional 78.0 Gy/39f in intermediate- and high-risk patients (4).

Boike et al. conducted a phase I dose-escalation study for low-risk and intermediate-risk prostate cancer treated with SBRT. In a prospective cohort of 15 patients, dose escalation ranged from 45 Gy to 50 Gy, administered in fractions of 9, 9.5, and 10 Gy each, every other day, using a rectal balloon for protection. The study reported 18% grade 2 and 2% grade 3 rectal toxicity, and 31% grade 2 and 4% grade 3 GI toxicity. Importantly, dose escalation to 50 Gy was completed without dose-limiting toxicity (21). Another study examined 24 patients with intermediate- and high-risk prostate cancer undergoing dose-escalated prostate and proximal seminal vesicle SBRT. High-dose avoidance zones(HDAZ) were established, and patients achieved a 24-month PSA recurrence-free survival of 95.8% (22). In a dose-escalation study involving 75 patients with low- or intermediate-risk localized PCa, three SBRT dose levels were explored: 35 Gy, 37.5 Gy, and 40 Gy in 5 fractions. The 2-year incidence rates of Grade 2 late GU and GI toxicities were 34% and 7%, respectively, with higher doses associated with increased GU toxicity. No Grade 3 GI or Grade 4 acute GU toxicities or Grade 3 late toxicities were observed. Prescription of 35 Gy/5f was less likely to cause adverse events, suggesting caution with higher SBRT doses (23). In a retrospective study of 2214 intermediate-risk prostate cancer patients treated with SBRT, a dose of 36.25 Gy/5f was compared to 35 Gy/5f. Despite a small dose difference, the increase in BED from 35 Gy/5f to 36.25 Gy/5f was associated with improved survival (24). Our study explored the survival outcomes of higher BED in SBRT for localized prostate cancer. Although the high-dose group showed better trends in bPFS and LC rates, no statistically significant improvements in tumor control or survival were found. These results align with NCCN guidelines recommending a dosage of 36.25 Gy to 35 Gy in 5 fractions for localized prostate cancer SBRT. Furthermore research is needed on dose-response relationships. Furthermore, with the advancement of artificial intelligence and big data technologies, leveraging multidimensional dosimetric parameters for precise modeling and risk prediction will provide robust support for personalized radiotherapy dose optimization.

Our cohort, despite reporting fewer toxicities, demonstrated potential SBRT related toxicity compared to moderately fractionated IMRT. A retrospective study (n=4,005) reported higher GI toxicity with SBRT than IMRT at 24 months (44% vs. 36%; P = 0.001) (25). Prospective evaluation by K. et al. with 205 patients undergoing SBRT treatment (37.5–40 Gy/5f) using the “CyberKnife M6” showed mild to moderate early side effects, with GU and GI acute radiation-related side effect rates reported as GU: grade 0 - 17.1%, grade 1 - 30.7%, grade 2 - 50.7%, grade 3 - 1.5%; GI: grade 0 - 62.4%, grade 1 - 31.7%, grade 2 - 5.9%, grade 3 - 0%, and no grade 4 or higher toxicities (26). MRI-guided SBRT in prostate cancer radiation therapy demonstrated favorable outcomes, with the use of a 1.5-Tesla MR linear accelerator showing feasibility and safety. Comparative analysis suggests MR-guided Radiation Therapy (MRgRT) may reduce overall Grade 1 acute toxicity at six months, with a declining trend in Grade 2 GI toxicity (27). The MIRAGE trial indicated MRI-guided SBRT significantly decreased physician-assessed moderate acute toxicity and patient-reported declines compared to CT guidance (28). Integrating SBRT with prophylactic pelvic radiation, along with gross tumor volume within the prostate (GTVp) augmentation guided by multiparametric magnetic resonance imaging (mpMRI), proved effective and well-tolerated for high-risk PCa patients (29). Future studies could build on conventional prostate radiation doses by incorporating advanced imaging techniques such as PSMA PET/MR to enable targeted dose escalation to active lesions, aiming to further reduce toxicity and improve local control. Moreover, personalizing SBRT dose strategies will likely depend on integrating molecular biomarkers that reflect tumor-specific stress responses, immune activity, and metabolic pathways. Cross-cancer insights—such as CISD2-mediated iron homeostasis in HNSCC, GLS-driven glutamine metabolism in breast cancer, NT5E-associated purine signaling in pancreatic tumors, and efferocytosis-related immune evasion in glioblastoma—underscore how microenvironmental dysregulation can drive radioresistance and recurrence (30–33). Applying such multi-omic biomarker frameworks to prostate cancer holds promise for identifying patients who are more suitable for dose escalation, while allowing deintensification in low-risk cases. This approach could optimize therapeutic indices and advance truly risk-adapted SBRT.

This study had limitations. It was retrospective, introducing bias and limiting causal inferences. The small sample size (12 high-dose, 48 control) indicated limited statistical power and heterogeneity. Despite 1:4 PSM controlling for measured variables, unmeasured confounders could influence treatment decisions. Furthermore, in comparison to other studies, the study didn’t rule out potential differences related to ethnicity, specifically between East Asian and Western populations. Dose prescriptions (9.5*4, 7.25-8*5, and 6.1*7) align with NCCN guidelines, but escalation beyond STAMPEDE trial equivalents wasn’t recommended due to known toxicity increase without improved OS. In our analysis, higher SBRT doses didn’t correlate with enhanced survival outcomes or significantly different toxicities.





Conclusion

In SBRT treatment for localized PCa, while the high-dose group showed an upward trend in BPFS and LC rates at 5 and 7 years compared to the control group, the adoption of a high biologically effective dose did not significantly improve tumor control rates and survival. Clinicians should weigh treatment effectiveness and potential adverse effects when devising personalized treatment plans to maximize therapeutic benefits for patients.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

This study was approved by the Institutional Review Board of the First Affiliated Hospital of Naval Medical University and Ruikang Hospital Affiliated to Guangxi University of Chinese Medicine. Due to the retrospective nature of the study and the use of anonymized clinical data, the requirement for informed consent was waived. The study was conducted in accordance with the Declaration of Helsinki. As a retrospective analysis, this work was not registered in a clinical trial database. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

BX: Conceptualization, Data curation, Validation, Writing – review & editing, Writing – original draft, Formal analysis, Software. XZ: Validation, Writing – review & editing, Funding acquisition, Supervision. TW: Writing – review & editing. YL: Writing – review & editing. WZ: Writing – review & editing. LC: Writing – review & editing. ZL: Resources, Writing – review & editing. HZ: Project administration, Funding acquisition, Resources, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research and/or publication of this article. This study is sponsored by the First Affiliated Hospital of Navy Medical University “234 Subject Climbing Program” (2019YPT004), Changhai Hospital Guhai Program(GH145-33), the First Affiliated Hospital of Naval Medical University “Youth Development Program”(2021JCQNO3), Shanghai Health Commission Leading Talent Program(2022LJ019) and Shanghai Top Priority Research Center Construction Program (2022ZZ01011).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1654174/full#supplementary-material




References

	 Mottet N, van den Bergh RCN, Briers E, Van den Broeck T. EAU-EANM-ESTRO-ESUR-SIOG guidelines on prostate cancer-2020 update. Part 1: screening, diagnosis, and local treatment with curative intent. Eur Urol. (2021) 79:243–62. doi: 10.1016/j.eururo.2020.09.042, PMID: 33172724


	 Resnick MJ, Koyama T, Fan KH, Albertsen PC, Goodman M, Hamilton AS, et al. Long-term functional outcomes after treatment for localized prostate cancer. N Engl J Med. (2013) 368:436–45. doi: 10.1056/NEJMoa1209978, PMID: 23363497


	 Hopstaken JS, Bomers JGR, Sedelaar MJP, Valerio M, Fütterer JJ, Rovers MM. An updated systematic review on focal therapy in localized prostate cancer: what has changed over the past 5 years? Eur Urol. (2022) 81:5–33. doi: 10.1016/j.eururo.2021.08.005, PMID: 34489140


	 Widmark A, Gunnlaugsson A, Beckman L, Thellenberg-Karlsson C, Hoyer M, Lagerlund M, et al. Ultra-hypofractionated versus conventionally fractionated radiotherapy for prostate cancer: 5-year outcomes of the HYPO-RT-PC randomised, non-inferiority, phase 3 trial. Lancet. (2019) 394:385–95. doi: 10.1016/S0140-6736(19)31131-6, PMID: 31227373


	 Sonkin D, Thomas A, Teicher BA. Cancer treatments: past, present, and future. Cancer Genet. (2024) 286–287:18–24. doi: 10.1016/j.cancergen.2024.06.002, PMID: 38909530


	 Hegemann NS, Guckenberger M, Belka C, Ganswindt U, Manapov F, Li M. Hypofractionated radiotherapy for prostate cancer. Radiat Oncol. (2014) 9:275. doi: 10.1186/s13014-014-0275-6, PMID: 25480014


	 Fowler JF, Toma-Dasu I, Dasu A. Is the α/β ratio for prostate tumours really low and does it vary with the level of risk at diagnosis? Anticancer Res. (2013) 33:1009–11., PMID: 23482774


	 Zietman AL, Bae K, Slater JD, Shipley WU, Efstathiou JA, Coen JJ, et al. Randomized trial comparing conventional-dose with high-dose conformal radiation therapy in early-stage adenocarcinoma of the prostate: long-term results from proton radiation oncology group/american college of radiology 95-09. J Clin Oncol. (2010) 28:1106–11. doi: 10.1200/JCO.2009.25.8475, PMID: 20124169


	 Peeters ST, Heemsbergen WD, Koper PC, van Putten WL, Slot A, Dielwart MF, et al. Dose-response in radiotherapy for localized prostate cancer: results of the Dutch multicenter randomized phase III trial comparing 68 Gy of radiotherapy with 78 Gy. J Clin Oncol. (2006) 24:1990–6. doi: 10.1200/JCO.2005.05.2530, PMID: 16648499


	 Brand DH, Tree AC, Ostler P, van der Voet H, Loblaw A, Chu W, et al. Intensity-modulated fractionated radiotherapy versus stereotactic body radiotherapy for prostate cancer (PACE-B): acute toxicity findings from an international, randomised, open-label, phase 3, non-inferiority trial. Lancet Oncol. (2019) 20:1531–43. doi: 10.1016/S1470-2045(19)30569-8, PMID: 31540791


	 Schaeffer EM, Srinivas S, Adra N, An Y, Barocas D, Bitting R, et al. Prostate cancer, version 4.2023, NCCN clinical practice guidelines in oncology. J Natl Compr Canc Netw. (2023) 21:1067–96. doi: 10.6004/jnccn.2023.0050, PMID: 37856213


	 Henderson DR, Tree AC, van As NJ. Stereotactic body radiotherapy for prostate cancer. Clin Oncol. (2015) 27:270–9. doi: 10.1016/j.clon.2015.01.011, PMID: 25707911


	 Scher HI, Morris MJ, Stadler WM, Higano C, Basch E, Fizazi K, et al. Trial design and objectives for castration-resistant prostate cancer: updated recommendations from the prostate cancer clinical trials working group 3. J Clin Oncol. (2016) 34:1402–18. doi: 10.1200/JCO.2015.64.2702, PMID: 26903579


	 Jackson WC, Silva J, Hartman HE, Dess RT, Kishan AU, Beeler WH, et al. Stereotactic body radiation therapy for localized prostate cancer: A systematic review and meta-analysis of over 6,000 patients treated on prospective studies. Int J Radiat Oncol Biol Phys. (2019) 104:778–89. doi: 10.1016/j.ijrobp.2019.03.051, PMID: 30959121


	 Nguyen PV, Donneaux B, Louis C, Bodgal Z, Philippi S, Biver S, et al. Stereotactic focal radiotherapy as an alternative treatment for low-risk prostate cancer: Results of a single-arm monocenter Phase-II trial. Front Oncol. (2023) 13:1143716. doi: 10.3389/fonc.2023.1143716, PMID: 37091187


	 Krug D, Imhoff D, Haidenberger A, Heßler N, Schäfer J, Huttenlocher S, et al. Robotic stereotactic body radiotherapy for localized prostate cancer: final analysis of the German HYPOSTAT trial. Strahlenther Onkol. (2023) 199:565–73. doi: 10.1007/s00066-023-02044-2, PMID: 36757424


	 Michalski JM, Moughan J, Purdy J, Bosch W, Bruner DW, Bahary JP, et al. Effect of standard vs dose-escalated radiation therapy for patients with intermediate-risk prostate cancer: the NRG oncology RTOG 0126 randomized clinical trial. JAMA Oncol. (2018) 4:e180039. doi: 10.1001/jamaoncol.2018.0039, PMID: 29543933


	 Hall WA, Deshmukh S, Bruner DW, Michalski JM, Purdy JA, Bosch W, et al. Quality of life implications of dose-escalated external beam radiation for localized prostate cancer: results of a prospective randomized phase 3 clinical trial, NRG/RTOG 0126. Int J Radiat Oncol Biol Phys. (2022) 112:83–92. doi: 10.1016/j.ijrobp.2021.07.004, PMID: 34919884


	 Zelefsky MJ, Kollmeier M, McBride S, Varghese M, Mychalczak B, Gewanter R, et al. Five-year outcomes of a phase 1 dose-escalation study using stereotactic body radiosurgery for patients with low-risk and intermediate-risk prostate cancer. Int J Radiat Oncol Biol Phys. (2019) 104:42–9. doi: 10.1016/j.ijrobp.2018.12.045, PMID: 30611838


	 Meier RM, Bloch DA, Cotrutz C, Beckman AC, Henning GT, Woodhouse SA, et al. Multicenter trial of stereotactic body radiation therapy for low- and intermediate-risk prostate cancer: survival and toxicity endpoints. Int J Radiat Oncol Biol Phys. (2018) 102:296–303. doi: 10.1016/j.ijrobp.2018.05.040, PMID: 30191864


	 Boike TP, Lotan Y, Cho LC, Brindle J, DeRose P, Xie XJ, et al. Phase I dose-escalation study of stereotactic body radiation therapy for low- and intermediate-risk prostate cancer. J Clin Oncol. (2011) 29:2020–6. doi: 10.1200/JCO.2010.31.4377, PMID: 21464418


	 Kotecha R, Djemil T, Tendulkar RD, Reddy CA, Thousand RA, Vassil A, et al. Dose-escalated stereotactic body radiation therapy for patients with intermediate- and high-risk prostate cancer: initial dosimetry analysis and patient outcomes. Int J Radiat Oncol Biol Phys. (2016) 95:960–4. doi: 10.1016/j.ijrobp.2016.02.009, PMID: 27302511


	 Hirata T, Suzuki O, Otani K, Miyake A, Tamari K, Seo Y, et al. Increased toxicities associated with dose escalation of stereotactic body radiation therapy in prostate cancer: results from a phase I/II study. Acta Oncol. (2023) 62:488–94. doi: 10.1080/0284186X.2023.2213443, PMID: 37203203


	 Waters MR, Andruska N, Fischer-Valuck BW, Agabalogun T, Brenneman RJ, Gay H, et al. The association of radiation dose with overall survival for patients treated with prostate stereotactic body radiation therapy. Cureus. (2023) 15:e34351. doi: 10.7759/cureus.34351, PMID: 36874706


	 Yu JB, Cramer LD, Herrin J, Soulos PR, Potosky AL, Gross CP. Stereotactic body radiation therapy versus intensity-modulated radiation therapy for prostate cancer: comparison of toxicity. J Clin Oncol. (2014) 32:1195–201. doi: 10.1200/JCO.2013.53.8652, PMID: 24616315


	 Jorgo K, Polgar C, Stelczer G, Major T, Gesztesi L, Agoston P. Acute side effects after definitive stereotactic body radiation therapy (SBRT) for patients with clinically localized or locally advanced prostate cancer: a single institution prospective study. Radiol Oncol. (2021) 55:474–81. doi: 10.2478/raon-2021-0031, PMID: 34253001


	 Nicosia L, Mazzola R, Rigo M, Giaj-Levra N, Pastorello E, Ricchetti F, et al. Linac-based versus MR-guided SBRT for localized prostate cancer: a comparative evaluation of acute tolerability. Radiol Med. (2023) 128:612–8. doi: 10.1007/s11547-023-01624-7, PMID: 37055672


	 Kishan AU, Ma TM, Lamb JM, Casado M, Wilhalme H, Low DA, et al. Magnetic resonance imaging-guided vs computed tomography-guided stereotactic body radiotherapy for prostate cancer: the MIRAGE randomized clinical trial. JAMA Oncol. (2023) 9:365–73. doi: 10.1001/jamaoncol.2022.6558, PMID: 36633877


	 Wang F, Yao J, Chen J, Zeng H, Wang X. A pilot study of stereotactic body radiotherapy combined with pelvic radiotherapy and GTVp boost based on multiparameter magnetic resonance image in patients with high-risk prostate cancer. Med (Baltimore). (2023) 102:e35260. doi: 10.1097/MD.0000000000035260, PMID: 37773877


	 Li Z, Wang Q, Huang X, Fu R, Wen X, Zhang L. Multi-omics analysis reveals that ferroptosis-related gene CISD2 is a prognostic biomarker of head and neck squamous cell carcinoma. J Gene Med. (2024) 26:e3580. doi: 10.1002/jgm.3580, PMID: 37581006


	 Zhang D, Wang M, Huang X, Wang L, Liu Y, Zhou S, et al. GLS as a diagnostic biomarker in breast cancer: in-silico, in-situ, and in-vitro insights. Front Oncol. (2023) 13:1220038. doi: 10.3389/fonc.2023.1220038, PMID: 37664031


	 Zhang J, Zhang X, Wu R, Dong CS. Unveiling purine metabolism dysregulation orchestrated immunosuppression in advanced pancreatic cancer and concentrating on the central role of NT5E. Front Immunol. (2025) 16:1569088. doi: 10.3389/fimmu.2025.1569088, PMID: 40236698


	 Zhao S, Wang Q, Liu Y, Zhang P, Ji W, Xie J, et al. Interaction, immune infiltration characteristics and prognostic modeling of efferocytosis-related subtypes in glioblastoma. BMC Med Genomics. (2023) 16:248. doi: 10.1186/s12920-023-01670-7, PMID: 37853449







Glossary

BED: biologically effective dose

SBRT: Stereotactic Body Radiotherapy

PCa: prostate cancer

PSM: propensity score matching

PSA: prostate-specific antigen

NCCN: National Comprehensive Cancer Network

OS: overall survival

CSS: cancer-specific survival

bPFS: biochemical progression-free survival

LC: local control

DMFS: distant metastasis-free survival

AS: active surveillance

RP: radical prostatectomy

EBRT: external beam radiotherapy

FT: focal therapy

QoL: quality of life

IMRT: intensity-modulated radiotherapy

RBE: relative biological effectiveness

MRI: magnetic resonance imaging

ECT: emission computed tomography

ECOG: Eastern Cooperative Oncology Group

ADT: androgen deprivation therapy

CT: computed tomography

CTV: clinical target volume

PTV: planning target volume

OAR: organs at risk

CTCAE: Common Terminology Criteria for Adverse Events

GU: genitourinary

GI: gastrointestinal

EQD2: equivalent dose in 2 Gy per fraction

3DCRT: 3D conformal radiation therapy

VMAT: volumetric modulated arc therapy

ASTRO: American Society for Radiation Oncology

ASCO: American Society of Clinical Oncology

BRFS: biochemical recurrence-free survival rates

FFS: freedom from failure

HDAZ: high-dose avoidance zones

MRgRT: MR-guided radiation therapy

GTVp: gross tumor volume within the prostate

mpMRI: multiparametric magnetic resonance imaging
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