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Abstract

With limited high-level evidence, we carried out a comparative effectiveness study for the effect of
proton beam therapy (PBT) on overall survival compared to external-beam radiotherapy (EBRT)
and brachytherapy (BT) among patients with localized prostate cancer using a national database.
PBT was associated with a significant overall survival benefit compared to EBRT and had a
similar performance as BT.

Background: There are few comparative outcomes data regarding the therapeutic delivery of
proton beam therapy (PBT) versus the more widely used photon-based external-beam radiation
(EBRT) and brachytherapy (BT). We evaluated the impact of PBT on overall survival (OS)
compared to EBRT or BT on patients with localized prostate cancer.

Patients and Methods: The National Cancer Data Base (NCDB) was queried for 2004-2015.
Men with clinical stage T1-3, NO, MO prostate cancer treated with radiation, without surgery or
chemotherapy, were included. OS, the primary clinical outcome, was fit by Cox proportional
hazard model. Propensity score matching was implemented for covariate balance.
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Results: There were 276,880 eligible patients with a median follow-up of 80.9 months. A total of
4900 (1.8%) received PBT, while 158,111 (57.1%) received EBRT and 113,869 (41.1%) BT.
Compared to EBRT and BT, PBT patients were younger and were less likely to be in the high-risk
group. On multivariable analysis, compared to PBT, men had worse OS after EBRT (adjusted
hazard ratio [HR] = 1.72; 95% confidence interval [CI], 1.51-1.96) or BT (adjusted HR = 1.38;
95% Cl, 1.21-1.58). After propensity score matching, the OS benefit of PBT remained significant
compared to EBRT (HR = 1.64; 95% Cl, 1.32-2.04) but not BT (adjusted HR = 1.18; 95% Cl,
0.93-1.48). The improvement in OS with PBT was most prominent in men < 65 years old with
low-risk disease compared to other subgroups (interaction < .001).

Conclusion: In this national data set, PBT was associated with a significant OS benefit
compared to EBRT, and with outcomes similar to BT. These results remain to be validated by
ongoing prospective trials.

Keywords

Brachytherapy; Comparative effectiveness; External-beam radiation; Localized prostate cancer;
Proton beam radiation

Introduction

Men diagnosed with localized prostate cancer have a variety of treatment options, including
active surveillance, radical prostatectomy, and radiotherapy, with radiotherapy options
including brachytherapy (BT), photon-based external-beam radiotherapy (EBRT), or
particle-based external radiotherapy, such as proton beam therapy (PBT). EBRT may be
delivered in conventional fractionation over 8 to 9 weeks, with moderate hypofractionation
over 4 to 6 weeks, or with ultrahypofractionation including stereotactic body radiotherapy
over 2 to 3 weeks. Over the past decades, radiation treatment delivery has continued to
become more technologically sophisticated, as clinicians have sought to improve the
conformality of the radiation dose to the target while limiting radiation to nontarget normal
tissues and to improve the accuracy and precision of treatment through daily localization or
image guidance, which are seen as a key prerequisites to higher doses and shorter treatment
courses. Many of these technological advances have increased the costs of radiation
treatment before high-quality data emerged to demonstrate an improvement in outcomes. 16

Proton therapy delivers radiotherapy with proton particles rather than with photons (X-rays).
A PBT treatment plan may provide an improved therapeutic ratio as a result of its unique
physical characteristics compared to photon-based EBRT. Specifically, protons demonstrate
a Bragg peak, allowing the maximum radiation dose deposition from each proton beam to be
matched to the location and depth of the tumor. Each proton beam has a finite range,
meaning that after the beam reaches the depth of the target, there is essentially no radiation
dose deposition beyond the target. For men with prostate cancer, proton therapy treatment
plans typically reduce the radiation dose to the rectum, bladder, and other nontarget normal
pelvic tissues relative to photon-based EBRT using intensity-modulated radiotherapy
(IMRT),” although single-institution retrospective studies have not identified a measurable
difference in physician-assessed acute or late toxicities.8
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While proton therapy represents a small percentage of radiation therapy treatments for
prostate cancer and remains a relatively scarce resource, the growth in proton therapy from
approximately 2% to 5% of EBRT cases between 2004 to 2012, the increased cost of
treatment, 11 the increasing number of proton centers, the sometimes questionable marketing
claims,12 and the lack of randomized data demonstrating its superiority to alternative
treatments for prostate cancer have underscored the scrutiny this treatment modality
continues to receive. Previous population-based analyses from the Surveillance,
Epidemiology, and End Results (SEER) database, a linked SEER-Medicare analysis, and the
MarketScan Commercial Claims and Encounters database have reached conflicting
conclusions about the acute and late toxicity profile of proton therapy relative to IMRT.13-15

We therefore queried the National Cancer Data Base (NCDB) in order to carry out a
retrospective comparative effectiveness study to address whether PBT results in better
overall survival (OS) than conventional radiation modalities (eg, EBRT, BT) among patients
with localized prostate cancer.

Patients and Methods

Patient Population

Cases of localized prostate cancer treated with definitive radiotherapy between 2004 and
2015 were identified in the NCDB. The National Cancer Data Base is a joint project
between the American College of Surgeons and the American Cancer Society that provides
deidentified data from over 1500 hospitals affiliated with the Commission on Cancer
program, which represents approximately 70% of new cancer diagnoses in the United States.
16,17 The inclusion criteria were patients with clinical T1-3, NO, MO0 disease who received
radiation as the first-course treatment directed to the prostate and/or pelvis. For EBRT and
PBT cohorts, only men receiving = 60 Gy were included. Patients who had metastatic
disease, who had received a prior cancer diagnosis, who underwent surgery, who received
cytotoxic chemotherapy, or who were designated as receiving palliative care were excluded
(Supplemental Table 1 in the online version). Clinical information, including tumor grade,
clinical T stage, prostate-specific antigen (PSA), Gleason score, percentage of positive
biopsy cores (available for 2010-2015), addition of concomitant androgen deprivation
therapy (ADT), and Charlson-Deyo comorbidity index, were acquired. Facility and
demographic data were assessed. We considered type of treating center (academic vs.
nonacademic); age at diagnosis, race/ethnicity, primary insurance payer (government, private
insurance, uninsured, unknown), and median income quartiles by residential zip code (<
$38,000, $38,000-$47,999, $48,000-$62,999, $63,000+); and patient’s distance from the
treatment center (calculated in miles by great circle distance).

Three treatment cohorts were identified: EBRT, including 3-dimension conformal
radiotherapy or intensity-modulated radiotherapy; PBT; and BT, including monotherapy or
as a boost with EBRT. OS was defined as months from the start date of radiation to the last
follow-up date or death from any cause.
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Statistical Analysis

Results

Data analyses were performed by in SAS 9.4 software (SAS Institute, Cary, NC) by SAS
macros developed by the Biostatistics and Bioinformatics Shared Resource at the Winship
Cancer Institute.18 The significance level was set at .05. Descriptive statistics and univariate
associations (eg, chi-square test, ANOVA) were applied to characterize the study population
and to examine background differences among the 3 cohorts. A multivariable logistic
regression model was used to identify the factors associated with the utilization of PBT. OS
was evaluated by the Kaplan-Meier method and modeled by the Cox proportional hazard
model. The subgroup analyses were performed by considering the interaction term into the
multivariable model. A backward elimination procedure built all multivariable models, with
removal criteria of 2> .05.

To further balance covariates across the 3 cohorts, we implemented 1:1:1 generalized
propensity score matching (GPSM).19:20 GPSM was estimated by multinomial logistic
regression using the 3-level cohort as an outcome and all mentioned covariates as the
predictors. The covariate balance was calibrated by the absolute standardized difference
(ASD), where ASD > 0.2 was considered a substantial imbalance.?1:22 A multivariable Cox
proportional hazard model was applied to the final matched data set with a robust variance
estimator to account for the paired nature of the data.?2 GPSM can only balance cohorts
across observed features, and unobserved confounders may influence the observed findings.
24.25 A sensitivity analysis for unobserved confounders was performed through a simulation
based on the matched sample, in which a confounder variable was simulated with a varying
magnitude of association with either treatment assignment or OS. We examined the
sensitivity parameters required for an unmeasured confounder to drive the estimate to
nonsignificance (P> .05).24 The R package ‘survSens’ was used in the sensitivity analysis.

Patient Characteristics

A total of 276,880 eligible patients were identified, with a median follow-up of 80.9 months.
The median age was 68 years. Patients were majority (76.1%) non-Hispanic white, 81.1%
resided in a metro area, and 35.3% were covered by private insurance. The National
Comprehensive Cancer Network (NCCN) disease risk stratifications were high (24.9%),
intermediate (43%), and low (32.1%), and 41.4% received ADT. A total of 4900 (1.8%)
received PBT, 158,111 (57.1%) EBRT, and 113,869 (41.1%) BT (Table 1). The median
follow-up per cohort was 62.5 (PBT), 76.5 (EBRT), and 88.7 (BT) months (P< .001 by
reverse Kaplan-Meier method).

As shown in Table 1, there were significant differences in the baseline covariates between
patients in the PBT cohort compared to the other two radiation modalities. With the large
sample size, the Pvalue was < .001 for all univariate associations. Evaluating the ASD, the 3
greatest differences in cohorts were in facility location, facility type, and the great circle
distance. A total of 98.7% of PBT patients were treated in academic/research facilities and
90.7% at facilities located on the West Coast (ASD = 2.85). On average, patients traveled a
longer distance to receive PBT (median, 317 miles) than for EBRT (8 miles) or BT (10.7
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miles). Examining the ASD and the logistic regression model, PBT patients were more
likely to be younger than 65 and non-Hispanic white, to reside in a metro area, to be covered
by Medicare, to be diagnosed in more recent years, to have a lower comorbidity score, and
to be more likely to have well/moderately differentiated tumor grade, earlier T stage, lower
PSA, or favorable NCCN risk group. The percentage of biopsy-positive cores = 50% was
also lower in PBT patients (29.2%) than in EBRT (45.1%) and BT (32%) patients (ASD =
0.33). PBT patients were less often prescribed ADT (13.7% vs. 50.4% or 30.2%, ASD =
0.86) and experienced a longer time from diagnosis to initiation of radiotherapy (average
time from diagnosis to start of radiation was 4.5, 3.7, and 3.9 months for PBT, EBRT, and
BT, respectively). In addition, fewer PBT patients were found to have a sequence number of
1 (1.1% vs. 7.4% or 6.4% for EBRT or BT), which indicates the existence of a secondary
tumor diagnosis after the current prostate cancer diagnosis.

Overall, on the basis of the distribution of observed baseline covariates across the 3 study
cohorts, PBT patients in general had more favorable clinical prognostic features (eg, age,
comorbidity score, grade, NCCN risk group) than EBRT or BT patients, while the EBRT
and BT cohorts were more similar to each other. There was a clear increase in the utilization
trend for PBT (1.3%, 1.6%, 2.3%, 2.1%) and EBRT (49%, 55%, 62%, 67%) with decreasing
use of BT (50%, 44% 36%, 31%) over the aggregated diagnostic years of 2004—-2006, 2007—
2009, 2010-2012, and 2013-2015.

Survival Analysis

By the Kaplan-Meier method, the 10-year survival rates were 85.6%, 60.1%, and 74% for
the PBT, EBRT, and BT groups, respectively (Figure 1A). With PBT set as the reference
group, the hazard ratio (HR) was 3.43 (95% confidence interval [CI], 3.04-3.87) for EBRT
and 2.03 (95% ClI, 1.8-2.29) for BT (all £<.001) in the univariate analysis (Table 2). After
controlling for the other covariates in multivariable analysis (MVA), the HR for death was
1.72 (95% Cl, 1.51-1.96) for EBRT and 1.38 (95% CI, 1.21-1.58) for BT compared to PBT
(all P<.001).

The GPSM approach identified 1860 matched cases from each cohort with all covariates
balanced within ASD < 0.2. Figure 2 illustrates the covariate balance improvement from the
original study population to the matched samples. The covariate distribution in the matched
sample is presented in Supplemental Table 2 in the online version. In the multivariable Cox
regression model of the matched samples, we found no statistically significant difference in
OS between PBT and BT (HR = 1.18; 95% CI, 0.93-1.48; P=.168). However, relative to
PBT, EBRT was associated with inferior OS (HR = 1.64; 95% Cl, 1.32-2.04; £<.001). In
the matched samples, the 10-year survival rates were 80.2%, 71.3%, and 78.3% for PBT,
EBRT, and BT, respectively (Figure 1B). Comparing EBRT and BT, EBRT was associated
with inferior OS compared to BT in both the original sample (HR = 1.24; 95% CI, 1.22-
1.27) and in the matched sample following MVA (HR = 1.39; 95% CI, 1.15-1.69).

Subgroup Analysis

By exploring the difference in OS by treatment modality across a variety of patient
subgroups defined by the baseline covariates, we identified that patients who were < 65
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years old and who were categorized as having NCCN low-risk disease had the greatest
potential difference in OS between PBT and BT or EBRT. With PBT was the reference
group, the overall HR was 1.38 for BT, increasing to 1.88 for patients with age at diagnosis
< 65 years (subgroup Al), to 1.70 for those who had NCCN low-risk disease (subgroup B1),
and to 2.1 for those who were both < 65 with low-risk disease (subgroup C1) (Figure 3). For
EBRT, the overall HR was 1.72, increasing to 2.8 for the patients with age at diagnosis < 65
(subgroup A1), to 2.06 for those who with NCCN low-risk disease (subgroup B1), and to
2.92 for those who were both < 65 with low-risk disease (subgroup C1). For the combination
subgroups by age and NCCN risk (subgroups C1-C4), there was a clear decreasing trend of
HR for both BT (2.1, 1.79, 1.52, 1.18) and EBRT (2.92, 2.6, 1.73, 1.42) compared to PBT
(interaction P< .001), suggesting that the magnitude of improvement in OS associated with
PBT was less in older patients and those with higher-risk disease. Because of the low
numbers of events for PBT patients, this subgroup analysis was not performed in the
matched samples.

Sensitivity Analysis for Percentage of Positive Biopsy Cores

A sensitivity analysis was performed for the more recently diagnosed patients (2010-2015)
in which we further controlled for the possible confounding effect from the percentage of
positive biopsy cores (=50% vs. < 50%) in MVA and propensity score—matching analysis
(Supplemental Table 3 in the online version). During 2010-2015, there were 90,472 eligible
patients, 1525 (1.7%) of whom received proton therapy. Most patient characteristics were
similar to those in the original study population. In MVA, patients with percentage of
positive biopsy cores = 50% had a greater hazard ratio for death (HR = 1.22; 95% CI, 1.16-
1.28) compared to those with percentage of positive biopsy cores < 50%. In MVA, with PBT
as the reference, the HR was 2.31 (95% CI, 1.54-3.48) for EBRT and 1.84 (95% ClI, 1.22-
2.76) for BT. After GPSM matched analysis, the HR was 2.08 (95% Cl, 1.19-3.65) for
EBRT and 1.96 (95% ClI, 1.10-3.47) for BT. The sensitivity analysis confirmed the previous
findings, with a greater magnitude of improved OS observed with PBT compared to the
findings in Table 2. Regarding the comparisons between EBRT and BT, EBRT was
associated with inferior OS compared to BT (HR = 1.26; 95% Cl, 1.19-1.33) in MVA, while
there was no statistical difference between EBRT and BT in the GPSM analysis (HR = 1.07;
95% Cl, 0.7-1.62; P=.77).

Sensitivity Analysis for Unmeasured Confounder

A sensitivity analysis was performed to simulate the effect of unmeasured confounders.2* As
Supplemental Figure 1 in the online version shows, when comparing EBRT to PBT, the
sensitivity parameters required for an unmeasured confounder to drive the estimate to
nonsignificance are larger than the coefficients for the observed confounders by at least
100%. To drive the estimate to 0, the sensitivity parameter of the unmeasured confounder
would have to be > 400% larger than the largest coefficient estimate for the observed
covariates. This suggests that the effect size of an unmeasured confounder would need to be
very large relative to known prognostic variables to alter the findings, and that the estimated
PBT versus EBRT difference appears robust to unobserved confounders. In the sensitivity
analysis for BT versus EBRT, a few of the observed confounders are in proximity to the
boundary of nonsignificance. This suggests that an unmeasured confounder with an effect
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size similar to one of several known variables could reduce the observed difference in OS
between BT and EBRT.

Discussion

Our analysis confirmed earlier analyses of the NCDB showing significant differences in
patient characteristics between those receiving proton therapy and other radiation modalities.
10 Among other factors, the relatively limited geographic accessibility of PBT as well as the
varied and more restrictive insurance coverage for PBT are expected to underpin the
considerable selection biases, including potential unmeasured socioeconomic differences
between patients who could access PBT. We used a generalized propensity score matching
technique to balance the treatment cohorts by all available covariates and achieved well-
matched cohorts by established prognostic variables. Nevertheless, an inherent limitation of
retrospective analysis is the inability to account for unmeasured and unknown confounding
variables. Therefore, it is possible that some, or all, of the residual difference observed in
outcome among matched cohorts still reflects the powerful role of provider and patient self-
selection. The limited utilization of nonproton treatment modalities at proton centers—and
conversely the lack of proton therapy offered at nonproton centers—Ilimited the ability to
account for a potential facility cluster effect in our analysis.

The matched sample focuses on a subpopulation of patients who shared the same baseline
characteristics across the 3 cohorts (Supplemental Table 2 in the online version). Hence,
conclusions based on the matched sample may not be generalizable to the entire original
study population. Treatment with ultra hypofractionated radiation regimens including
stereotactic body radiotherapy were not included in this analysis. Finally, metastasis-free
survival or cause-specific survival may be more relevant endpoints for early-stage prostate
cancer, given its long natural history and the competing risk of death from other causes, but
data for these alternate endpoints are not available in the NCDB. Despite these limitations,
our sensitivity analysis found that the observed difference in OS between PBT and EBRT
was robust to an unmeasured confounder, whose effect size would need to be significantly
larger than any prognostic variable included in the model to alter the findings.

Is a difference in OS by radiation modality plausible? Biochemical disease control results
from prospective single-institution studies of PBT are excellent.26-22 There is a growing
interest in understanding and potentially exploiting differences in relative biologic
effectiveness between proton therapy and photon therapy for an enhanced therapeutic effect
in the tumor3® and in the potential for reduced immunosuppressive impact of proton therapy
through reduced nontarget radiation exposure.3! Some preclinical work suggests that proton
therapy may be more damaging to treatmentresistant cancer stem cells or better prime them
for immune response.32:33

While in other disease sites a potential reduction in treatment toxicities with PBT may be
hypothesized to improve survival, grade 5 acute or late toxicities after prostate cancer
radiotherapy are exceedingly rare. One possible exception is the risk of a secondary
malignancy. A systematic review of published clinical data confirms that secondary
malignancies are observed after prostate radiotherapy, and that the risk may increase in
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patients followed for more than 10 years.34 Prior radiobiologic modeling has predicted a
reduced rate of secondary malignancy after proton therapy compared to IMRT in prostate
cancer.3® In this study, we observed a significantly lower rate of secondary cancers among
men treated with PBT (1.1%) compared to EBRT (7.4%) and BT (6.4%) (Table 1). The rates
were 1% (PBT), 10.9% (EBRT), and 8.6% (BT) among patients who were followed for 10+
years and diagnosed in 2004—2006 in this study population. The definition of sequence
number is the order of current cancer diagnosis among all possible cancer diagnoses in a
patient’s lifetime. A value of 1 for the sequence number means that the patient had at least
one other cancer diagnosis after current cancer diagnosis, but it is not possible to say that
those subsequent cancers were radiation induced or consequential in OS. Further
investigation in this direction is needed.

In our GPSM analysis, patients treated with BT had similar 10-year OS (78.3%) as those
treated with PBT (80.2%), which was greater than that observed in EBRT patients (71.3%).
BT can provide excellent radiation dose localization within the prostate and a favorable
toxicity profile. A large retrospective analysis found improved biochemical control with BT
compared to EBRT for low-risk disease.36:37 Despite the effectiveness of BT, there is a well-
documented decline in utilization over time,38-40 which was also observed in our study, at
least part of which may be related to less favorable reimbursement relative to the true cost of
BT care.l

This analysis supports the continued efforts to acquire high-quality data to assess the
comparative effectiveness of proton therapy relative to other treatment modalities for
prostate cancer, preferably through patient enroliment onto multi-institutional patient
registries or prospective clinical trials, consistent with the model policy on proton therapy
from the American Society for Radiation Oncology. Two prospective trials, PARTIQOL
(NCT01617161) and COMPPARE (NCT03561220), will provide additional valuable
comparative data on treatment toxicity, patient-reported quality of life, and PSA control
between PBT and IMRT. In the interim, this large-scale retrospective study provides
comparative outcomes data that support the rationale for ongoing and future trials, and to
our knowledge, it is the first study demonstrating a possible long-term survival benefit with
PBT in a contemporary prostate cancer cohort treated in the United States.

Conclusion

To our knowledge, this is the first analysis to evaluate survival rates between PBT, photon
EBRT, and BT in men with localized prostate cancer. After adjustment for multiple
confounding variables by GPSM, we found that PBT was associated with more favorable OS
than EBRT and similar outcomes as BT. Patient enrollment onto ongoing and future
prospective comparative clinical trials and patient registries is encouraged to further define
the optimal role of PBT in the treatment of localized prostate cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Practice Points

. Is proton beam therapy (PBT) for localized prostate cancer associated with
improved overall survival compared to photon-based external-beam
radiotherapy (EBRT) or brachytherapy (BT)? Clinical evidence is needed to
guide informed decisions and resource allocation.

. In this national population-based data set, a propensity score—-matched
analysis balanced for differences in baseline covariates found that proton
therapy was associated with a significant improvement in overall survival
compared to EBRT (hazard ratio = 1.64; £<.001), with similar outcomes as
BT (hazard ratio = 1.18; £=.168). The magnitude of benefit was greatest in
younger men with lower-risk disease. PBT was also associated with a lower
risk of secondary malignancy.

. These findings support continued efforts to acquire high-quality data to assess
the comparative utilization and cost-effectiveness of proton therapy relative to
other treatment modalities for prostate cancer.

. To our knowledge, this is the first analysis to evaluate survival differences
among PBT, EBRT, and BT in men with localized prostate cancer.

. Patient enrollment onto ongoing and future prospective comparative clinical
trials and patient registries is encouraged to further define the optimal role of
PBT in the treatment of localized prostate cancer.
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Figure 1.

Kaplan-Meier Curves With Number at Risk of Overall Survival by 3 Comparison Cohorts.
(A) Original Study Population. (B) Propensity Score—matched Population
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Summary of Covariate Balance Improvement Measured by Absolute Standardized
Difference before and after Generalized Propensity Score Matching
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Figure 3.

Summary of Subgroup Analysis by Multivariable Cox Proportional Hazard Model With
Forest Plots. (A) Stratified by Age Group. (B) Stratified by National Comprehensive Cancer

Network (NCCN) Risk Group. (C) Stratified by Combinations of (A) and (B) Strata
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