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Abstract: Proton-beam therapy (PBT) for prostate cancer has been in used for several decades,
with its technique evolving significantly over this period. A growing number of centers now
routinely utilize pencil-beam scanning as an advanced technique of PBT. Interest and contro-
versy concerning its use have recently come under scrutiny. While the past decade has produced
an assemblage of evidence suggesting that PBT is safe and effective for early stage prostate
cancer, it is still unknown whether the theoretical dosimetric advantages of PBT translate into
meaningful clinical improvements over routine intensity-modulated radiation therapy, which
is commonly used for these patients. Outcomes from early trials using whole courses of PBT
have shown mixed results when compared with routine intensity-modulated radiation therapy.
Therefore, randomized trials comparing these two techniques should be undertaken, as this would
help in defining the role of PBT for this patient group. This article aims to describe the basics of
PBT, review the reasons for the growing interest in PBT, review the evidence for PBT, review
the controversy surrounding PBT, and inquire about PBT’s future in the treatment of prostate
cancer, with attention to its physical properties, comparative clinical and cost-effectiveness,
and advances in its delivery.

Keywords: proton beam, radiation, prostate cancer, clinical outcomes, controversies, future
direction

Introduction

External-beam radiation therapy (EBRT) remains one of the primary treatment
modalities for early stage prostate cancer.! With advancement in technology, EBRT
has evolved from a conventional technique typically delivered by means of a four-field
technique to intensity-modulated RT (IMRT),' which is used routinely worldwide.>*
IMRT is a highly effective treatment option with a well-defined toxicity profile.?
Continuous improvements in radiation planning and delivery have allowed dose
escalation to the prostate while minimizing toxicity to adjacent normal structures,
termed as organs at risks (OARs).

Meanwhile, the technology of proton-beam therapy (PBT) has similarly improved.*
Its unique physical dose-deposition properties to avoid normal tissue give an advan-
tageous dose distribution, and growing experience with PBT makes it an attractive
prostate cancer treatment.

However, mixed opinions derived from results reported by nonrandomized
studies,>” the lack of randomized data comparing PBT to modern photon-based therapy
in the treatment of early stage prostate cancer, and the increased cost compared to other
forms of treatment have resulted in PBT becoming a source of controversy.®°

Therefore, this article aims to compare the basics of PBT with EBRT, review
the evidence for and against PBT, and inquire about PBT’s future in the treatment
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of prostate cancer, with attention to its physical properties,
comparative clinical and cost-effectiveness, and advances
in delivery.

Comparing the basics of PBT
with EBRT

EBRT is the external delivery of radiation. It often uses
photons and is the most widely used type of RT.!' Photons
are massless and uncharged,'? while protons are massive,
positively charged subatomic particles.' The relative biologi-
cal effectiveness (RBE), a measure employed in the field of
radiation oncology to compare the effects of different forms
of ionizing radiation on living tissue, of photons and protons
are similar.'* Therefore, it is not the biologic properties but
the physical properties of protons that confer a dosimetric
advantage and make using PBT as a source of therapeutic
radiation attractive. This physical property results in the
majority of energy deposited at the end of their range at a
sharp maximum known as the Bragg peak. Radiation dose
then falls off rapidly beyond the Bragg peak. This essentially
allows no exit dose and a significantly reduced dose beyond
the target volume. The beam energy determines the position of
the Bragg peak. An individual Bragg peak covers only a few
millimeters and is too narrow to cover any tumor of realistic
dimensions. Therefore, multiple beams of differing energies
are combined and modulated to create staggered depths of
penetration known as the “spread-out Bragg peak” (SOBP)
to encompass uniformly the entire therapeutic target.'s

Comparatively, photons deposit their biologically
effective dose in a continuous linear fashion. This results in
some dose received in the beam’s path beyond the target.'®
Furthermore, a megavoltage photon beam typically deposits
its maximum energy within just a few centimeters of its
entrance into the body.'® Therefore, deep-seated tumors,
such as in the prostate, often require multiple beams to
maximize conformity and avoid overdosing superficial
structures and surrounding normal tissues. As such, the
unique properties of protons confer a theoretical advantage
in delivering higher doses of radiation to a given target while
simultaneously limiting collateral damage to normal tissues
that would otherwise be caught within the entrance and exit
paths of a photon beam. This is particularly relevant to the
prostate, as the gland itself resides deep within the pelvis and
is in intimate contact with several dose-limiting proximal
OARs, such as the bladder and rectum.!” Furthermore,
variations in rectal and bladder filling affect the position of
the prostate. These have important implications for treat-
ment planning.

Dosimetric considerations

Due to technological advances in the past few decades, it is
important to frame any comparison between PBT and photon
therapy in the context of contemporary techniques. Currently,
PBT can be delivered by two methods. The older method
uses a three-dimensional (3-D) conformal technique where
passively scattered proton beams of differing energies are
combined to form an SOBP that fully encompasses the target.
The most common beam arrangement uses two opposed lat-
eral beams, and customized apertures and compensators are
fabricated to shape the field and alter the dose—depth profile
to conform the SOBP to the actual tumor better.

The second newer method utilizes proton pencil-beam
scanning (PBS), which allows more conformal and
complex “IMRT-like” distribution. This is known as
intensity-modulated proton therapy (IMPT) with a greater
ability to conform the dose to irregularly shaped target.'s
Since IMRT is now the most common photon-based EBRT
technique used for the treatment of prostate cancer, it serves
as the reference in modern comparative studies.!**

Dosimetric studies evaluating the relative advantages
of PBT and IMRT have been conducted at several centers.
These studies compared passively scattered PBT and IMRT
in their ability to spare proximal OARs.>¢ Trofimov et al
compared PBT plans utilizing two opposed lateral beams to
IMRT plans utilizing seven coplanar beams in ten patients
with early stage prostate cancer at Massachusetts General
Hospital.’ The planning target volume (PTV) was expanded
by 10 mm from the clinical TV to account for intrafractional
motion and setup uncertainties. After adjustment for RBE,
where a dose of 79.2 Gy was prescribed to the prostate, PBT
significantly reduced the volume of bladder and rectum irra-
diated, especially in areas receiving low-to-moderate dose
exposure (ie, normal tissue exposure in the <30 Gy RBE
range). However, IMRT achieved greater reduction for the
bladder in the high-dose region (ie, normal tissue exposure in
the 50—75 Gy RBE range), while no difference in the rectal
volume was noted at these doses.’ Vargas et al conducted
a similar dosimetric study in Florida.® However, unlike
Trofimov et al, who gave a uniform expansion of 10 mm for
the PTV,’ Vargas et al expanded the clinical TV by 5 mm and
8 mm in the axial and craniocaudal dimensions, respectively,
to create the PTV.® Furthermore, instead of two opposed
lateral beams for PBT, PBT gantry angles were optimized
to utilize lateral-oblique beams with small posterior angles.
This improved PTV dose distribution minimized rectal and
bladder doses. The added merit of the Vargas et al study
was that both PBT and IMRT plans were developed using

submit your manuscript

5578

Dove

OncoTargets and Therapy 2016:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Proton therapy for early stage prostate cancer

the same computed tomography data set of each patient.®
Similarly to Trofimov et al, PBT achieved significant bladder
and rectum dose reduction in the low-dose region (as denoted
by <35 Gy RBE range).>® Unlike Trofimov et al, where there
was no difference in the rectal volume noted at high doses,
rectal volumes in the medium-high dose range of 35-80 Gy
(RBE) were significantly lower in Vargas et al.** However,
the University of Texas’ conducted a separate analysis with
similar 5-8 mm anisotropic margins for ten patients treated
with opposed lateral beams, and found no significant differ-
ence in the rectal and bladder volumes irradiated to 40 Gy
(RBE) or higher for IMRT or PBT.

These studies demonstrate a reduction in low-dose expo-
sure with PBT with similar or even higher volumes of OARs
exposed to high doses. This has resulted in mixed opinions
about the dosimetric advantage of PBT.

The merits of PBT are the potential reduction in radiation-
induced morbidities of proximal OARs abutting the prostate
due to dose reduction and significant reduction in whole-body
radiation exposure. This reduction in whole-body radiation
exposure has significant potential implications. Symptoms
of hypogonadism and reduced serum testosterone, due to
scattered dose to the testicles, are possible side effects of
IMRT.2"2> With significant reduction in whole-body expo-
sure associated with PBT, these effects may be lessened.?**
Although rare, a long-term side effect associated with
normal tissue exposure is the increased risk of secondary
malignancies. Given this long latent period, the absolute
risk of men above 70 years old is very small. However, this
could be of greater importance to younger men. The literature
has also demonstrated as much as a 40% reduction in risks
of secondary malignancies related to radiation exposure
when PBT is used.?*? Although these studies demonstrate
a reduction in low-dose exposure with PBT, the higher
volumes of OARs exposed to high doses should be duly
considered. To date, the relative contribution of high- versus
moderate-dose regions to acute and late toxicity remains a
topic of contention.? 3

Theoretical causes of concern

While these studies affirm the dosimetric advantage conferred
by the unique properties of PBT, uncertainties pertinent to
the treatment of deep-seated targets, such as the prostate,
do exist.*

The sharpness of the Bragg peak is consistent within the
first 10 cm of tissue. However, “range uncertainty” at depths
greater than 10 cm and the development of a lateral penum-
bra at the distal end of the beam results in dose blurring.

Therefore, higher-than-anticipated doses are potentially
delivered to adjacent normal tissues.” This is particularly
relevant to prostate cancers, where the typical depth of the
prostate within the body is approximately 20 cm. Although
there is no widely used method to confirm the proton range
or that the SOBP encompasses the prostate in vivo, the algo-
rithms used to calculate the doses appear accurate enough to
raise any significant issues should sufficient compensation
be used. To manage this range uncertainty for 3-D confor-
mal PBT plans, diode radiation detectors embedded on the
anterior surface of a rectal balloon could be used to record
the radiation-dose rate at the distal penumbra of an anteri-
orly oriented proton field with millisecond resolution. This
provides in vivo range verification and allows dosimetrists to
minimize the required distal range-uncertainty margin.*
The dose distribution of the proton beam is sensitive to
heterogeneous changes in tissues. This has significant impact
on practical issues, such as uncertainty in patient setup and
daily anatomic variation. Regarding patient setup, where
laterally oriented beams are utilized, minute difference in
femoral head rotations could significantly distort proton-dose
distribution when the proton beam passes through the hips.
Yoon et al studied the impact of inter- and intrafractional
movement on target doses for patients treated with opposed
lateral proton fields by calculating the dosimetric conse-
quences of movement in each direction during and between
fractions.?** They demonstrated that increasing movements
were proportional to a decrease in target coverage.*
Differential effects of motion on IMRT versus PBT plans
were more pronounced in the lateral direction, where a shift
of 6 mm for a PBT plan was associated with a 9% decrease
in coverage compared to only 1% for the IMRT plan.* This
target-movement effect can be compensated by increasing the
PTV margin and utilizing image-guidance verification. Even
with image-guidance verification utilized to minimize errors
in setup uncertainty, daily variations of in vivo parameters,
such as tissue thickness, minute femur rotations, and uncer-
tainty in estimating the proton-stopping power of different
tissues, warrants the need for distal and proximal range-
margin and range-compensation expansions.*’ When these
margins were expanded, the volume of prostate not covered
by the fractional prescription dose (as determined by a plan-
ning computed tomography data set) averaged less than 3%
daily, while more than 98% of the prostate received the total
prescription dose over the treatment course without exceed-
ing bladder and rectal constraints.*? However, this inevitably
increases normal tissue exposure too. Therefore, this war-
rants strict adherence to reproducible immobilization during
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treatment, perhaps even more so than photon EBRT.**
Further uncertainty is also introduced by intrafraction organ
motion,* which is detrimental due to the deep dose deple-
tion beyond the SOBP.*’ The prostate position is dependent
on the fullness of the bladder and rectum. To overcome this
issue, fiducial markers with pretreatment localization and
placement of rectal balloons to fix the prostate location have
been successfully utilized.*

High-energy neutrons may be produced during PBT. This
may negate some of the reduction in overall radiation expo-
sure discussed earlier, as these neutrons have a particularly
high RBE.* Other biological concerns include the concept
that the RBE of protons may in fact increase beyond the
Bragg peak.® Therefore, in view of the theoretical nature of
these physical and biological uncertainties, it is still debat-
able whether or not they translate into measurable clinical
uncertainties that could impact toxicity.

Reviewing the literature: efficacy, safety,

and toxicity

In all modalities of prostate radiation, toxicity primarily
arises from exposure of normal tissues that lie in close
proximity to the prostate. Rectal/bowel, bladder, and
sexual dysfunction are the most common prostate radiation-
induced toxicities. Buddus et al compiled a comprehensive
review describing theses toxicities.*® Although the theo-
retical advantages of PBT are compelling, these are yet
to be confirmed by randomized trials directly comparing
photon IMRT with PBT. However, single-arm trials are
available.

Loma Linda University Medical Center reported the first
large single arm experience.*’ Of the 1,255 patients studied,
731 received a combination of photon therapy and PBT to
the prostate and pelvic lymph nodes and 524 received PBT
alone to the prostate. Patients across all risk groups were
included. The American Society for Therapeutic Radiology
Oncology (ASTRO) consensus criteria were used. With
a median follow-up of 62 months, the overall 5-year and
8-year actuarial biochemical disease-free survival rates
were 75% and 73%, respectively,’” and are comparable
to similar studies over the same time period, although the
follow-up for these studies was short.*® Of greater importance
in the Loma Linda trial is the significant improvement in
treatment-associated toxicities. There were very low rates
of Radiation Therapy Oncology Group grade 3 or higher
morbidity: 1% genitourinary (GU) and 0.2% gastrointestinal
(GI).* To put these numbers in perspective, Vora et al found
6% GU and 1% GI grade 3 or higher morbidity when using

IMRT.* This supports the theory that PBT is associated with
reduced toxicities.

Massachusetts General Hospital and Loma Linda (Proton
Radiation Oncology Group/American College of Radiology
95-09) conducted a multi-institutional randomized Phase 111
dose-escalation trial to evaluate the utility of PBT for prostate
cancer,> with 393 patients enrolled. A mixed photon/proton
approach, using PBT for the boost (only the total dose of the
boost differed by arm), demonstrated that a dose escalation
to 79.2 Gy (RBE) instead of 70.2 Gy (RBE) had superior
biochemical failure-free survival. Furthermore, patients
receiving escalated doses experienced a low rate of acute and
late grade 3 GI and GU toxicity (4% and 3%, respectively).
Similar studies demonstrated similarly low rates of grade 3
toxicity.’'*> Therefore, this affirms that PBT allowed supe-
rior long-term cancer control without a significant increase
in late morbidity. A quality of life (QoL) study was also
conducted on these patients and found no significant differ-
ences in patient-perceived bowel, urinary, or sexual QoL
between the arms.

The PROG 95-09 trial aimed to determine if increas-
ing radiation doses to men with early stage prostate cancer
would improve clinical outcomes.’*® Men with T1b-T2b
prostate cancer and prostate-specific antigen 15 ng/mL
were randomly assigned a total dose of either 70.2 GyE
(conventional) or 79.2 GyE (high). No patient received
androgen-suppression therapy with radiation. All 393 men
received 50.4 Gy delivered with photons in 1.8 Gy fractions
to the prostate and seminal vesicles. Patients were random-
ized to receive a PBT boost of either 19.8 GyE or 28.8 GyE
in 1.8 Gy fractions. The median follow-up was 8.9 years.
At 10 years, the ASTRO biochemical failure rates were
32.4% for conventional-dose and 16.7% for high-dose RT
(P<<0.0001); 2% of patients in both arms experienced late
grade =3 GU toxicity, and 1% of patients in the high-dose
arm experienced late grade =3 GI toxicity.*® When compared
to photon dose-escalation studies, this PBT dose escalation
was achieved without significant increases in grade =3 late
GI or GU toxicities (Table 1).30546!

Post hoc analysis demonstrated no significant differences
in patient-reported bowel, bladder, or sexual function between
low- and high-dose arms at a median follow-up of 9 years.>
When compared to a similar cohort of patients treated with
3-D conformal radiation (although to a slightly lower dose),
there was no significant difference in outcomes.

Similar analyses have been performed for patients receiv-
ing whole courses of PBT. In a multi-institutional prospective
Phase II Japanese trial,” patients received 74 Gy (RBE) for
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low- or intermediate-risk prostate cancer. Using the National
Cancer Institute common toxicity criteria, acute grade 2 rectal
and bladder toxicities occurred in 0.7% and 12% of patients,
respectively. No patients experienced acute or late grade 3
rectal toxicity, and only 1% of patients had late grade 3
urinary toxicity. For patients with a follow-up of more than
2 years, the incidence of late grade 2 or greater rectal and
bladder toxicity was 2% and 4%, respectively. The most
commonly reported rectal toxicity was bleeding, followed
by pain and urgency.®

In 2012, Mendenhall et al had published the early out-
comes of three prospective trials of PBT for low-, intermedi-
ate, and high-risk prostate cancer.®® Each risk group had a
separate prescribed treatment plan. Only the high-risk group
received androgen deprivation. The 2-year progression-free
survival for the whole cohort was 99%, whereas grade 3 GU
and GI toxicities were similar at 1.8% (all were temporary)
and 0.5%, respectively. Although not directly comparable,
these toxicity results favor PBT compared to 3-D conformal
radiotherapy (3DCRT) or IMRT.®

Patient reported long-term QoL outcomes from a cohort
of 95 men with localized prostate cancer treated with
conformal protons and receiving a median dose of 78 Gy
(RBE) were significant changes in incontinence, bowel, and
sexual dysfunction, but not obstructive/irritative voiding
dysfunction.®® When stratified by baseline functional cat-
egory, only men with normal function prior to treatment
had worsening score of incontinence and bowel dysfunction.
For sexual dysfunction, there were significant changes in
men with both normal and intermediate function, but not
poor function. This study emphasized the importance of
pretreatment functional status in estimating toxicity risk and
using patient-reported outcomes to characterize the long-term
sequelae of treatment.

Direct comparisons between photon therapy and PBT
are difficult, due to differences in patient characteristics,
dose, and treatment technique. However, toxicity and QoL
outcomes are generally similar. Analyses comparing PBT
toxicities to the low toxicity reported in modern IMRT tech-
niques are most relevant. For example, Vora et al reported
that in a cohort of 145 men receiving IMRT to a median dose
of 75.6 Gy, rates of grade 3 GI and GU toxicity were 1% and
3%, respectively.* Atamedian of 5 years, 6% of patients had
chronic grade 3 GI toxicity, while 1% had chronic grade 3
GU toxicity.*

In spite of the compelling theoretical advantage of PBT,
recent results have questioned this benefit.22¢>6¢ A multi-
institutional study prospectively collected data on QoL

to compare PBT with 3DCRT and IMRT using validated
instruments (Prostate Cancer Symptom Indices scale and
the Expanded Prostate Cancer Index Composite) to assess
patient-reported bowel and urinary toxicity.” At the first
posttreatment follow-up, only patients who had received
3DCRT and IMRT reported a clinically meaningful decre-
ment in bowel QoL. By 12 months and 24 months, all three
cohorts reported clinically meaningful decrements in bowel
QoL. None of the three cohorts reported a decline in urinary
QoL at 24 months. Likewise, in a retrospective analysis by
Yu et al, although PBT was associated with a statistically
significant reduction in GU toxicity at 6 months compared
with IMRT (5.9% vs 9.5%, odds ratio [OR] 0.6, 95% confi-
dence interval [CI] 0.38-0.96; P=0.03), at 12 months post-
treatment there was no difference in GU toxicity (18.8% vs
17.5%, OR 1.08, 95% CI 0.76—1.54; P=0.66). There was no
statistically significant difference in GI or other toxicity at
6 months or 12 months posttreatment. Sheets et al, Yu et al,
and Kim et al drew from the same combined Surveillance
Epidemiology and End Results Medicare database.?>% Kim
et al evaluated GI toxicity outcomes in men with T1-T2
prostate cancer undergoing PBT, IMRT, or 3DCRT.% As
expected, IMRT outperformed 3DCRT in terms of GI
toxicity (hazard ratio 0.67, 95% CI 0.55-0.82). What was
surprising was that IMRT resulted in a significantly reduced
incidence of late bowel toxicity, as compared with PBT
(hazard ratio 3.32, 95% CI, 2.12-5.2). Sheets et al confirmed,
although with different risk estimates, Kim et al’s results in
a propensity score—matched comparison between IMRT and
PBT (n=1,368) that IMRT patients had a lower rate of GI
toxicities (absolute risk 12.2 vs 17.8 per 100 person-years,
relative risk 0.66; 95% CI 0.55-0.79). There were no signifi-
cant differences in rates of other toxicities.>®

These results of higher rates of rectal toxicity with PBT
could be attributed to dosimetric compensations made to
ensure adequate coverage at the end of the beam range, or
because of the unique biology of the proton beam. Although
the RBE of a proton beam is estimated to be 1.1, it might
vary depending upon fractionation size, tissue density, and
the distribution of proton Bragg peaks within the target.
During dose escalation, minute differences in RBE estimates
can have a large impact on toxicity.

There are concerns regarding secondary malignancies
developing post-RT. This is especially significant, as popu-
lation based studies have demonstrated an increased risk of
several cancers, most notably rectal and bladder cancer, in
patients who undergo EBRT for prostate cancer.®” Although
PBT results in a lower radiation dose to surrounding normal
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tissues, thus reducing the risk of secondary malignancies,
the increased scatter from neutrons that arises from the
heavier proton particle may increase the risk of secondary
malignancies. In spite of the unavailability of population-
based studies, the current literature appears to favor PBT.
Fontenot et al used risk modeling to compare IMRT and PBT
plans and estimated that PBT reduced the risk of secondary
neoplasms by 26%-39%.% In a retrospective cohort study
matching 558 proton patients with 558 photon patients,
after adjusting for sex, age at treatment, primary site, and
year of diagnosis, PBT was not associated with an increased
risk of secondary malignancy (adjusted hazard ratio 0.52,
95% CI 0.32-0.85; P=0.009).5®

Organs directly irradiated have the greatest risks of
secondary malignancies for both modalities. However,
this risk can be reduced, as PBT allows significant sparing
of portions of the adjacent rectum and bladder. Advanced
PBT techniques like PBS have greater dose conformality,
and may further decrease the risk of secondary malignan-
cies. However, the relationship between normal tissue dose
and secondary malignancy risk is still not fully understood.
Therefore, should a decrease in secondary malignancy risk
exist with PBT, this benefit is perhaps more clinically sig-
nificant for younger patients.

Treatment decisions for early stage prostate cancer are
fraught with the sense of having to choose between QoL and
longevity, although each outcome remains unclear.® This
further exacerbates the psychological impact of treatment
toxicities and QoL.%*7 The risks of poor urinary void-
ing, nocturia, poor bowel function, fatigue, sexuality, and
pain are dependent on factors of technique and total dose
delivered.”"* Therefore, with results suggesting that PBT
allows better toxicity outcomes, this could potentially allevi-
ate the psychological impact of toxicities and improve QoL
for these patients.

Cost concerns

The significant cost in constructing and maintaining a PBT
center has fueled great controversy. Many cost-effectiveness
studies have been conducted. The conclusions derived were
conflicting. These studies were limited by uncertainties in
estimating both cost and benefit. In an estimation by the
Institute of Clinical and Economic Review (Boston, MA), the
lifetime costs and quality-adjusted life expectancy for IMRT
were US$45,591 and 13.81 years and $72,789 and 13.7 years
for PBT.* Konski et al published their Markov-model analysis
to assess the cost difference per quality-adjusted life-year
(QALY) 0f 91.8 GyE of PBT versus 81 Gy of IMRT.? It was

optimistically assumed that a higher dose would confer a 10%
S-year freedom from biochemical failure advantage (93%
vs 83%) with similar toxicity.>® The probable incremental
cost-effectiveness ratio for PBT over IMRT was calculated
to be $63,578 per QALY for a 70-year-old man and $55,726
per QALY for a 60-year-old man. Further adding to this
uncertainty is the fact that 91.8 Gy has not been used clini-
cally and the precise incremental increase in cost for PBT
varies. Even when using the commonly accepted arbitrary
standard of $50,000 per QALY, PBT did not appear to be
cost-effective.’

In contrast, Lundkvist et al reviewed the potential clinical
advantages and cost-effectiveness of PBT for prostate cancer
using different assumptions (assuming a 20% reduction
in cancer recurrence for PBT, cancer-specific mortality,
and a 0.6 relative risk of adverse events compared with
conventional radiation) and cost modeling, and estimated
a cost of €26,800 (approximately US$29,000) per QALY,
which would fall well within the standard of US$50,000
per QALY."

Proponents of PBT argue that two emerging issues may
increase the cost-effectiveness of PBT for prostate cancer
patients. First, as PBT technology matures and efficiency in
delivery increases, costs will become more manageable, as
is true with most technologies. Furthermore, PBT may be
more cost-effective in the long run, as cyclotrons have a much
longer life span than a typical linear accelerator. Second, PBT
may become less expensive with a hypofractionated regime
(higher daily doses over a shorter time period). To date,
published early results of several recent trials have suggested
safety and equivalence between conventionally fractionated
regimens, typically involving 8-9 weeks of treatment, and
hypofractionated courses, which are delivered using higher
daily doses over a shorter time period.”’¢ A Phase III pro-
spective randomized trial of standard fractionation (44 PBT
fractions [1.8 Gy RBE x44]) vs hypofractionation (five PBT
fractions [7.6 Gy RBE X5]) with proton RT for low-risk
adenocarcinoma of the prostate (GU002-10/NCT01230866)
is currently open.”” This has the potential of significantly
reducing PBT cost if the five-fraction treatment arm achieves
similar or better treatment outcome than the 44-fraction
treatment arm.

To summarize, PBT presents a significant theoretical
dosimetric advantage over photon EBRT. Improvements in
targeting and dose delivery resulted in improved disease-
control rates for patients receiving photon- or proton-based
treatment. However, it remains challenging to compare tox-
icities and efficacy-outcome end points directly across the
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literature, due to differences among patient characteristics,
treatment techniques, and outcome measures. To date, current
photon- and proton-based treatments have been proven to be
effective within a well-defined toxicity profile. However, it
remains unclear if one modality is superior to another. The
current literature, as discussed earlier, suggests comparable
tumor control with no clear advantage in terms of late effects
and a controversial suggestion that protons may be associated
with a higher incidence of late bowel toxicity. It is with hope
that ongoing trials”””° can better elucidate which technique
confers a superior advantage for patients.

Future directions

The results reported in the literature are those of the old
technology of passive scattering. PBS, as mentioned earlier,
is now available as an advanced technology, and will likely
replace the scattered beam. Utilizing PBS-PBT allows the
delivery of a sequence of fluences of differing proton energies
that yields a more conformal dose distribution to the target
with sharp dose gradients that avoids adjacent OARs. This
is akin to photon IMRT and is known as IMPT. Studies sug-
gest further dosimetric and clinical advantage with IMPT for
prostate treatment and in unique clinical situations, such as
treating recurrent prostate cancers.®* Many investigational
advances, such as utilizing novel angles,® partial prostate
therapy, and focal dose boosting in regions of heavy tumor
burden,* are promising approaches that have yet to be utilized
in the clinical setting.

Conclusion

The unique physical properties of protons allow dose escala-
tion to the prostate while sparing adjacent proximal OARs.
Theoretically, this should confer superior disease control
while reducing toxicity and second malignancies. This con-
fers a dosimetric advantage over photon IMRT, and makes
using PBT as a source of therapeutic radiation attractive. The
current literature, consisting of prospective Phase Il trials and
retrospective studies, has demonstrated favorable outcomes for
early stage prostate cancer utilizing PBT. PBT is significantly
expensive, and patients would have to absorb much of this cost.
This remains a barrier to its widespread use. To date, the cost-
effectiveness of PBT remains conflicting. Its cost-effectiveness
requires more study. More studies are required for a better
estimation. Ongoing trials directly comparing PBT with photon
EBRT will hopefully elucidate the value of PBT for early stage
prostate cancer. Unless there is overwhelming evidence for the
clinical superiority of PBT over present advanced techniques,
the case for PBT remains questionable.
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