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Proton beam therapy for prostate cancer has become a source of controversy in the
urologic community, and the rapid dissemination and marketing of this technology has
led to many patients inquiring about this therapy. Yet the complexity of the technology,
the cost, and the conflicting messages in the literature have left many urologists

ill equipped to counsel their patients regarding this option. This article reviews the

basic science of the proton beam, examines the reasons for both the hype and the
controversy surrounding this therapy, and, most importantly, examines the literature so
that every urologist is able to comfortably discuss this option with inquiring patients.
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source of controversy in the urologic com-

munity. It is not uncommon to hear mixed
messages regarding the issue, from zealous advo-
cates to cost-conscious skeptics, leaving many
urologists unsure what to tell their patients with
prostate cancer. What is clear, however, is that the
technology is disseminating across the nation, and
as our patients turn to the internet to learn more
about their diagnosis, they are going to encounter
increasingly more information about PBT, both

Proton beam therapy (PBT) has become a

scientific and promotional in nature. Hence, it is
necessary for every urologist to understand the
basics of PBT to help guide our patients through
treatment options. This article reviews and com-
pares the basic science of conventional exter-
nal beam radiation therapy (EBRT) with PBT,
examines the reasons for both the hype and the
controversy surrounding this therapy, and, most
importantly, examines the literature so that all
urologists are adequately equipped to counsel
their patients on this subject.
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Proton Beam Therapy 101 continued

External Beam Radiation

Therapy: How It Works
EBRT refers to the external delivery
of any type of radiation, and can
use several different types of energy
including photons, electrons, and
heavy particles (carbon ions, neu-
trons, and protons). Additionally,
there has been an evolution in the
methods to deliver this energy
(typically with photons), progress-
ing from two-dimensional radia-
tion therapy to three-dimensional
conformal radiation therapy (3D-
CRT), and, more recently, inten-
sity-modulated radiation therapy
(IMRT).

The most common beam used
for EBRT is composed of pho-
tons or radiation. A photon has
no mass and no charge; therefore,
when released by a linear accelera-
tor, it can travel easily through a
target material, and typically does
not stop within the patient. There
is an initial build-up of energy
as the photons interact with and
excite electrons in the target mate-
rial, which enhances the radia-
tion effect. The peak dose occurs
within a few centimeters from the
entrance surface, and then the dose
slowly attenuates as lower-energy
photons are absorbed or scattered,
and fewer photons are available to
travel to deeper depths. Clinically,
this initial build-up allows for a
skin-sparing effect; however, the
shallow depth of maximum dose
portends that the largest dose is
still being deposited at a superfi-
cial level. This means that to effec-
tively radiate deeper tissue such as
the prostate, normal tissues that
are in line with the beam in front
of the target must be radiated at a
higher dose than the target itself
(Figure 1). Although EBRT has
been used to treat prostate cancer
for decades, these properties make
it easy to understand why photon
beam therapy is not an ideal form
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Figure 1. Dose distribution curves of photon and proton beams. The spread-out Bragg peak is demonstrated
here to cover the entire target with the maximal dosage.

of radiation to treat organs that are
located at a great depth within the
body.

One way to compensate for the
depth dose characteristics of pho-
tons is to use multiple beams that
converge at the target from differ-
ent directions, thus delivering the
maximal dose within the target,
while spreading a moderate dose
bath over the surrounding normal
tissues. Additionally, there have
been major improvements in the
treatment planning and delivery
techniques for EBRT in the past

of 3D-CRT. The target and sur-
rounding normal organs are recon-
structed in three dimensions for
optimal design of beam angle and
dose coverage. The availability of
multileaf collimators allows shap-
ing of the beam to conform it to
the target, and lessens the dose to
surrounding tissue, as shown in
Figure 2. This technology allowed
significant dose escalation to the
prostate, which has been shown
in multiple randomized trials to
reduce progression.’? The next
breakthrough in radiation therapy

few decades. Historically, with con-
ventional EBRT, the location of the
prostate was estimated by the loca-
tion of the pubis and femoral heads,
and then later inferred by using a
Foley catheter and rectal tube that
were visible on a plain radiograph.
The incorporation of computed
tomography scans for treatment
planning led to the development
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was IMRT, which is currently the
most advanced method for deliv-
ering photon-based EBRT. IMRT
employs computer algorithms that
can inversely plan prescribed radia-
tion doses to certain targets. Dose
distribution is optimized by modi-
tying the intensity of the beams
across the designated volume
by dividing a beam into several
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Figure 2. Schematic of multileaf collimator. Individually positioned tungsten leaflets conform the shape of the
beam to the target as used in three-dimensional conformal radiation therapy.

smaller beamlets, each of varying
intensity to conform to a target of
irregular shape and allowing better
sparing of the surrounding normal
organs. IMRT has thus been asso-
ciated with fewer gastrointestinal
(GI) side effects,? which has allowed
further dose escalation with very
similar toxicity rates as 3D-CRT.*

Advances in image guidance such
as on-board imaging units (imag-
ing equipment attached to the linear
accelerator) have helped to deliver
the radiation more accurately to the
prostate. These have dramatically
decreased the uncertainty in target
localization and improved the accu-
racy of radiotherapy to the pros-
tate. However, despite all of these
advances, the physical parameters of
a photon beam will always include
both entrance and exit doses and,
ultimately, a significant volume of
normal tissue receiving low to mod-
erate doses.

Protons: A Different

Mechanism

Protons have completely different
dose distribution properties and
have the potential to avoid most
of the extra-target radiation that

is inherent to photons. Unlike a
photon, a proton is a heavy par-
ticle (roughly 1800 times the mass
of an electron) with an elementary
charge, which confers certain dosi-
metric advantages. Heavy particles,
as opposed to photons, will stop
within a target. A proton beam is
produced by a cyclotron or syn-
chrotron that separates the proton
from a hydrogen molecule and
accelerates it. The large mass and

so that they have their most damag-
ing effects in the tumor itself, with
less radiation delivered in front of
the target, and no dose delivered
beyond it. This peak of energy
delivery is commonly referred to
as the Bragg peak (Figure 1). The
Bragg peak is very narrow and
must be spread out using multiple
proton energies to ensure that the
peak encompasses the entire target.
This spread-out Bragg peak (SOBP)
is applied to the prostate to maxi-
mize the radiation damage to the
cancerous organ while still deliver-
ing less radiation to surrounding
tissues. Additionally, protons also
have a mildly greater radiobiologic
effect than photons that confers
more damage to cancer cells.”
Protons can also be administered
by two methods. The older method
includes large beams of passively
scattered protons that are shaped
with the use of high-density blocks
or apertures to shape the large beam
as it exits the nozzle. Compensators
are employed within the beam to
alter the beam profile to better con-
form the SOBP to the actual tumor.
A second, newer method employs
a very narrow, pencil thin beam to
paint the dose on the target, and no

energy imparted by the accelera-
tion system gives protons a specific
momentum that carries them into
a body. After traveling a specified
distance, the velocity is slowed
by interactions due to their mass
and charge and then stopped very
abruptly at a very specific depth.
This is the point at which it will
interact most with surrounding
electrons, delivering its energy and
causing ionization of molecules and
radiation damage within the DNA
of the target cell. This unique prop-
erty allows protons to be targeted

blocks or compensators are needed.
The pencil beam is swept in a raster
pattern back and forth across a target
guided out of the nozzle by magnets
(Figure 3). This allows the delivery
of intensity-modulated proton beam
therapy (IMPT), with a greater abil-
ity to conform the dose to an irregu-
larly shaped target. Although not
widely available, many new facili-
ties are being planned with pencil
beam-only systems.

Dosimetric studies have been
performed to compare passively
scattered PBT and IMRT in their

Vol. 16 No. 2 ® 2014 e Reviews in Urology ® 69
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Figure 3. Pencil beam scanning. The pencil beam is swept in a raster pattern back and forth across a target.
Reproduced with permission from Mayo Clinic News Network.

ability to spare nearby organs. In
one recent study, Vargas and col-
leagues® compared PBT and IMRT
dosimetric plans developed for the
same cohort of patients for pros-
tate cancer treatment. Compared
with IMRT, PBT reduced the mean
rectal and bladder dose by 59%
and 35%, respectively. Similarly,
another study comparing 3D-CRT,
IMRT, and PBT found that both
photon techniques resulted in
increased mean doses to organs
at risk in the low- and medium-
dose levels” IMPT can further
reduce the low-to-medium dose
to nontarget tissues and achieve a
small improvement in planning

target volume dose heterogeneity.®
Figure 4 demonstrates dosimetry
plans with the typical reduced dos-
age PBT and IMPT to surrounding
tissues compared with IMRT.

Theoretical Causes for

Concern

There are some potential disadvan-
tages to PBT for prostate cancer.
There is no widely used method
for confirming the proton range
or that the SOBP is encompassing
the prostate in vivo. However, the
algorithms used to calculate the
doses appear accurate enough that
this is not generally a significant
concern if sufficient compensation

is used. Positron emission tomog-
raphy scanning and similar tech-
nologies are being developed that
may allow for in vivo determina-
tion of proton dose and range.
Another possible disadvantage is
the increased sensitivity of PBT to
target motion because of the steep
dose depletion beyond the SOBP.
The prostate is not completely fixed
and varies in position depending
on the fullness of the bladder and
rectum. However, fiducial markers
with pretreatment localization and
placement of rectal balloons to fix
the prostate in location have been
successfully employed to compen-
sate for this issue.

Cost

The construction and maintenance
of a proton-beam center involves
significant cost, which is a source
of great controversy and one of the
most frequent objections raised
by critics. For example, the cost
of the proton beam facility cur-
rently under construction at our
own institution was estimated
at approximately $180 million.
Multiple studies have been per-
formed to calculate cost effective-
ness with conflicting conclusions.
These studies are limited by the
uncertainties in estimating both
cost and benefit. The Institute of
Clinical and Economic Review
(Boston, MA) estimated the life-
time costs and quality-adjusted life

Figure 4. Dosimetry plans of various techniques. Radiation dosage across various tissues compared among (A) IMRT, (B) PBT, and (C) IMPT. IMPT, intensity-modulated
proton beam therapy; IMRT, intensity-modulated radiation therapy; PBT, proton beam therapy. Reproduced with permission from Trofimov A et al, Int J Radiat

Oncol Biol Phys. 2007,69:444-453.
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expectancy for IMRT to be $45,591
and 13.81 years, and $72,789 and
13.7 years for PBT.1® Another study
used a Markov model to assess the
cost difference per quality-adjusted
life-year (QALY) of 91.8 GYE of PBT
versus 81 Gy of IMRT. The authors
assumed that the higher dose
would lead to a 10% 5-year freedom
from biochemical failure advantage
(93% vs 83%) with similar toxicity.
Despite the optimistic assumption,
the incremental cost effectiveness
ratio for PBT over IMRT was cal-
culated to be $63,578 per QALY
for a 70-year-old man and $55,726
per QALY for a 60-year-old man.
However, adding to the uncertainty
of this study is the fact that 91.8
Gy has not been used clinically.
The authors concluded that using
the commonly accepted, although
arbitrary standard of $50,000 per
QALY, PBT did not appear to be
cost effective.!! In contrast, a sepa-
rate study using different assump-
tions (assuming a 20% reduction
in cancer recurrence and cancer-
specific mortality and a 0.6 relative
risk of adverse events, compared
with conventional radiation) and
cost modeling, estimated a cost of
€26,800 (approximately $35,500)
per QALY, which would fall well
within that standard.!?

Proponents of PBT counter that
as the proton technology matures
and efficiency in delivery increases,
costs will become more manage-
able, as is true with most technolo-
gies. Furthermore, cyclotrons have
a much longer lifespan than a typi-
cal linear accelerator. PBT may also
become more affordable if the total
dose can be delivered over fewer
fractions (a process called hypo-
fractionation). An open phase 3
trial (GU002-10/NCT01230866:
Low Risk Prostate Cancer [stan-
dard fractionation vs hypo-
fractionation]) is currently com-
paring 44 PBT fractions with 5 PBT
fractions. This study would create a

pathway to dramatically decreasing
the cost of PBT if the 5-treatment
arm is found to achieve similar or
better treatment outcome than the
44-treatment arm.

Effectiveness and Toxicity:

Reviewing the Literature
Although PBT has generated
much enthusiasm, its utility can
be best confirmed by clinical tri-
als. Unfortunately, there are no
randomized trials completed that
directly compare 3D-CRT or IMRT
with PBT, and thus we must rely
mainly on single-arm studies.

Loma Linda University Medical
Center (Loma Linda, CA) was
the first center to open a hospital-
based proton facility in 1990, and
reported the first large single-arm
experience.!*> The authors ana-
lyzed 1255 patients, 731 of whom
received 3D-CRT plus a boost with
PBT and 524 of whom received PBT
only. Included were patients with
low-, intermediate-, and high-risk
prostate cancer. Using American
Society for Therapeutic Radiology
Oncology consensus criteria, the
5- and 8-year biochemical failure
free (BCFF) survival was 75% and
73%, respectively. More impor-
tantly, there were very low rates
of Radiation Therapy Oncology
Group grade 3 or higher morbid-
ity: 1% genitourinary (GU) and
0.2% GI. To put these numbers in
perspective, patients treated with
IMRT at our institution had 6%
GU and 1% GI grade 3 or higher
morbidity.4

The Proton Research Oncology
Group 9509 tested the hypoth-
esis that increasing radiation doses
delivered to men with early-stage
prostate cancer would improve
clinical outcomes.!> However, it
achieved more than this stated goal
asitincluded PBT boostafter photon
therapy. Men with T1b-T2b pros-
tate cancer and PSA = 15 ng/mL

were included. All 393 men received
50.4 Gy delivered with photons
in 1.8-Gy fractions to the pros-
tate and seminal vesicles. Patients
were randomized to receive a
PBT boost of either 19.8 GyE or
28.8 GyE in 1.8-GyE fractions. No
patient received androgen suppres-
sion therapy with radiation therapy.
At 10 years, the Phoenix Consensus
Definition biochemical failure (BF)
rates were 32% versus 17% for con-
ventional- and high-dose radiation,
respectively (P < .001). Two per-
cent of patients in both arms expe-
rienced late grade = 3 GU toxicity,
and 1% of patients in the high-dose
arm experienced late grade = 3 GI
toxicity. In contrast to the dose
escalation studies performed with
3D-CRT, this PBT dose escalation
was achieved without an increase
in grade = 3 late urinary or rectal
morbidity, as shown in Table 1.

Coen and colleagues'® performed
a comparative retrospective analy-
sis using a case-matched methodol-
ogy. The 8-year BF rates, using the
Phoenix definition, were 7.7% and
16.1% for PBT and brachytherapy;,
respectively. This difference was
not significant when stratified by
risk group (P = .42).16

In a multi-institutional prospec-
tive phase II PBT trial focusing on
rectal toxicity, no patients experi-
enced acute or late grade 3 rectal
toxicity, and only 1% of patients
had late grade 3 urinary toxicity
using the National Cancer Institute
(NCI) Common Toxicity Criteria.l”
The 3-year Phoenix BCFF sur-
vival rate was 94% in a cohort of
low- and intermediate-risk prostate
cancer patients, only 28% of whom
received any hormonal therapy.

Mendenhall and colleagues's
published early outcomes of three
prospective trials of PBT for low-,
intermediate-, and high-risk pros-
tate cancer. In this study, each
risk group underwent a separately
prescribed treatment plan, with
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TABLE 1 |

Biochemical Control and Toxicity Rates in Randomized Controlled Trials of Dose Escalation

Boost Planning LD Arm, HD Arm, HD 5-y
Study Modality Technique Gy Gy Control, %
Kuban DA etal?”  Photons 2D, 3D 70.0 78.0 85.02
Peeters ST et al?2  Photons 3D, IMRT 68.0 78.0 64.0p
Dearnaley DP et al2  Photons 3D 64.0 74.0 71.0¢
BeckendorfV etal® Photons 3D 70.0 80.0 72.00
Zietman AL et al3®  Protons 3D 70.2 79.2 80.4p

= Grade 3 Gl = Grade 3 GU
Toxicity, % Toxicity, %
LD HD LD HD

1.0 7.0 5.0 3.0
4.0 5.0 12.0 13.0
6.0 10.0 2.0 4.0
2.0 6.0 3.0 2.0
0.0 1.0 2.0 2.0

aAs determined by Phoenix criteria. *As determined by American Society for Therapeutic Radiology Oncology criteria. <Determined by a rise in prostate-specific

antigen to > 50% than the nadir and > 2 ng/mL.

2D, two-dimensional; 3D, three-dimensional; Gl, gastrointestinal; GU, genitourinary; HD, high dose; IMRT, intensity-modulated radiation therapy; LD, low dose.

only the high-risk group receiving
androgen deprivation. The 2-year
progression-free survival for the
entire cohort is 99%, whereas the
grade 3 GU and GI toxicities were
similar at 1.8% (all of which were
transient) and 0.5%, respectively.
Although not directly comparable,
these toxicity results do appear
more favorable than results com-
monly reported with 3D-CRT or
IMRT.

Recently, two well-publicized
retrospective analyses called these
potential benefits of PBT into
question and received a tremen-
dous amount of publicity. The first
was based on the NCI’s surveil-
lance, epidemiology and end results
(SEER) database.!’® The authors
compared morbidity and disease
control between IMRT, 3D-CRT,
and PBT, using propensity-score
matching. They found that patients
who underwent IMRT compared
with PBT were significantly less
likely to undergo a GI-related pro-
cedure or have a new GI diagnosis
compared with those who under-
went PBT, and hence concluded
that IMRT was associated with less
GI morbidity. However, among the
several flaws of this study, the most
fundamental was that outcome

surrogates (ie, claims for colonos-
copy) were used to measure toxicity
rates. This would be an imprecise
surrogate for any population, but
is particularly so in PBT patients,
many of whom specifically seek
out this advanced technology and
travel to a specialized center. This
is the same population that might
also be more vigilant about colo-
noscopy screening recommenda-
tions, and therefore would receive
more GI procedures and diagnoses.
Furthermore, the rate of GI diag-
noses and procedures were nearly
statistically different at baseline.
Therefore, this study should not be
used to relay any important mor-

The median Medicare reimburse-
ment was $32,428 for PBT and
$18,575 for IMRT. Although PBT
was associated with a statistically
significant reduction in GU tox-
icity at 6 months (5.9% vs 9.5%;
P = .03), by 12 months there was no
difference between the two (18.8%
vs 17.5%; P = .66). There was simi-
larly no significant difference in
GI or other toxicity at 12 months
post-treatment. However, inherent
to this analysis was the attempt to
make valid conclusions about end-
points that this database was not
designed to measure. Many toxicity
parameters that were included are
generally unrelated to radiotherapy,

bidity information to inquiring
patients.

In the second study, Yu and
colleagues?® identified 27,647 men,
553 (2%) of whom received PBT
and 27,094 (98%) of whom received
IMRT, within the Medicare data-
base. Compared with patients
treated with IMRT, patients receiv-
ing PBT were younger, healthier,
and from more affluent areas.
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including GU infection, upper tract
dysfunction, and systemic derange-
ments. Common radiotherapy
toxicities such as irritative blad-
der, rectal voiding side effects, and
rectal bleeding that did not result
in transfusion, were not considered
in this analysis. Including toxicity
codes that were unrelated to radio-
therapy while excluding the more
common side effects would make
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the outcomes appear more similar
than different.?!

The few studies on quality of life
have shown some advantages for
PBT compared with conventional
treatments with regard to acute side
effects, but these have been modest.
A multi-institutional study prospec-
tively collected quality of life (QoL)
data to compare PBT with 3D-CRT
and IMRT using validated instru-
ments (Prostate Cancer Symptom
Indices scale and the Expanded
Prostate Cancer Index Composite)
to assess patient-reported bowel
and urinary toxicity.22 PBT patients
reported minimal acute bowel
morbidity, whereas the other two
groups reported a significant ini-
tial decrease in bowel QoL. By
24 months, however, all three
cohortsreported small but clinically
meaningful decrements in bowel
QoL. None of the three cohorts
reported a decline in urinary
QoL at 24 months.

Theriskofdevelopingasecondary
malignancy after radiation therapy
is also of concern, as population-
based studies have demonstrated
an increased risk of several cancers,
most notably rectal and bladder
cancer, in patients who undergo
EBRT for prostate cancer.?’> PBT
results in a significantly lower
radiation dose to the surrounding
normal tissues, thus reducing the
risk of secondary malignancies.
However, there is some increased
scatter of neutrons that arises from
the heavier proton particle that
may lead to an increased risk of
secondary malignancies. Although
large, population-based studies are
not currently available, the current
literature appears to favor PBT. A
recent study that used risk mod-
eling to compare IMRT and PBT
based mostly on the dosage expo-
sure of organs at risk estimated that
PBT reduced the risk of second-
ary neoplasms by 26% to 39%.2
In a matched retrospective cohort

study, Chung and colleagues?
compared the risk of secondary
malignancy in 1450 patients treated
with PBT from 1974 to 2001 at the
Harvard Cyclotron Laboratory
(Cambridge, MA) with patients
treated with photon therapy in the
SEER cancer registry. Patients were
matched by age at radiation treat-
ment, year of treatment, cancer his-
tology, and site of treatment with
a minimum of 1 year of follow-up.
They found that second malignan-
cies occurred in only 6.4% of pro-
ton patients compared with 12.8%
of photon patients.?> In an update,
the authors adjusted for sex, age at
treatment, primary site, and year
of diagnosis. They found that the
adjusted hazard ratio of a second-
ary cancer developing for a patient

The Next Frontier

Currently, most proton facilities
deliver PBT with the older pas-
sively scattered beam technology;
thus, the results reported from all
of the single-arm and dose escala-
tion trials have been using the older
technology. However, pencil beam
scanning as described above is now
available and likely will replace
scattered beam as a preferred option
of PBT. Pencil beam PBT will allow
intensity modulation of the pro-
ton beam analogous to IMRT with
photons, with better conforma-
tion of the prescribed dose to the
target while avoiding surrounding
structures. As this very new tech-
nology is currently operational in
very few centers, no clinical stud-
ies employing pencil beam PBT

treated with proton radiation in
comparison with photon radiation
was 0.52 (P = .009).26

In summary, PBT has sig-
nificant theoretical dosimetric
advantages over photon EBRT.
The available literature mainly
consists of prospective phase II
trials as well as retrospective stud-
ies, showing favorable treatment
outcomes for localized prostate
cancer using PBT. Although there
are no randomized controlled tri-
als for review at this time, there
is a current phase III trial open
(Proton Therapy vs IMRT for
Low or Low-Intermediate Risk
Prostate Cancer; NCT01617161)
that will help clarify the clinical
value of PBT relative to IMRT.
However, this will only be possible
if patients accept randomization,
which is sometimes difficult for
those who travel long distances,
specifically with the desire to
receive PBT.

have been reported at this time.
However, the goal is to improve the
therapeutic ratio by increasing
the target dose to achieve greater
disease control, all while reducing
the dose to surrounding organs
resulting in fewer side effects and
secondary malignancies.

Conclusions

The unique dose distribution prop-
erties of protons give us the ability
to increase radiation doses to the
target while reducing the exposure
of surrounding tissues and organs.
Theoretically, this should lead to
superior disease control while
reducing toxicity and second malig-
nancies, therefore explaining the
enthusiasm it has generated in the
radiation oncology community.
The significant cost of PBT remains
a barrier to its widespread use, but
its cost effectiveness requires more
study as the results to date conflict.
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Hypofractionation has the potential
to dramatically decrease the cost if
shorter PBT regimens prove to be
equally effective to conventional
fractionation. Most early, single-
arm clinical studies have shown
favorable cancer control with excep-
tionally low toxicity rates, but, to
date, there are no completed
phase III trials comparing photon
RT with PBT. However, such a trial
recently opened that we hope will
better define the value of PBT in the
treatment of prostate cancer. |
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