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Abstract: Proton beam therapy has recently become available to a broader population base. 

There remains much controversy about its routine use in prostate cancer. We provide an analysis 

of the existing literature regarding efficacy and toxicity of the technique. Currently, the use of 

proton beam therapy for prostate cancer is largely dependent on continued reimbursement for 

the practice. While there are potential benefits supporting the use of protons in prostate cancer, 

the low risk of toxicity using existing techniques and the high cost of protons contribute to 

lower the value of the technique.
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Introduction
The concept of treating patients with proton beam therapy (PrT) was first proposed by 

Robert Wilson in 1946.1 After 12 years, the first PrT patient series was published by 

researchers at the Lawrence-Berkeley National Laboratory.2 For several subsequent 

decades, many other proton treatment centers emerged including the Harvard cyclotron 

and Loma Linda University Medical Center (LLUMC) in California, the Midwest 

Proton Radiotherapy Institute (MPRI) in Bloomington, IN, the University of Florida 

Proton Therapy Institute (UFPTI) in Jacksonville, FL, and the MD Anderson Proton 

Therapy Center in Houston. At the time of writing, there are 23 active centers in the 

US with many more proposed or being built.3

PrT is an attractive – though expensive – modality of modern radiation delivery. 

Protons have unique physical properties that minimize dose to adjacent normal tissue 

and allow for potential escalation of delivered dose. We consider PrT to be critical in 

treating children,4 as well as rare clinical situations such as craniospinal radiotherapy 

(RT),5 recurrent chordomas, and midline central nervous system structures.6,7 The enthu-

siastic adoption of PrT for treating prostate cancer (CaP) was based on the theoretical 

promise for superiority in sparing organs at risk such as bladder, rectum, and femoral 

head when compared with photons. However, much of the investment in proton centers 

was made with the expectation of significant return on investment by using PrT for 

CaP.8 It was this practice that led to an unfortunate backlash against PrT at large that 

still exists. The purpose of this review is to discuss the role of PrT for CaP.

Physical and biological aspects of proton therapy
The predominant mechanism of radiation therapy in the US is delivered by X-ray 

photon energy. This involves a machine-generated beam as opposed to gamma rays, 

which originate in a radioactive source such as 60Cobalt. Both X-rays and gamma rays 

provide photons; these completely penetrate the target and may be captured on film 

Correspondence: Peter AS Johnstone
Radiation Oncology Department, 
Moffitt Cancer Center and Research 
institute, 12902 Magnolia Drive, Tampa, 
FL 33612, USA
email Peter.Johnstone@Moffitt.org

Journal name: OncoTargets and Therapy
Article Designation: Review
Year: 2016
Volume: 9
Running head verso: Yamoah and Johnstone
Running head recto: Proton beam therapy
DOI: http://dx.doi.org/10.2147/OTT.S100518

O
nc

oT
ar

ge
ts

 a
nd

 T
he

ra
py

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/OTT.S100518
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:Peter.Johnstone@Moffitt.org


OncoTargets and Therapy 2016:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

5722

Yamoah and Johnstone

after doing so. This penetration makes them very different 

from electrons, which enter the body at close to maximal 

energy and lose energy in a somewhat predictable fashion 

as distance increases.

Distinct from either of these is PrT. Protons are heavy 

charged particles with ~1,800 times the mass of electrons. 

This unique physical property offers superior dosimetric 

advantages over photons or electrons. Protons do not traverse 

the target; they stop at an energy-dependent depth within 

the target and have no exit dose. This obviously completely 

spares downstream normal tissue. A proton beam is first 

generated from a cyclotron or synchrotron and accelerated 

toward its intended target. The enormous mass and amount of 

acceleration applied gives each proton a specific momentum 

that is mostly dissipated after traveling a defined distance 

and then slowed down by interactions within the target. 

This causes a sharp increase in energy deposition (dose) at 

the end of the proton’s path is then followed by no further 

dose delivery, called the Bragg peak.9 As a result a proton 

has little tissue interaction (thus, little dose delivery) until 

it comes to rest. Figure 1 depicts the physical properties of 

protons, photons, and electrons.

Protons ionize tissue similarly to photons. Thus, we take 

advantage of our vast experience with X-rays to determine 

doses and to predict acute and late normal tissue effects. 

Simply: delivering 1 Gray equivalent (GyE) with protons is 

equivalent to delivering 1 Gy with photons. This has been 

validated in the proton clinic10,11 and translates to similar 

fractionation schedules: 1.8 GyE to 2 GyE per fraction, 

provided daily.

As shown in Figure 1, a pristine monoenergetic proton 

beam delivers a Bragg peak far too small for functional 

dose delivery. To enable the beam to properly encompass a 

target across a range of depths, one must deliver various PrT 

energies to provide a spectrum of Bragg peaks. Usually, this 

is done by placing variable thicknesses of attenuating material 

in the beam. This modulated beam provides a summation of 

individual Bragg peaks, termed the Spread Out Bragg Peak. 

It must be remembered that while this process maintains the 

abrupt termination of dose beyond the target, it also increases 

the upstream dose somewhat.

The final area of new technology in PrT applies to the 

mechanism of delivering the proton beam to the target within 

the patient. In older centers, the beam is scanned across the 

target volume. This is a relatively uniform distribution, taking 

advantage of the unique physical properties of the beam but 

not allowing for heterogeneity, or “dose painting” within 

the volume. Newer, “pencil beam” nozzles allow for more 

flexibility in dose distribution within the target similar to the 

intensity modulation incorporated into photon RT over the 

past decade or more.12

Proton therapy for prostate cancer
Modern photon therapy for prostate cancer incorporates 

both intensity modulation and image guidance. The former 

intensity-modulated radiation therapy (IMRT) incorporates 

both software and delivery hardware to conform multiple 

beams to a distinct target while simultaneously minimizing 

doses to adjacent normal tissue. The latter image-guided 

radiation therapy (IGRT) incorporates documentation of 

the location of prostate prior to each fraction; this allows 

for smaller margins on the target volume in treatment plan-

ning. While proton therapy uses IGRT, it uses only one or 

two lateral fields rather than the five to seven fields required 

for IMRT (Figure 2). The end result of this is that, while the 

volume getting a high dose is similar to IMRT,13 the amount 

of pelvic tissue receiving low-to-moderate dose is less.14 

This dosimetric advantage has been the driving force for the 

increased utilization of PrT for CaP. However, the available 

data do not overwhelmingly support linking this sparing 

of normal tissue to a discernible difference in late effects, 

especially in the IMRT era. However, as a rule, radiation 

oncology best practice involves lowering dose to nontarget 

tissue to As Low As Reasonably Achievable (ALARA). 

Notably, the construction and operating costs for PrT results 

in higher costs than IMRT by factors of 1.7 to 2.4.15

Figure 1 Comparison of relative depth dose distribution of protons in a water 
phantom versus photons and electrons.
Notes: Black dotted line: this plots a photon’s distribution of energy as a function of 
depth in a target. Blue dashed line: plots the energy distribution of a monoenergetic 
proton beam as a function of depth in water. Protons provide a small dose close to 
entrance but have a Bragg peak in energy deposition followed by a rapid drop-off as 
the protons stop. Gray dotted/dashed line: shows electron distribution as a function 
of depth. it depicts a fairly rapid fall off but tails off from photon production at the 
end of electron beam. Red line: since any individual Bragg peak delivers dose over a 
narrow depth, many individual Bragg peaks are summed to provide target coverage. 
This is the spread out Bragg peak (SOBP).
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Best practice until the development of conformal RT soft-

ware limited the total radiation doses to the prostate because 

of a much higher risk of normal tissue toxicity. Not unex-

pectedly, doses of 66 Gy to 70 Gy to an intact prostate yield 

inferior disease control to doses of 81 Gy routinely available 

with image-guided IMRT. PrT, by virtue of its unique dose 

distribution, was a prime mechanism for study of such dose 

escalation in the early 1980s. The first clinical publication of 

PrT to a dose of 75.6 GyE for prostate cancer therapy was in 

1983, from a team at the Harvard Cyclotron and Massachu-

setts General Hospital (MGH). In this case, photons were the 

primary mechanism of dose delivery and protons were used 

as a boost. Since the Harvard Cyclotron had a fixed beam, the 

boost was delivered using a perineal technique, which is not 

standard now. Still, no increased toxicity could be attributed 

to the additional dose.16 In a subsequent focused review of this 

boost technique by Gardner et al;17 they reported no grade 3 

or more gastrointestinal (GI) toxicity and 8% grade 3 or more 

genitourinary (GU) toxicity. The relatively high GU toxicity is 

likely due to the perineal approach that puts more bladder at risk 

than current boost techniques using opposed lateral fields.

This team next undertook a randomized clinical trial,18 

the first of several that would ultimately clarify and validate 

RT dose escalation for prostate cancer. After 50.4 Gy photons 

to the pelvis, 202 men were randomized between a standard 

photon prostate boost to 67.2 Gy and a PrT prostate boost 

to 75.6 GyE. Local control at 8 years was 77% (high dose) 

and 60% (standard dose), although this was not statistically 

significant (P=0.089). On subset analysis, a significant differ-

ence (84% vs 19%; P=0.0014) was noted for 57 men patients 

with high grade (Gleason sum 8–10) disease.18

The subsequent randomized trial investigating protons 

in dose escalation was a joint study of MGH and LLUMC.19 

Between 1995 and 1999, 391 men were randomized between 

total doses of 70.2 Gy or 79.2 Gy, achieved by proton boost. 

At a median follow-up of 8.9 years, the high-dose arm had 

statistically superior local control (P0.0001). The 10-year 

biochemical failure (nadir PSA + 2) was 17.4% for the high-

dose cadre and 32% for the standard dose arm (P0.001).

In 2004, investigators at LLUMC published outcomes 

of over 1,250 patients treated between 1991 and 1997.20 

Approximately 40% of the patients received PrT alone to 

Figure 2 Dosimetric plan comparing proton-based PrT plans with (A) single beam to 45 Gye, (B) two lateral beams to 81 Gye; and photon-based plan with (C) iMRT to 
45 Gy and (D) dose-escalated 81 Gy.
Abbreviations: Gy, gray; Gye, gray equivalent; iMRT, intensity-modulated radiation therapy; PrT, proton beam therapy.
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74 GyE; the remainder had initial photon pelvic fields with a 

proton boost. Since high- and intermediate-risk patients were 

combined, results are difficult to reconcile with more stratified 

reports. Nevertheless, 8-year biochemical disease-free sur-

vival was 73%. Grade 3 toxicity was 1% for both GI and GU 

symptoms; grade 4 levels were only noted in GI (0.2%).

Since the results of dose-escalated conventional photon 

RT for prostate cancer have been so good, many payers 

feel there is little incentive to pay the extra cost for pro-

tons for prostate cancer. In this case, some centers have 

tried to validate the therapy by virtue of fewer side effects. 

Table 1 is a collation of reports of PrT toxicity to date. The 

University of Florida Proton Center has managed several 

prospective trials of proton therapy. With 2-year minimum 

follow-up, 211 patient records from the first three of these 

were reported.21 Patients received 78–82 GyE. Grade 3 GI 

toxicity was noted in 0.5% and grade 3 GU toxicity in 2%. 

These data have been updated several times; most recently on 

1,285 patients treated between 2006 and 2010.22 No grade 4 

or 5 GI events were noted, and rectal bleeding (grade 3) was 

noted in 0.9% of patients. Five-year GU data were reported 

separately and excluded high-risk patients.23 In 171 patients, 

2.9% grade 3 side effects were noted. Finally, one multicenter 

Japanese series reported 151 patients treated to 74 GyE 

with 24-month follow-up. In this cohort, grade 2 or more 

GI or GU toxicity was 2% and 4.1%, respectively.24

Table 1 Published clinical proton therapy data for prostate cancer

Study Trial design Intervention Eligibility Patient 
number

Outcomes Results Toxicity

MGH 
(Duttenhaver 
et al)16

RCT; median eBRT dose: 60–68 Gy vs 
PrT dose: 70–76.5 Gy

Localized 
prostate cancer

180 DFS, OS No difference 
in DFS, OS

• No significant 
difference in Gi 
toxicity (17% vs 21%)
• No significant 
difference in GU 
toxicity (24% vs 24%)

MGH (Gardner 
et al)17

Single arm; 
median f/u 
13.1 years

eBRT + PrT boost: 
50.4 Gy +27 Gye

Stages T3–T4 39 of 167 Gi/GU 
toxicity

N/A • No significant 
difference in  grade 2 
Gi toxicity (13%)
• No significant 
difference in  grade 2 
GU toxicity (59%)

MGH  
(Shipley et al)18

RCT; median 
f/u 61 months

eBRT arm: 67.2 Gy vs PrT 
arm: 50.4 Gy +25.2 Gye

Stages T3–T4 202 OS, DFS, LC No significant 
differences in 
OS, DSS, or LC

• 12% grade 1/2 Gi 
toxicity in the eRBT 
arm vs 32% in the PrT 
arm, P=0.002
• 8% grade 1/2 GU 
toxicity in the eBRT 
arm vs 19% in the PrT 
arm, P=0.07

PROG 95-09 
(Zietman  
et al)19

RCT; median 
f/u 8.9 years

eBRT + PrT boost: 
50.4 Gy +19.8 Gye vs 
50.4 Gy +28.8 Gye

Stages T1b–T2b, 
PSA 15 ng/mL

393 BF, OS • 10 year BF 
rates: 32.4% 
(low-dose arm) 
vs 16.7% (high-
dose arm), 
P0.0001
• No difference 
in OS (78% vs 
83%, P=0.41)

• 2% grade 3 GU 
toxicity in the high-
dose arm vs 3% in the 
low-dose arm, P=0.07
• 1% grade 3 Gi 
toxicity in the high-
dose arm vs 0% in the 
low-dose arm, P=0.09

LLUMC  
(Slater et al)20

RCT; median 
f/u 63 months

eBRT + PrT boost:  
45 Gy +30 Gye

Stages ia–iii 1,225 bPFS, DFS 5 yr bDFS: 
75%–89%
5 yr DFS: 
89%–95%

• 1% grade 3 Gi 
toxicity
• 1% grade 3 GU 
toxicity

UFPTi 
(Mendenhall 
et al)21

Single arm f/u 
2 years

PrT dose: 78–82 Gye Low, 
intermediate, 
high risk

211 Gi/GU 
toxicity

N/A • 0.5% grade 3 Gi 
toxicity
• 1.9% grade 3 GU 
toxicity

(Continued)
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More recently, a population-based study using Surveil-

lance, Epidemiology, and End Results (SEER)–Medicare-

linked data evaluated the morbidity and disease outcomes 

associated with the use of IMRT and PrT for localized 

prostate cancer.25 Using a propensity score matching 

approach, it was determined that IMRT patients had a 

lower rate of GI morbidity, with an absolute risk of 12.2 

vs 17.8 per 100 person-years, and a relative risk of 0.66 

in favor of IMRT.

Practical considerations
Most prostate cancer patients will be candidates for either 

photon or proton therapy. However, there are some specific 

instances for which protons are not feasible. These are men-

tioned briefly as follows:

1. Many radiation oncologists feel that the pelvic lymph 

nodes should be treated in the case of higher risk prostate 

cancer. This is more challenging with scanned protons 

than with standard photons, and in some cases is frankly 

impossible.

2. Prostate cancer patients not infrequently present after hip 

replacements. Such patients are easily treated with con-

ventional IMRT. However, protons should not traverse 

Table 1 (Continued)

Study Trial design Intervention Eligibility Patient 
number

Outcomes Results Toxicity

UFPTi  
(Colaco et al)22

Single arm PrT dose: 78–82 Gye Low, 
intermediate, 
and high risk

1,285 Gi toxicity N/A • 16.9% grade 1 Gi 
toxicity
• 14.5% grade 2 Gi 
toxicity
• 0.9% grade 3 Gi 
toxicity
• 0% grade 4–5 Gi 
toxicity

UFPTi 
(Henderson  
et al)23

Single arm PrT dose: 78–82 Gye Low, 
intermediate, 
and high risk

171 GU toxicity N/A • 2.9% grade 3 GU 
toxicity

Phase ii, MiSJ 
(Nihei et al)24

Single arm PrT dose: 74 Gye Stages T1–T3 151 Gi/GU 
toxicity

N/A • 2% grade 3 Gi 
toxicity
• 4.1% grade 3 GU 
toxicity

SeeR  
(Sheets et al)25

CeR study iMRT vs PrT vs 3D-CRT Localized 
prostate cancer

iMRT-9437 
PrT-685

GU/Gi 
morbidity

N/A • Absolute risk: 12.2 vs 
17.8 per 100 person-
years (RR: 0.66; 95% 
Ci, 0.55–0.79)
• in favor of iMRT

Abbreviations: MGH, Massachusetts General Hospital; RCT, randomized controlled trial; Gy, gray; Gye, gray equivalent; eBRT, external beam radiation therapy; PrT, 
proton beam therapy; PSA, prostate specific antigen; DFS, disease-free survival; OS, overall survival; DSS, disease-specific survival; GI, gastrointestinal; GU, genitourinary; 
f/u, follow-up; N/A, not applicable; LC, local control; bPFS, biochemical progression-free survival; BF, biochemical failure; PROG, Proton Radiation Oncology Group; 
LLUMC, Loma Linda University Medical Center; UFPTi, University of Florida Proton Therapy institute; 3D-CRT, three-dimensional conformal radiation therapy; MiSJ, multi-
institutional study in Japan; SeeR, Surveillance, epidemiology, and end Results; iMRT, intensity-modulated radiation therapy; CeR, comparative effectiveness research; 
CI, confidence interval; RR, relative risk; yr, year(s).

the prosthesis. Some proton centers have expertise to treat 

men with a single prosthesis, but men with two would be 

ineligible for care at most centers.

3. The depth of a proton beam is dictated by the energy of 

the beam. Very large men may not be eligible for treat-

ment in a center with a relatively low energy beam.

Thus, the calculus for PrT for prostate cancer is dependent 

on cost and availability, not by outcomes. The simple act of 

dosimetric avoidance of normal tissue is always a nice thing 

to show, however, in the absence of increased survival or 

decreased toxicity it is hard to reconcile the much greater cost 

of protons. Prostate cancer patients were key to many proton 

centers’ business cases in the recent past,8 but the US has 

overdeveloped proton sites in some geographical areas while 

leaving major areas uncovered.26 Costs remain quite high.27 

More recently, the implementation of hypofractionated PrT 

techniques that requires less total number of fractions per 

treatment course might help to decrease overall costs for the 

use of PrT in prostate cancer.28,29 This will result in a lower 

overall cost per treatment course to a level that is more com-

parable to the cost for a conventional prostate IMRT.

Innovative technology of PrT by itself alone is not ben-

eficial always. The value of this technology must be based 
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on its ability to improve survival, decrease morbidity, or 

decrease cost and not in its unique physical properties. It goes 

without saying that if the cost of PrT was comparable to 

that of electron therapy, there will be widespread use of this 

technology based on its unique physical properties without 

the need for Level I evidence. Perhaps, the cost of PrT needs 

to be reset in order to justify its use as an alternative treat-

ment modality, based on the current available evidence that 

offers no major advantage over conventional IMRT/IGRT 

techniques for prostate cancer.

Conclusion
This review restricts its focus to PrT for CaP. Given the unique 

physical properties and superior dosimetric parameters, 

protons do offer a theoretical advantage to photons and elec-

trons in delivering higher radiation doses to the prostate while 

sparing surrounding normal tissue. However, the currently 

available and rather limited body of evidence suggest that the 

use of PrT in treating CaP offers no proven superiority over 

conventional IMRT. Further, well-conducted research studies 

with enough follow-up data are required to rigorously evalu-

ate the clinical advantage of PrT in treating CaP to improve 

disease control and/or reduce acute and long-term radiation 

toxicity. Protons are an essential aspect of a sophisticated 

radiotherapy portfolio. Their cost is significant, but their 

benefit in treating children and advanced spine and skull base 

lesions is becoming a matter of record. Avoidance of dose 

to uninvolved tissue is a valid goal in clinical radiotherapy. 

It may simply matter more in children and in the skull base 

or spine than in the older adult male pelvis.
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The authors report no conflicts of interest in this work.
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