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Abstract

Background Advances in radiation technology have transformed treatment options for patients with localized prostate
cancer. The evolution of three-dimensional conformal radiation therapy and intensity-modulated radiation therapy (IMRT)
have allowed physicians to spare surrounding normal organs and reduce adverse effects. The introduction of proton beam
technology and its physical advantage of depositing its energy in tissue at the end-of-range maximum may potentially spare
critical organs such as the bladder and rectum in prostate cancer patients. Data thus far are limited to large, observational
studies that have not yet demonstrated a definite benefit of protons over conventional treatment with IMRT. The cost of
proton beam treatment adds to the controversy within the field.

Methods We performed an extensive literature review for all proton treatment-related prostate cancer studies. We discuss
the history of proton beam technology, as well as its role in the treatment of prostate cancer, associated controversies, novel
technology trends, a discussion of cost-effectiveness, and an overview of the ongoing modern large prospective studies that
aim to resolve the debate between protons and photons for prostate cancer.

Results Present data have demonstrated that proton beam therapy is safe and effective compared with the standard treatment
options for prostate cancer. While dosimetric studies suggest lower whole-body radiation dose and a theoretically higher
relative biological effectiveness in prostate cancer compared with photons, no studies have demonstrated a clear benefit with
protons.

Conclusions Evolving trends in proton treatment delivery and proton center business models are helping to reduce costs.
Introduction of existing technology into proton delivery allows further control of organ motion and addressing organs-at-
risk. Finally, the much-awaited contemporary studies comparing photon with proton-based treatments, with primary end-
points of patient-reported quality-of-life, will help us understand the differences between proton and photon-based treat-
ments for prostate cancer in the modern era.

Localized prostate cancer can be treated with either sur-
gical resection or radiation (the latter of which can include
either brachytherapy, external beam radiation therapy
(EBRT) + androgen deprivation therapy, or a combination,
depending on the clinical circumstances). EBRT for
prostate cancer has achieved remarkable technological
advances in the past few decades. Initially treated with
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large, open fields (also known as the “four-field box”),
conventional two-dimensional (2D) radiotherapy for
prostate cancer evolved to three-dimensional (3D) con-
formal radiation therapy in the 1990s [1]. In the early
2000s, intensity-modulated radiation therapy (IMRT)
was introduced, which was shown to better “conform”
the radiation beam to the target tumor. IMRT was rapidly
adopted for multiple solid tumor treatments, including
prostate cancer, despite lack of randomized controlled
prospective trials to definitively demonstrate improvement
in clinical outcomes over 3D conformal radiation
therapy. This adoption was initially criticized due to its
increased cost over 3D conformal radiation therapy, with
many questioning the benefits of this highly complex
technology [2]. Now there are a number of studies
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demonstrating superiority of IMRT over 3D conformal
therapy, particularly for prostate cancer [3—-6]. The advent
and commercialization of proton beam treatment, a form of
EBRT using protons, which have promising physical
properties related to its stopping power and distribution
within tissue, rings similar to the story about the intro-
duction and adoption of IMRT. One important difference
is that proton beam therapy comes with a higher price tag
than any other form of radiation treatment, including
IMRT, thus highlighting the need to justify the clinical and
cost-effectiveness of such a technology in prostate cancer.
Fortunately, we have ongoing studies that are going to
inform the field regarding these critical questions. In this
review, we discuss the physical properties of proton beam
therapy, its history for cancer therapy, the experience of
proton beam treatment for prostate cancer to date, as well
as a critical overview of some of the controversies asso-
ciated with treatment for prostate cancer. We then high-
light some of the coming data that will shed light upon
these various questions and help us to understand its role
in the treatment of prostate cancer.

Physics of proton therapy

Proton therapy delivers high doses of radiation to a
target tumor while sparing dose to adjacent organs near
the target or the path of the beam due to the unique
physical characteristics of the proton beam. Protons are
positively charged subatomic particles, which interact
differently in tissue compared with photons [7]. Most of
their energy is deposited in tissue at their end-of-range
maximum, which is also known as the Bragg peak
(Fig. 1). Manipulation of this Bragg peak creates the
“spread-out-Bragg-peak”, which can be further manipu-
lated so that it covers the entire length of a tumor target.
This allows proton beam therapy to carefully target a
tumor while delivering minimal dosage to any surround-
ing tissue or organs.

Photons, by comparison, deposit energy throughout the
entirety of their beam path, which can result in an “exit
dose” measured for any photon beam that is delivered to
tissue behind the intended target tumor. The depth of
maximal energy deposited depends on the initial energy of
the photon beams used. Despite this, even high-energy
megavoltage photon beams only deposit their maximal
energy a few centimeters after initial tissue penetration,
hence when treating the prostate, a deeply seated tumor,
multiple beams are required to maximize conformality to
the target, contributing a wider “bath” of dose to the body
[8, 9] (Fig. 2). For certain malignancies, such as pediatric
tumors and tumors of the brain and eye, which require
very accurate targeting, proton beam therapy provides an
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Fig. 1 Depth-dose distributions for proton and photon irradiation. An
X-ray photon dose distribution curve (gray curve), which is comprised
of multiple composite beam angles or arcs, has an initial build-up in
tissue followed by an exponential decrease as the beam traverses
further into the tissue. In contrast, the proton curve (red) is a result of a
several individual “Bragg peak” curves, which, in sum, cover the
target (light blue) (color figure online)

essential advantage [10-12]. Given that the prostate is
in very close proximity to the bladder and rectum, and
maximal sparing of these organs is key, proton beam
therapy has an enticing theoretical advantage for treating
prostate tumors. However, it is not clear just how well this
theoretical advantage of proton treatment translates into
demonstrably better clinical outcomes for prostate cancer
patients.

Brief history of proton therapy

Proton treatment has been in use for cancer treatment since
the time of Dr. Robert Wilson who postulated that high-
energy protons could penetrate deeply into tissue so as to
treat tumors that reside deep within the body cavity [13].
Shortly thereafter, a collaboration between the Harvard
Cyclotron Laboratory and the Massachusetts General Hos-
pital (MGH) resulted in the treatment of over 9,000 cancer
patients with protons between 1961 and 2002 [7]. The first
prostate cancer patient treated with proton therapy in the
United States was in 1976 using the Harvard Cyclotron
[14, 15]. Feasibility data of 17 prostate patients published
out of MGH [15] and other experiences demonstrated tol-
erability and efficacy of such a treatment modality [16—18].
Today, there are now >28 operational proton centers in the
United States, with that number expected to increase sub-
stantially with approximately 23 facilities in planning pha-
ses (Particle Therapy Co-Operative Group. Facilities in
operation) (Fig. 3). Part of the justification for these new
centers is the treatment of pediatric, brain, and eye tumors,
where the benefit of proton beam treatment is essential.
However, many proton centers opened with a business
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Fig. 2 Dose distribution radiation plans for a proton beam treatment
and b intensity-modulated radiation treatment (photons) of the pros-
tate. Cross-sectional image demonstrates the prostate (red), rectum
(light blue/green), bladder (yellow), right femoral head (dark blue) and

Fig. 3 Proton therapy centers in ¢ Operational

operation or in development in
the United States. There are
currently 28 centers in operation
(black diamond) with
approximately 23 centers under
construction or in development
(blue star; 10 shown on the
map). Available from The
National Association for Proton
Therapy (http:/www.proton-
therapy.org/) (color figure
online)

model that incorporated the treatment of prostate cancer
patients [19]. Using this model, the opening of a proton
center has served as a cautionary tale as the operating
costs have sometimes outpaced the revenue generated [20].
Hence, it is imperative to clearly understand the role of
proton therapy for prostate cancer, and its clinical and cost-
effectiveness compared with more standard external beam
treatments, such as IMRT. Over time, the reality of oper-
ating costs for a proton center has led to modified business
models, with the opening of centers that are largely one-
gantry facilities to account for this challenge.

Proton therapy for prostate cancer

Localized prostate cancer radiation treatment delivered in
the United States today is largely via the use of IMRT
or brachytherapy [21]. Novel advances in EBRT include
image-guided radiotherapy and more sophisticated daily
immobilization techniques, which have been adopted for

left femoral head (pink). The prostate was treated to 79.2 Gy (RBE) in
both plans. The photon creates a “low-dose bath” affecting many
tissues, whereas the proton plan effectively spares more of the normal
tissues from receiving the lower-dose radiation (color figure online)

¥ Under Construction

prostate radiation treatment to further allow for accurate
targeting of the external beam. In addition, the recent
publications of the RTOG 0415, PROFIT, and CHHiP trials
demonstrate the safety and feasibility for moderate hypo-
fractionation in prostate cancer, thereby reducing the num-
ber of external beam fractions necessary to treat [22-24].
However, there has been a lack of completed phase
3 studies comparing protons with photons in this field,
which has led some to criticize the adoption of proton
therapy in common disease sites (e.g., lung, breast, and
prostate) where there is not a definitive proven benefit
over the standard of care technology [25-29].

Cancer control

Despite the scarcity of data upon which to base recom-
mendations, in general, the body of evidence has demon-
strated clinical outcomes, measured in terms of cancer
control rates, to be equivalent between protons and photons
for prostate cancer, but this has been largely limited to
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retrospective comparisons or non-comparative single
cohorts. A randomized clinical trial performed by Shipley
and colleagues comparing protons with photons was initi-
ated in the 1980s, when older techniques were used and
before the era of prostate-specific antigen (PSA)-detected
disease [18]. No difference in outcomes was seen, however,
this finding is difficult to interpret in the context of its
limitations and the changes in modern-day practice. Cancer
control rates with proton therapy were shown to be
equivalent to those obtained with photon radiation in
separate studies [30, 31], and a case-matched comparative
study demonstrated identical cancer control rates between
proton beam treatment and brachytherapy [32]. Of note,
protons uniquely have a different biological effect in tissues
compared with photons, an effect that is corrected for using
the relative biological effectiveness, or RBE. It has been
suggested that tumors with a lower alpha/beta ratio, such as
prostate cancer, will experience a higher RBE with protons,
and therefore improved tumor control, although this is more
difficult to model [33-35] and has not yet been demon-
strated clinically.

Organs-at-risk: dosimetric models

Given the physics of protons, the theoretical advantage may
be less related to cancer control outcomes but more so to
their ability to reduce the radiation dose inadvertently
delivered to nearby critical organs, which can result in
considerable side effects. Several modeling studies were
implemented comparing the dosimetry of IMRT with pro-
tons [36-38]. These ultimately did not result in a definitive
conclusion of one modality over the other as both demon-
strated superiority depending on planning system and
choice of beam arrangement used, yet all three modeling
studies did demonstrate a significant reduction in whole-
body radiation exposure when using proton therapy. IMRT
of the prostate results in the creation of a low-dose radiation
“bath” in the pelvic field due to the need for utilization of
five or more coplanar beams so that conformality is max-
imized. A potential side effect of IMRT due to radiation
scatter is reduced serum testosterone, which can lead to
symptoms of hypogonadism, although data on this are
mixed [39-41]. Extra exposure to radiation may also
increase the long-term risk of radiation-induced second
malignancies, a rare, but potentially deadly, complication.
This may be of great concern to younger men treated with
prostate cancer as this toxicity does not typically arise until
10-20 years after completion of treatment [42, 43]. Com-
puter models examining the lower whole-body radiation
exposure between proton therapy compared with IMRT
demonstrated a 40% reduction in the risk of developing a
secondary malignant neoplasm [44—46]. A small dosimetric
study of six patients sought to determine the impact of
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interfractional motion in hypofractionated radiotherapy
between pencil beam scanning (PBS) proton therapy and
volumetric modulated arc therapy (VMAT) for prostate
cancer [47]. It was found that the delivered doses were
comparable between the two treatment modalities. Pre-
scription dose remained within clinical tolerance and
deviations were minor. Organs-at-risk also were within
compliance between the two modalities, hence suggesting
that hypofractionation is robust to interfractional motion for
both PBS and VMAT.

Organs-at-risk: database analyses

As the main theoretical advantage of proton beam tech-
nology over standard photon radiotherapy is that it reduces
unintended dosage to nearby organs-at-risk, different stu-
dies have sought to prove or refute that claim. An additional
important consideration with proton beam technology is its
associated higher RBE, which may translate to a higher risk
of toxicity to normal tissues in the radiation field, such as
the prostatic urethra. Currently, the higher RBE is taken into
account during treatment planning, but if the RBE is higher
than what is currently accounted for, studies may demon-
strate an increase in both tumor control and toxicity. A
study by Yu and colleagues examined 27,647 Medicare
recipients treated with IMRT (n = 27,094) or proton therapy
(n =553) and examined toxicity profiles between the two
groups [48]. To account for the small numbers of proton
patients, the authors employed a sophisticated statistical
technique of Mahalanobis matching [49] to accurately
assess for differences in toxicities between IMRT versus
protons. The authors found a statistically significant lower
6-month rate of genitourinary (GU) toxicity for patients
receiving proton treatment versus IMRT (5.9 versus 9.5%,
p =0.03). This did not persist at 12 months post treatment,
and there were no differences in gastrointestinal (GI) toxi-
cities between the two modalities. In contrast, however, two
separate studies using the Surveillance, Epidemiology, and
End Results (SEER) Medicare database did not support the
findings from Yu et al. [50, 51], and in fact reported higher
rates of GI toxicity in patients receiving proton treatment
versus IMRT. Many limitations inherent to large Medicare
data sources exist, hence it is common to have differing
interpretations and discrepancies in findings in these types
of studies.

A recent study utilizing the MarketScan Commerical
Claims and Encounters database identified 693 men who
received proton therapy and matched them to 3,465 IMRT
patients [52]. In addition to reviewing toxicities, the authors
also calculated cost from a payer’s perspective from claims. It
was found that men treated with proton therapy had a lower
risk of composite urinary toxicity (33 versus 42%, p <0.001)
and erectile dysfunction (21 versus 28%, p <0.001) at 2 years
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but a higher risk of bowel toxicity (20 versus 15%, p = 0.02).
Mean radiation cost also significantly differed between the
two ($115,501 for protons versus $59,012 for IMRT, p <
0.001). Of course, this study is still subject to inherent lim-
itations as the database does not have information on radiation
field or dose, but the data can provide real-world insight into
costs for differing technologies.

Organs-at-risk: non-randomized comparative and
single-arm cohort series

Both non-randomized comparisons and single-arm cohort
studies have been performed to evaluate the impact of
proton beam technology on organs-at-risk. A large study
reviewing patient-reported outcomes data collected pro-
spectively using validated instruments assessing bowel and
urinary quality-of-life (QoL) among patients with localized
prostate cancer who received 3D conformal radiotherapy
(3DCRT), IMRT, or proton beam therapy found a clinically
meaningful decrement in bowel QoL at the first post-
treatment follow-up in those who received 3DCRT or
IMRT [53]. At 12 and 24 months, all three groups reported
decrements in bowel QoL. At the first post-treatment fol-
low-up, those who received IMRT reported clinically
meaningful decrements in urinary irritation/obstruction.
Interestingly, at 12 months, clinically meaningful decre-
ments in urinary irritation/obstruction were reported among
patients who received proton beam therapy (but not among
patients who received IMRT or 3DCRT). These
urinary QoL decrements all normalized by 24 months post-
treatment in all three groups. A case-matched study out of
the University of Pennsylvania assessing provider-reported
acute and late GI/GU toxicities using the Common Termi-
nology Criteria for Adverse Events (CTCAE) between men
who received IMRT (rn =213) versus proton beam therapy
(n=181) found no statistically significant difference in
acute or late grade>2 GI or GU toxicity [54]. The Uni-
versity of Florida Proton Therapy Institute has contributed
much to the body of evidence regarding the use of proton
therapy for prostate cancer. A prospective cohort of 211
men with localized prostate cancer treated with pro-
ton therapy demonstrated minimal toxicities, with 1.9%
experiencing grade 3 GU toxicities and < 0.5% with grade 3
GI toxicities at 2 years [55]. A comparative effectiveness
study between men who received proton-based treatment
(n = 1,243) versus photon-based treatment (n =204) using
patient-reported QoL data found no statistically significant
difference in GI, GU, or sexual summary scores in the first
2 years of early follow-up, but men who received IMRT
were noted to report significantly more issues with rectal
urgency and frequent bowel movements compared with
men who received proton therapy [56]. In a separate study
looking at men < 60 years old who were treated with protons

assessing patient-reported health-related QoL, it was found
that, with 2 years of follow-up, men had good outcomes
with respect to erectile dysfunction, urinary incontinence,
and bowel function [57]. At 7 years of follow-up, potency
(defined as erections firm enough for sexual intercourse)
was 90% at baseline, declined to 72% at the first-year
follow-up, and declined to 67% at 5 years [58]. In the
cohort, 2% developed urinary incontinence requiring pads.
Seven-year biochemical control was 98%. In contrast to
photon-based studies that have demonstrated minor testos-
terone suppression after prostate radiotherapy [39-41], a
study of 171 men treated with proton radiation did not
demonstrate evidence of testosterone suppression within the
first 2 years after treatment [59]. Results of two prospective
trials using proton therapy for low- to intermediate-risk
prostate cancer patients found that 5-year urologic toxicity
outcomes were minimal, including among patients with
significant pretreatment GU symptoms [60]. A large, multi-
institutional retrospective study of long-term outcomes
(median follow-up: 69 months) of low-, intermediate-, and
high-risk prostate cancer patients treated with proton ther-
apy in Japan was recently published [61] and demonstrated
excellent biochemical control with incidence rates of grade
2 or higher late GI or GU toxicities of 4.1 and 4.0%,
respectively.

In summary, the studies mentioned above demonstrate
excellent tolerance of proton radiotherapy, with photon/
proton comparative studies hinting potential early GI/GU
benefit with proton over photon radiotherapy that is
not sustained over the longer term, with possible
increase in late GI toxicity, although the data are mixed
(Table 1). Despite the promising results from these
studies, these consist of non-randomized, mostly single-
institution or multi-institutional pooling of parallel
cohorts, further emphasizing the need for a randomized,
prospective trial.

Uncertainties and controversies with proton
beam technology

Despite the allure of proton dose distribution maps depict-
ing highly conformal treatment plans, several uncertainties
surrounding proton dose delivery do exist. For deep-seated
tumors, such as the prostate, there is an “end-of-range
uncertainty” due to a penumbra that develops laterally and
around the distal end of the beam, blurring the beam’s sharp
edge. This commonly occurs at depths past 10 cm in tissue
[8]. Due to this, most prostate proton treatments are planned
such that the beams enter the body laterally through the
femoral heads. At this time, patients with bilateral hip
prostheses are generally not eligible for proton beam treat-
ment [62]. Patients with a unilateral hip prosthetic may be
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Table 1 Current proton versus photon therapy comparative evidence for localized prostate cancer

Study Design Source of data Years Toxicities: Protons compared to photons
Acute Late®
GU GI  Sexual GU GI Sexual
Kim 2011°°  Database SEER 19922005 NA 1 NA NA 1 NA
Sheets 2012°'®  Database SEER 20002009 NA NA NA t =
Yu 2012*%  Database Medicare 2008-2009 | = NA = = NA
Pan 2018%2¢  Database MarketScan 2008-2015 | = 1 1 ("
Gray 2013°*  Non-randomized comparative  MGH PROST-QA Harvard-affiliated” 2003-2008 /1 l/= NA = = NA
Hoppe 2014%°  Non-randomized comparative UF PROST-QA 2003-2010 = =t = = =t =
Fang 2015 Non-randomized comparative University of Pennsylvania 20102012 = = NA = = NA

SEER Surveillance, Epidemiology, and End Results, MGH Massachusetts General Hospital, PROST-QA Prostate Cancer Outcomes and
Satisfaction with Treatment Quality Assessment Consortium, UF University of Florida, GI Gastrointestinal, GU Genitourinary, NA not available

Symbols:
1: Refers to increased toxicity with protons compared to photons

| : Refers to decreased toxicity with protons compared to photons

= : Refers to equivalent toxicity (no statistically significant difference observed between the two modalities

Late toxicities are defined differently in different studies based on longest follow-up data available

Ppropensity-score matched comparison, rate per 100 person-years

“Acute toxicities defined as at 6 months, late toxicities defined at 12 months

dAcute toxicities defined as up to 12 months after start of radiation; late toxicities defined as after 12 months.

¢Acute toxicities defined as at first post-treatment follow-up/12 month follow-up, late toxicities defined as at 24 months follow-up

[ Harvard-affiliated hospitals

EPatients in photon-cohort more likely to report specific issues with bowel urgency (p = 0.02) and rectal frequency (p = 0.05)

evaluated on a case-by-case basis. To circumvent this pro-
blem, some groups have started to use anterior-oriented
proton beams. Cuaron et al. treated 20 patients between
2010 and 2014 with organ-confined prostate cancer and a
history of hip prosthesis using at least one anterior oblique
beam [63]. With a median follow-up of 6.4 months, acute
grade 2 urinary toxicity was 40%, grade 2 erectile dys-
function occurred in two patients, one patient developed late
grade 2 rectal proctitis, and 25% of patients experienced
hip pain. Further investigation of this technique is needed
to characterize the role of anterior beams in proton therapy
for prostate cancer.

Proton beams are also exquisitely sensitive to tissue
density and heterogeneity, especially in the pelvis when
passing through bone followed by muscle and fat. Var-
iance of dose can be significant with organ motion, or
inadequate immobilization. Of course, organ motion is a
concern with photon-based therapy as well, however,
accurate, reproducible immobilization may be even more
critical with proton-based treatment, which predominantly
uses lateral beams that pass through the femoral heads and
can affect the dose to the target even with minor setup
errors [64, 65]. There is also concern about generation of
high-energy neutrons from the head of proton machines,
which have high radiobiological effects and increased risk
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of causing secondary cancers compared with standard
photon treatment [66, 67]. Data have also raised concern
that the RBE of protons may increase beyond the Bragg
peak [68], which may in fact increase normal tissue
toxicity. On the other hand, if this RBE can be contained
within the tumor itself (and not normal tissue), this may
translate to improved cancer control [33-35]. These
dosimetric concerns have contributed to debate within the
radiation oncology community regarding the advantages/
disadvantages of proton beam technology.

Technology trends in proton beam
treatment

Motion matters

Proton beam technology for the prostate relies heavily on
accurate positioning and most centers now employ implanted
fiducial markers and 2D orthogonal X-ray imaging for
accurate set-up and treatment delivery. Interestingly, despite
the concern that interfractional set-up variations lead to
more delivery uncertainties using proton beam therapy com-
pared with IMRT, a study out of MGH demonstrated that
there were no statistically significant differences between



Proton versus photon-based radiation therapy for prostate cancer: emerging evidence and considerations. .. 515

target coverage and organs-at-risk dose deviations between
the two modalities [69]. Nevertheless, it is still important
to minimize uncertainty in set-up, no matter the treatment
modality.

The next step in image guidance for protons is a move
toward integrating cone-beam CT into daily treatment.
Cone-beam 3D imaging has already been adopted on tra-
ditional EBRT systems, and already many centers have
purchased or plan to purchase cone-beam technology for
installation on their proton beam systems [62]. This will
allow for improved localization, set-up, and evaluation of
dose variation of the proton beam path. A study by
Moteabbad et al. demonstrated a method for evaluation of
delivered IMRT dose using the daily cone-beam CT and the
deformable image registration for prostate cancer treatments
[70]. This work brings treatment one step closer toward
image-guided adaptive radiotherapy. If cone-beam tech-
nology can be integrated for proton beam treatments,
image-guided adaptive radiotherapy may one day be
translated to proton treatments as well.

Addressing organs-at-risk

Prostate radiation has always been challenging due to
its location in the pelvis and its proximity to the
rectum. However, the introduction and growing usage of
injected hydrogel spacers between the prostate and
rectum (SpaceOAR, Augmenix Inc.) has been proven to
reduce incidence of rectal or GI side effects [71]. With
respect to protons, this offers the option to use anterior-
based beams [63], making proton end-of-range uncer-
tainty posteriorly less of a concern (Fig. 4). A study by
Underwood et al. [72] that modeled anterior oblique
proton plans in a cohort of prostate patients with rectal
spacers demonstrated feasibility and reproducibility of
such a technique.

Proton therapy in post-prostatectomy
setting or for pelvic lymph nodes

There is very little reported on the use of proton therapy in the
post-prostatectomy setting, where the role of radiotherapy has
been previously defined [73]. A prospective study of 10
patients who received post-prostatectomy IMRT examined
interfraction motion and target volume variability throughout
the treatment course using serial magnetic resonance imaging
(MRI), the results of which suggested that proton therapy was
feasible in this context [74]. A separate study reviewed GU
and GI toxicity outcomes in 100 patients treated with post-
prostatectomy proton therapy with a median follow-up of
25 months [75]. Toxicity-free survival at 24 months was GU
grade 2 (83%) and GI grade 1 (74%), demonstrating feasi-
bility with a favorable toxicity profile both acutely and in
early follow-up.

In patients with high-risk prostate cancer, radiation therapy
is often delivered to the prostate, seminal vesicles, and pelvic
lymph nodes [76]. Dosimetric studies have demonstrated
safety and feasibility of the use of proton therapy when
treating pelvic lymph nodes. One study evaluating dosimetric
differences between IMRT, VMAT, and intensity-modulated
proton therapy (IMPT) found that IMPT succeeded in pro-
ducing the best biological and physical treatment plans
compared with both IMRT and VMAT plans [77]. Proton
beam treatment plans were similarly demonstrated to be
superior to photon treatment plans when treating the pelvic
nodes in a separate study out of the University of Florida [78].

Stereotactic body radiation therapy (SBRT)
and protons

As radiation technologies become more precise with con-
tinued improvements in imaging and planning, there has

Hydrogel spacer

Fig. 4 Proton therapy dose distribution plans of the prostate with a
hydrogel spacer. Cross-sectional images of an axial (a) and sagittal
slice (b) in a plan with lateral beams demonstrate the prostate (red),
rectum (light blue), hydrogel rectal spacer (brown), bladder (yellow),
right femoral head (dark blue), and left femoral head (pink). The

prostate was treated to 79.2 Gy (RBE). Cross-sectional axial image (c)
of an anterior-oriented beam plan with a rectal spacer (brown). The use
of a rectal spacer makes proton end-of-range uncertainty less of a
concern when using anterior beams (color figure online)

SPRINGER NATURE



516

S. C. Kamran et al.

been a move towards more moderate hypofractionated
treatments (defined as less number of overall treatments
compared with standard fractionation, with higher dose per
delivery of treatment ranging between 240 and 340 cGy) for
prostate cancer and some advocating for the use of more
ultrahypofractionated therapy (defined as 5 or less treat-
ments, with fraction sizes of 2500 cGy) in prostate cancer. A
recent evidence-based guideline that provides recommen-
dations on the use of either moderate hypofractionation or
ultrahypofractionation has been published [79]. There are
obvious advantages to this type of treatment both for patient
convenience and costs, however, the role of proton beam
technology and hypofractionation has not been clearly
defined, and more evidence is needed. One study by God-
dard and colleagues [80] compared photon- versus proton-
based SBRT treatment plans in 10 patients with prostate
cancer. It was found that similar treatment plans could be
generated between the two modalities, however, photon-
based plans outperformed proton-based plans with regards
to achievable target conformity and organ-at-risk sparing.
However, a similar, separate study by Kole et al. demon-
strated mixed results between the two modalities, with lower
dose to the penile bulb with protons but higher mean dose to
the femoral heads [81]. The same study by Pan and collea-
gues discussed earlier that compared men treated with pro-
tons versus IMRT also matched 310 men treated with SBRT
to 3100 men treated with IMRT, demonstrating that SBRT
had a similar toxicity profile to IMRT with decreased cost
($49,504 versus $57,244, p<0.001) [52]. Proton radiation
and SBRT were not directly compared in this analysis, and
it is unknown what the cost of performing SBRT with
proton radiation would be, and what, if any, benefit it may
have over SBRT with photon radiation. This critical ques-
tion requires more investigation, as the use of an ultra-
hypofractionated schedule with protons may help to bring
down the cost of proton radiotherapy for prostate cancer.

Resolving the debate between photons
versus protons for prostate cancer

There is an urgent need for randomized data comparing
photon- versus proton-based external beam radiation head-
to-head for localized prostate cancer using modern techni-
ques to rigorously inform the debate surrounding proton
therapy for prostate cancer.

To that end, there is an ongoing, large randomized
phase III trial of proton therapy versus IMRT for low- to
intermediate-risk localized prostate cancer called Prostate
Advanced Radiation Technologies Investigating Quality
of Life, or PARTIQoL (ClinicalTrials.gov identifier:
NCTO01617161). It is a multi-center study, with 12 proton
institutions among a total of 27 participating centers. As of
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January 2019, over 325 patients have been accrued with a
total enrollment goal of 400 patients expected to be met by
late 2019/early 2020. The primary endpoint of the trial is
24-month EPIC bowel scores, though other domain scores
are also being collected as part of secondary endpoints (e.g.,
GU scores, erectile dysfunction, etc). Physician-graded
toxicity and disease-specific outcomes are being collected
as well. The use of androgen deprivation therapy is not
allowed as it can complicate the interpretation of the QoL
endpoints. In addition, patient tissue and blood samples are
being collected for translational discovery. These biological
samples will be used to evaluate biomarkers for prostate
cancer behavior and treatment response. Economic data are
being collected for future cost—benefit analyses. The trial
allows and stratifies by fractionation (moderate hypo-
fractionation versus standard fractionation), use of rectal
spacer, and it has evolved to incorporate the best treatment
delivery systems as they have been introduced into the clinic
(e.g., PBS, etc.).

The recently opened study, a Prospective Comparative
Study of Outcomes with Proton and Photon Radiation in
Prostate Cancer, COMPPARE (ClinicalTrials.gov identifier:
NCT03561220), will evaluate QoL, toxicity, and disease
control outcomes in a prospective registry of 1,500 proton
beam therapy and 1,500 IMRT patients treated at 42 cen-
ters, along with a randomized component of fractionation.

Based on results from the trial published by Iwata et al.
[61], the Japanese recently opened a multi-institutional
prospective registry (UMIN000025453) for prostate cancer
patients treated with proton therapy. The primary outcome
is 5-year biochemical relapse-free survival rate.

The results of these studies are expected to shed light
on the debate between protons versus photons for localized
prostate cancer. Patients, providers, and policy makers are
eagerly awaiting the results to guide decisions regarding
the use and justification for proton technology in the treat-
ment of prostate cancer.

The relative costs dimension of the cost-
effectiveness comparison

In order to judge the relative cost-effectiveness of proton
versus photon beam radiation, some fairly accurate esti-
mates of relative cost for the two modalities are needed.
That requires careful analysis, particularly because each of
the two treatment modalities have been evolving rather
rapidly in recent decades. We do know that the capital cost
of a proton beam facility is very large, substantially
exceeding the capital cost of various photon-based equip-
ment [82]. A proton facility is based upon a powerful but
expensive proton accelerator, which can either be a cyclo-
tron or synchrotron, and also must include the building in
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which these rather large machines have to be safely housed.
Historically, these capital costs have often exceeded $150
million dollars for a multiple (e.g., three to four) gantry site.
Such a facility can treat numerous cancer patients in a day,
assuming the demand is there, and can be used over a fairly
long, though uncertain, effective lifetime. Therefore, the
allocated capital costs per patient can be more reasonable,
though still substantially larger than the equivalent capital
costs for photon-based treatment, or, for that matter, other
treatments for prostate cancer. We also know that there are
substantial operating costs for these facilities, including the
costs of staffing radiation oncologists, technicians, physi-
cists, dosimetrists, and others. Simplified models of the
relative costs of proton beam and IMRT treatment processes
suggest that, taking into account both the capital and
operating costs, the relative cost of proton-based treatment
today may be approximately 1.5-2X greater than that of
IMRT [52, 83-85]. But a static view of this relative cost
differential may be too simplistic.

As described above, photon-based treatment has been
evolving in recent decades as more accurate targeting of the
tumor and protection of nearby organs-at-risk has con-
tinually improved. This has led to more complex, and hence
more expensive, treatment modalities. A similar evolution
of treatment processes has been occurring for proton-based
treatment. Thus, the costs of both modalities must be con-
sidered as dynamic cost estimates that are changing through
time, as are the relative costs.

In addition, the operating costs of these treatments are
decreasing down learning curves as medical centers and their
staff become more experienced in using them. The capital
costs are similarly coming down a learning curve as the
designers and manufacturers of the machines and buildings
improve. As just one example, the capital costs of a small
one-gentry proton facility may now be down to around
$30 million dollars [8]. With the growing use of decreased
fractionation for prostate cancer and ongoing studies
exploring fewer treatments, proton beam delivery costs will
decrease [22-24]. It is safe to assume that both proton-
and photon-based therapies will continue to improve,
become more complex, and all of these factors will produce
changing costs and particularly relative costs.

There have been earlier historical studies which have
included various estimates of relative costs for proton and
photon treatments in the case of prostate cancer. For
example, Yu et al. [48] used estimates of Medicare reim-
bursement rates as a proxy for cost. Unfortunately, we know
very little about how these reimbursement rates from payers
are determined and what their relationship is to the real
capital and operating costs of these treatment modalities.
And, of course, these costs have been changing rapidly such
that older estimates of cost have fairly limited relevance for
today’s methods of treatment. Fortunately, as an adjunct to

the above-cited PARTIQoL randomized trial, cost models
will be developed to more accurately estimate the relative
costs of proton beam therapy and IMRT-photon therapy
under current and future treatment procedures for each.

The business behind the proton beam

While patients and providers alike await randomized trial
data to fully understand the potential benefits of proton
beam therapy for prostate cancer, the higher cost of proton
beam technology relative to other available treatments has
many policy makers paying close attention. Due to the lack
of strong clinical evidence supporting the role of proton
radiation therapy in the treatment of prostate cancer, some
private insurers have decided to not cover proton therapy
for prostate cancer [86—88]. This decision is at odds with the
American Society for Radiation Oncology (ASTRO) model
policy for proton beam therapy, which recommends cov-
erage for patients with nonmetastatic prostate cancer
enrolled in either an Institutional Research Board-approved
study or a multi-institutional registry [89]. Despite this
recommendation, there remains a discrepancy among pri-
vate payers and how they address their minimum standards
for insurance coverage of patients in clinical trials. This
can lead to a barrier for patients to access clinical trials, as
well as stall clinical trial accrual and affect timely com-
pletion of studies. Some states have implemented policy to
prevent health benefit plans from holding proton beam
therapy to a higher standard of clinical evidence than IMRT
[90]. Policy initiatives, such as a move towards reference
pricing, a model whereby proton therapy costs are set to be
equivalent to competing treatment modalities with similar
outcomes, are attractive as this could reduce barriers to
build the clinical evidence needed to understand the benefits
(if any) of proton therapy [91, 92]. All of this only under-
lines the need for clinical trials to better improve the cost-
effectiveness judgements being made by insurers, providers,
and patients in the search for better and more efficient
prostate cancer care.

Future directions

Proton therapy likely has a place in modern radiotherapy for
prostate cancer. Based on the evidence that is available,
there are potentially tangible benefits to treating the prostate
with protons, with lower integral body dose, which may in
turn lead to decreased incidence of secondary malignancies
(though given their rarity this will be difficult to prove), and
possible decreased impact on long-term erectile function.
Some studies hint at potential early benefits for GI/GU
toxicity outcomes that may not be sustained in the long
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term, and possible increase in late GI toxicity. Ultimately,
the results of the randomized comparisons are necessary to
robustly and fully inform the toxicity/QoL outcomes—these
data are coming in the not too distant future.

In the meantime, optimization of proton therapy is
ongoing to make it as efficient as possible, with decreased
operational costs [91], introduction of different payment
models, and further understanding of which patients to treat.
These strategies combined are all in an effort to make
proton beam technology a more cost-effective therapy in the
time of value-based cancer care.

Looking to the future, as the field moves further into the
era of precision oncology, it will be important to explore
whether there are subgroups of prostate patients who par-
ticularly benefit from proton beam treatment, based on
genomic and/or molecular profiles, in terms of either cancer
control or reduction in toxicities. The translational appli-
cations from the randomized comparisons provide stimu-
lating opportunities for discovery of prostate patient
populations that are better treated with protons.

In summary, the role for proton beam therapy for pros-
tate cancer patients will be realized as the ongoing trials
report their findings. In the interim, we must continue
efforts to make proton beam therapy more accessible, cost-
effective, and efficient along with advances in cancer biol-
ogy and radiation techniques to ultimately translate to
improved treatment decisions and outcomes for prostate
cancer patients.
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