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Abstract

Purpose: To determine whether a hypofractionated proton therapy regimen will control

early-stage disease and maintain low rates of side effects similar to results obtained

using standard-fraction proton therapy at our institution.

Materials and Methods: A cohort of 146 patients with low-risk prostate cancer

according to National Comprehensive Cancer Network guidelines (Gleason score ,7,

prostate-specific antigen [PSA] ,10, tumor stage of T1–T2a) received 60 Gy (cobalt Gy

equivalent) of proton therapy (20 fractions of 3.0 Gy per fraction) in 4 weeks, a dose

biologically equivalent to standard fractionation (44–45 fractions of 1.8 Gy to a total of

79.2 to 81 Gy in 0 weeks). Patients were evaluated at least weekly during treatment, at

which time documentation of treatment tolerance and acute reactions was obtained.

Follow-up visits were conducted every 3 months for the first 1 years, every 6 months for

the next 3 years, then annually. Follow-up visits consisted of history and physical

examination, PSA measurements, and evaluation of toxicity.

Results: The median follow-up time was 42 months (range, 3–96 months). Acute grade

2 urinary toxicity occurred in 16% (20/120) of the patients; acute grade 2 or higher

gastrointestinal toxicity was seen in 1.7% (2/120). At 9 months, 1 patient had late grade 3

urinary toxicity, which resolved by 12 months; no grade 3 gastrointestinal toxicities

occurred. The 3-year biochemical survival rate was 99.3% (144/145). The median time to

PSA nadir was 30 months.

Conclusion: Hypofractionated proton therapy of 60 Gy in 20 fractions was safe and

effective for patients with low-risk prostate cancer.
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Introduction

Prostate cancer is one of the most commonly diagnosed cancer in men, and many of

these patients have early, low-risk disease. Prostate cancer at these stages is very

treatable: local control rates .90% and rates of significant late morbidity �5% are

commonly reported for a variety of treatment modalities, including surgery, proton

radiation therapy, external beam x-rays, and brachytherapy. Some studies have identified

a very low risk group of patients, which suggests that observational strategies such as

active surveillance may be reasonable alternatives to any form of interventional treatment

[1, 2].
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Even so, the increase in detected cancers has resulted in increased use of radiation and surgery for patients in these

stages. The increased demand for therapeutic services, in turn, has led to increased monetary costs to society and increased

numbers of people exposed to the potential risks that are associated with any form of interventional treatment. These

increased costs and risks have led to searches for ways to minimize both.

Proton radiation therapy has proved to be an excellent option for low-risk prostate cancer as it delivers high control rates

with very little toxicity [3–10]. Because of its physical dose distribution characteristics arising from charge and mass, a high

degree of controllability inheres in the proton beam, thus providing the physician with superb ability to conform the beam where

desired and spare much of the surrounding clinically normal tissue completely. If one accepts that radiation-related sequelae

do not occur in unirradiated tissues, proton beam thereby enhances the physician’s opportunity to minimize risks for the

patient.

The downside of protons, however, is the monetary cost to the individual insurer or to the patient. The primary factor driving

the cost of proton delivery in prostate cancer is the number of daily treatments (fractions) required; at our institution, this has

been 40 to 45 fractions delivered over 8 to 9 weeks. Accordingly, for several years we have conducted a study to assess the

safety and toxicity of hypofractionated proton therapy for low-risk prostate cancer. An ultimate goal was to determine whether

the cost differential might be significantly decreased or eliminated while maintaining the results we have obtained over the

years with our standard method of delivering proton radiation therapy for this disease.

Hypofractionation is the process of delivering higher doses of radiation per fraction, but using fewer daily fractions. The

potential downside of hypofractionation is the risk of late toxicity of the surrounding healthy tissues. At Loma Linda University

(LLU) we have successfully used hypofractionated proton therapy for several diseases, including cancers of the breast, lung,

and liver. In each instance, control and survival rates have been maintained and untoward sequelae have not increased [11–

13]. This experience prompted us to investigate hypofractionation for prostate cancer.

Prostate cancer lends itself well to hypofractionation because of the unique radiobiologic sensitivity of prostate cancer cells.

Fowler [14] and Fowler and colleagues [15] investigated whether the a/b ratio (radiosensitivity to size of dose per fraction) is

sufficiently low to justify using a few large dose fractions instead of the traditional many small doses. In critiquing 3 large

statistical overviews of thousands of patients with prostate adenocarcinoma, they found that all overviews agreed that a/b
values are low and do not vary significantly with risk factors. They concluded that high sensitivity to dose per fraction is an

intrinsic property of prostate cancers, thus supporting the use of hypofractionation to increase the therapeutic gain for the

primary tumors, provided that steps are taken to reduce the risk of late complications in rectum and bladder [14, 15]. Our

experience in treating prostate cancer with protons is that the conformability of the proton beam, combined with measures to

keep as low as possible the volume of bladder and rectum receiving any radiation dose, yields high rates of disease control

and low rates of severe gastrointestinal and genitourinary complications. Since previous studies at LLU resulted in 10-year

biochemical disease-free survival of low-risk patients of .93% and � grade 3 toxicity �1% [7, 8, 10], and the primary factor

affecting cost of proton delivery in prostate cancer is the number of individual fractions administered, a trial of hypofractionated

proton therapy for early-stage prostate cancer seemed warranted.

The purpose of this study was to primarily assess the toxicity and efficacy of hypofractionated proton therapy for prostate

cancer.

Materials and Methods

A phase I/II trial was initiated in 2009 (ClinicalTrials.gov Identifier: NCT00831623). Patient eligibility was limited to those with

low-risk prostate cancer according to National Comprehensive Cancer Network guidelines, defined as Gleason score ,7,

prostate-specific antigen [PSA] ,10, and tumor stage of T1-T2a.

Intervention

Dose rationale

Our standard dose for low-risk prostate cancer, based on Proton Radiation Oncology Group/American College of Radiology

95-09, is 44–45 fractions of 1.8 Gy (cobalt Gy equivalent) to a total of 79.2 to 81 Gy in 9 weeks [10]. Using an a/b ratio of 1.5 Gy

for prostate cancer and 4 Gy for normal late effects to rectum, a dose of 20 fractions of 3.0 Gy (cobalt Gy equivalent) was

derived, resulting in a total of 60 Gy in 4 weeks; this was calculated to yield a biologically effective dose for prostate cancer of
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178 versus 180 Gy and a late effects biologically effective dose of 117 versus 105 Gy for the conventional dose and

hypofractionated dose, respectively.

Immobilization and simulation

Immobilization and computed tomography scanning have been previously described [4, 5]. Briefly, all patients were

immobilized in a full-body immobilization device while positioned supine. A rectal balloon filled with water was used to

immobilize the rectum and minimize heterogeneity along the path of protons. Patients were encouraged to fill their bladders by

drinking 8–16 ounces of water before the computed tomography scan, but no specific bladder-filling guidelines were

mandated. Fiducial markers were not used for patient positioning; some patients, as participants in another trial, had fiducials

placed in the prostate.

Target volumes

The clinical target volume consisted of the entire prostate alone. A margin of 5 mm in all dimensions was added to account

for patient motion, variation in daily set-up positioning, and beam physics.

Treatment

Two parallel opposed proton beams were used, with both beams being used during each daily treatment. Daily treatment

localization was performed with orthogonal radiographs immediately before each treatment.

Outcomes

The primary outcome for the phase I component was actuarial late grade 3 toxicity at 3 years after treatment. This was

assessed via clinic visits every 3 months for the first 2 years after completing treatment, every 6 months for the next 3 years

after completing treatment, and annually thereafter. The primary outcome for the phase II component was 3-year actuarial

biochemical progression-free survival using the ASTRO Phoenix definition of biochemical failure. Secondary outcomes

included overall survival, acute toxicity, and late toxicity over time. NCI CTCAE version 4.0 was used for adverse events.

Statistical Methods

Sample size

Sample size for the phase I primary outcome was calculated based on an expected 3-year grade 3 toxicity rate of 1% with

an unacceptable toxicity rate of 5%. Statistical (a) error was set at 10% and (b) error was set at 10%, using the 1-sided test of

significance. This sample size was calculated to be 105 patients.

Sample size for the phase II primary outcome was calculated based on an expected 3-year failure rate of 5% with an

unacceptable failure rate of 10%. Statistical (a) error was set at 10% and (b) error was set at 10%, using the 1-sided test of

significance. This sample size was calculated to be 187 patients.

Interim analyses and stopping guidelines

Stopping guidelines were set based on the acute toxicity rate. Our institutional acute toxicity rate was ~12% grade 2 and

0.8% grade 3. The stopping rate was based on a 10% increase of grade 2 toxicity, from 15% to 25%. Interim analyses were

performed every 6 months until the final analysis.

Follow-up and Analysis
Patients were seen and evaluated at least weekly during treatment; documentation of treatment tolerance and acute reactions

was obtained at these times. As noted, follow-up visits were conducted every 3 months for the first 2 years after treatment,

every 6 months for the next 3 years, and annually thereafter. During follow-up visits, history was taken, a physical exam was

performed, PSA was measured, and toxicity was evaluated.

Acute toxicity was defined as toxicity during treatment and within the 3-month post-treatment period. Late toxicity was

defined as toxicity occurring .3 months after treatment.
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Results

Participant Flow

In total, 167 patients were enrolled in the study from 2009 to 2017. Nine patients withdrew after registration, leaving 158 who

were treated according to protocol. This report includes 146 patients who completed treatment at least 2 years earlier. One

patient was lost to follow-up, leaving 145 patients who were analyzed for late toxicity and biochemical failure (Figure 1). On

further analysis, 4 patients were found to have intermediate-risk disease but were included in the analysis.

Patient Characteristics

A complete listing of patient characteristics is shown in Table 1. The median follow-up time was 42 months (range, 3–96

months). The median age of patients was 65 years, and the median PSA was 4.98 ng/mL. Most patients were diagnosed

based on PSA screening as evidenced by 83% having tumor stage of T1c. Seven patients (4.8%) had prior transurethral

resection of the prostate, and approximately half (48.6%) had radiographic nodal staging. Of the intermediate-risk patients

included, 2 had a Gleason score of 7, 1 had a PSA value .10, and 1 had stage T2b disease.

Toxicity

Acute grade 2 urinary toxicity was seen in 16% (20/120) of patients, and acute grade 2 gastrointestinal toxicity was seen in

1.7% (2/120) of patients. No �grade 3 acute urinary or gastrointestinal toxicities were seen.

At the time of analysis 1 patient had late grade 3 urinary toxicity (gross hematuria in a patient with a history of nephrolithiasis

and nephrolithiasis found on cystoscopy) that occurred at the 9-month follow-up, which was resolved by the 12-month follow-

up; there were no grade 3 gastrointestinal toxicities. The 3-year actuarial rate of late grade 3 genitourinary toxicity was 0.7%m

and the rate of grade 3 gastrointestinal toxicity was 0. The 3-year actuarial grade 2 genitourinary toxicity was 9.5%; grade 2

gastrointestinal toxicity was 5.1%. The grade 2 genitourinary toxicities were predominantly void-related symptoms; there were

no cases of grade 2 hematuria. Of the grade 2 gastrointestinal toxicities, 3 were cases of rectal bleeding (2.2%), 2 were rectal

or pelvic pain (1 of which was the aforementioned patient with nephrolithiasis), 1 was nausea and vomiting likely related to

another medical illness, and 1 consisted of irritable bowel-like symptoms.

Given that many of the toxicities were limited in duration, we also compared the incidence of toxicities over time (Figure 2).

The maximum incidence of grade 2 urinary toxicity at any time point was 4% (2/46), and the maximum incidence of grade 2

gastrointestinal toxicity was 4% (3/68).

Figure 1. Patient flow.
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Biochemical Outcomes

At the time of analysis, 5 patients had biochemical failure. The 3-year biochemical progression-free survival rate was 99.3%, and

the 5-year biochemical progression-free survival was 97.9%. The median time to PSA nadir for patients undergoing

hypofractionation was 30 months. The rates of PSA nadir ,1.0 and ,0.5 at 24 months were 71% and 27%, respectively. The rates

of PSA nadir ,1.0 and ,0.5 at 36 months were 83% and 41%, respectively.

Of the 5 patients with biochemical failure, 1 patient who failed at 48 months has had a labile PSA throughout his posttreatment

period. He has not required any salvage therapy to date, and his PSA values have remained , 4.0 ng/mL for the past 3 years. One

Table 1. Patient characteristics.

Characteristic No (%)

Age, years

30–39 2 (1.4)

40–49 4 (2.7)

50–59 37 (25.3)

60–69 68 (46.6)

70–79 35 (24.0)

Median 65

Range 33–80

Prostate-specific antigen (ng/mL)

,4 41 (28.1)

4 to ,10 104 (71.2)

Median 4.98

Range 0.3-10.2

Karnofsky Performance Status

90–100 143 (97.9)

70–80 1 (0.7)

50–60 0 (0.0)

,50 1 (0.7)

Not available 1

Gleason

Grade group 1 (3 þ 3 ¼ 6) 144 (98.6)

Grade group 2 (3 þ 4 ¼ 7) 1 (0.7)

Grade group 3 (4 þ 3 ¼ 7) 1 (0.7)

Prior transurethral resection of the prostate

Yes 7 (4.8)

No 136 (93.2)

Not available 3 (2.1)

Tumor stage

T1a 4 (2.7)

T1b 1 (0.7)

T1c 121 (82.9)

T2a 19 (13.0)

T2b 1 (0.7)

T2c 0 (0.0)

N stage radiographic

N0 71 (48.6)

N1 0 (0.0)

NX 75 (49.3)

Percentage of positive biopsy cores

,50% 117 (80.1)

.50% 15 (10.3)

Mean, % 25.2

Not available 14
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patient at 36 months had PSA failure, which led to additional workup. He underwent a magnetic resonance imaging–guided biopsy,

which revealed a single core of biopsy-proven grade group 4 (Gleason 4þ 4¼ 8) prostate cancer and subsequently underwent

salvage radical prostatectomy. His prostatectomy specimen revealed right seminal vesicle invasion and 20% of the prostate volume

involved with a grade group 3 (4þ 3¼ 7) adenocarcinoma; the pathology report noted no significant treatment effect. The third

patient had a PSA of 3.8 ng/mL at 84 months, which was an increase from 0.66 ng/mL the year prior. At 96 months, his PSA was

1.26 ng/mL, and his PSA continues to be ,2.0 ng/mL without salvage treatment. One patient, whose PSA has continued to rise,

has opted against salvage treatment, and the last patient had a failure but has not yet undergone additional treatment or workup.

Discussion

This study in men with prostate cancer demonstrates that a hypofractionated dose of 60 Gy in 20 fractions using protons

results in a low incidence of late toxicity and does not appear to compromise disease control. This is demonstrated by the

actuarial late grade 3 toxicity rate of 0.7% for genitourinary toxicity and 0% for gastrointestinal toxicity.

Several other prospective studies have looked at hypofractionated radiation treatment for prostate cancer. The Radiation

Therapy Oncology Group (RTOG) 0415 trial compared 70 Gy in 28 fractions (2.5 Gy per fraction) with 73.8 Gy in 41 fractions in

low-risk patients with prostate cancer. The 5-year disease-free survival rate in the hypofractionated arm of this study was

Figure 2. Toxicity rates over

time: (A) gastrointestinal (B)

genitourinary.
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86.3% (95% confidence interval, 83.1–89), and the rates of late grade 3 or higher toxicity were 4.1% for gastrointestinal toxicity

and 3.5% for genitourinary toxicity [16].

Another study comparing intensity-modulated radiation therapy doses of 3 Gy per fraction for 19 or 20 fractions and 2 Gy

per fraction for 37 fractions showed that 60 Gy in 20 fractions was not inferior to 74 Gy in 37 fractions. The rates of late grade 3

or higher toxicity in the 20-fraction arm were 3% for gastrointestinal and 6% for genitourinary [17]. These toxicity rates are

higher than was seen in our study; however, it should be noted that a different method of toxicity scoring was used in this study

compared with the present study (RTOG toxicity criteria versus Common Terminology Criteria for Adverse Events).

Additionally, the median follow-up time was longer at 62.4 months compared with 42 months in the present study. These

differences, as well as differences in modalities, may contribute to the difference in toxicity.

Most recently, the University of Florida group published their data on hypofractionated treatment for prostate cancer using

protons [18]. Similar to the RTOG study, that group administered a dose of 70–72.5 Gy in 2.5 Gy per fraction for 28–29

fractions depending on the risk group. They showed rates of late grade 3 or higher gastrointestinal and genitourinary toxicity of

0.5% and 1.7%, respectively. The freedom from disease progression rate for the low-risk patients was 98.3% at 5 years. They

found a median time to nadir of 39 months, consistent with previously published data for standard fractionation, and found that

73.9% of patients had a PSA nadir ,0.5 ng/dL.

Our study adds to this body of data. Specifically, with respect to proton hypofractionation, we were able to demonstrate low

rates of toxicity with high rates of disease control similar to the rates that the University of Florida group demonstrated but in a

slightly more hypofractionated regimen (20 fractions versus 28 fractions). This reduction in the number of fractions delivered

may further decrease the cost of treatment without compromising outcomes or adding toxicity.

A limitation of this study was that we did not meet our desired sample size for the phase II portion of the study. This is due in

part to offering active surveillance for men with low-risk prostate cancer. This study was limited to low-risk patients; however,

the toxicity results are applicable to patients of other risk groups. Additionally, this was a single-arm, single-institution study.

Strengths of the study include the prospective nature of data collection.

Proton radiation therapy has established itself as one of the treatments of choice for cancer of the prostate. Multiple studies over

the past few decades have shown the feasibility and results of using protons in low-, intermediate-, and high-risk patients [4–8, 10].

Although most of these results are at least equivalent to the best photon therapy outcomes in terms of disease control, while

significantly decreasing the dose of radiation to nontarget tissues, there has been resistance from insurers to cover proton therapy

for prostate cancer, presumably because of increased treatment costs. The cost of a proton facility is often cited as the obstacle in

limiting proton coverage; however, it is the cost per patient treated that is ultimately the issue with federal and private insurers.

Many factors are involved in determining overall cost per patient, including the length and complexity of daily treatments, the

time required to set up and deliver daily treatments, and the overall number of treatments delivered. At our institution, the

length of daily treatments with protons for prostate cancer is less than or equal to that of complex photon cases, such as those

treated with intensity-modulated radiation therapy. The main issue affecting cost per patient treated with protons, then, is the

overall number of fractions delivered. As the daily number of treatments is the single most expensive component in a course of

protons for prostate cancer, a positive outcome in this trial could decrease the overall treatment cost by more than half.

Additionally, reducing the use of proton facilities by a single patient can have a significant impact on accessibility of this scarce

resource to other potential patients.

The present study adds to the body of data on hypofractionation for prostate cancer and specifically hypofractionation using

protons. We were able to demonstrate low rates of toxicity and similar efficacy while delivering a fewer number of treatments.

This reduction in the number of treatments delivered may further decrease the cost of treatment.

Conclusion
Hypofractionated proton therapy of 60 Gy in 20 fractions was safe and effective for patients with low-risk prostate cancer. A

prospective multi-institutional randomized study is being conducted to confirm these results.
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