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Conformal proton beam radiation
therapy for prostate cancer: concepts
and clinical results

Carl J. Rosst, Jr., MD | Loma Linda University Medical Center, Loma Linda, CA

In contrast to x-rays, protons have a low entrance dose, a well-defined high-dose plateau (“Bragg peak”), and no exit dose
beyond the target tissue. These properties make them ideal for treating localized cancers in areas surrounded by dose-
limiting normal structures. Their routine use required the creation of dedicated medical treatment centers which have only
been in existence since the early 1990s. Protons have been successfully used in dose-escalation studies of organ-confined
prostate cancer, with a recently published prospective randomized trial demonstrating an approximately 25% improvement
in biochemical disease-free survival in the high-dose (79.2 Gy) arm, without a significant increase in moderate-to-severe
treatment-related morbidity. Long-term treatment results from nonrandomized trials also demonstrate biochemical disease-free
rates equivalent to other forms of therapy with minimal morbidity. Impending technical advances in proton beam treatment
delivery (active beam scanning) will further enhance the dosimetric advantages of this unique form of radiation therapy.

ffective radiation therapy for pros-
tate cancer, like virtually all other
solid tumors treated by irradiation,
depends on two factors: the abil-
ity to deliver a tumoricidal dose of
radiation to the tumor while lim-
iting the radiation dose to levels that the adjacent
normal tissue can withstand with an acceptable risk
of morbidity.! These aims are often mutually exclu-
sive, and the radiation dose that is actually adminis-
tered is frequently a compromise between what we
would like to give to the tumor and what the normal
tissues can tolerate. The impetus for virtually every
significant technical advance in radiation treatment
has been to improve the therapeutic ratio, or the
difference in radiation dose between the tumor and
normal tissues. This goal was first articulated in the
early 20* century, but its realization awaited the de-
velopment of three-dimensional (3D) imaging and
fast computers that allow the radiation oncologist
to more fully exploit our technical ability to define
the anatomic relationship between the tumor and
surrounding normal tissue.>®
Most current radiation therapy techniques use
x-rays, or photons. Whether emitted by a source
outside of the body (external beam irradiation) or
by implanted radioisotopes, x-rays have the same
general physical properties: They are massless,
chargeless units of energy. The lack of both mass
and charge causes x-rays to be relatively sparse-
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ly attenuated by human tissue and, hence, allows
them to pass through the body, which is what
makes them a useful diagnostic tool. Unfortunate-
ly, this same property makes x-rays a less than op-
timal form of radiation for therapy. It is possible
with modern x-ray therapy techniques (such as in-
tensity-modulated radiation therapy [IMRT]) to
“sculpt” the beam so that the high-dose area is well
confined to the target. Nevertheless, whenever one
uses x-rays for treatment, irrespective of the deliv-
ery system employed, one inevitably irradiates tis-
sue beyond the tumor volume. This so-called dose
bath encompasses a considerable volume of normal
tissue, which receives a low to moderate radiation
dose. Although this dose is often dismissed as be-
ing clinically unimportant, such a characterization
flies in the face of radiobiologic data, which admits
of no known “threshold” dose below which tissue
injury does not occur. The fact that radiation on-
cologists have striven relentlessly to decrease the
radiation dose to normal tissue also calls this char-
acterization into question.”®
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FIGURE 1 Dose distribution of protons versus xrays.

Potential advantages of
protons over photons

If one could devise a perfect radia-
tion beam, therefore, it would deposit
its entire dose in the target and de-
liver no radiation to the normal tis-
sue. This is a physical impossibility
with x-rays, but it can be approached
with other forms of radiation, such as
protons. Protons are relatively heavy,
positively charged subatomic particles
that are a component of the atomic
nucleus. These properties are critical-
ly important because they change the
way in which protons interact with
human tissues. Unlike x-rays, protons
stop within the body and therefore do
not deliver any dose to tissues distal
to the target area (Figure 1). In ad-
dition, the highest dose area of any
proton beam is located not at a rel-
atively shallow depth (as is the case
with x-rays) but, rather, at the target
itself. This phenomenon—named the
Bragg peak after its discoverer—was
one of the first major discoveries of
modern high-energy physics.”™

The Bragg peak and associated
superior dosimetry have profound
implications in radiation therapy. In
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practical terms, the “integral dose”
(defined as the radiation dose to nor-
mal tissue) is always lower with pro-
tons than with any x-ray—based treat-
ment delivery system.'> In the case
of prostate cancer, treatment with
proton beams reduces the integral
dose by a factor of three to five as
compared with IMRT, and has the
potential to produce a concomitant
reduction in the risk of a normal tis-
sue injury.'#1

The potential advantages of pro-
tons over x-rays were first recognized
by physicist Robert Wilson in his
seminal 1946 paper,' but for over 40
years their use was limited to phys-
ics laboratories that had the requi-
site synchrotron or cyclotron needed
to accelerate protons to the extremely
high velocities (approximately 50% to
60% of the speed of light) required for
treatment in humans. The first proton
beam treatment center designed from
its inception as a medical treatment
facility opened at Loma Linda Uni-
versity Medical Center (LLUMC) in
1990, with prostate cancer treatment
commencing in October 1991.17 Cur-
rently, five clinical proton beam fa-
cilities treat prostate cancer in the

United States, and several additional
centers are in either the construction
or planning stage.

Before the clinical results of pro-
ton beam radiation therapy for pros-
tate cancer are reviewed, one more
crucial point must be made. Although
the radiation doses given off by pro-
tons outside of the Bragg peak region
are far lower than the doses emitted
by x-rays, the biologic effects of pro-
tons on malignant (and normal) tis-
sue within the Bragg peak region are
essentially identical to the effects of x-
rays.” In other words, if a tumor re-
ceives a radiation dose of 80 Gy de-
livered with either protons or x-rays,
the impact on the tumor cells will be
identical; the only (and critically im-
portant) difference between the two
modalities will be the dose delivered
to the adjacent normal tissues. It also
follows, therefore, that the expected
tumor response to proton therapy will
be similar to that achieved with x-
rays. If the available data indicate that
a given x-ray dose is effective in ster-
ilizing a tumor, the identical proton
dose will be equally effective.>™

Treatment planning
and delivery

Proton beam radiation therapy for
prostate cancer is an outpatient proce-
dure. The extreme precision inherent
in proton beams mandates that the
patient be treated in a stable, repro-
ducible position. The first step in the
treatment planning process, therefore,
is the fabrication of a customized full-
body shell, or “pod,” which provides
a stable frame of reference and min-
imizes patient movement. After the
pod is constructed, it is used to en-
case the patient while he undergoes a
thin-slice planning CT scan. The 3D
data thus obtained are transferred to
a dedicated planning system, wherein
the prostate gland and critical adja-
cent normal structures are drawn on a
slice-by-slice basis, and a series of ten-
tative plans are created and analyzed
with respect to tumor versus normal

www.CommunityOncology.net



Conformal proton beam radiation therapy for prostate cancer

ORIGINAL CONTRIBUTION

tissue radiation dose. This planning
involves the creation of patient-spe-
cific isodose plots, dose-volume his-
tograms, and beam’s-eye views.

The “typical” treatment plan con-
sists of a left and right lateral beam
pair, which allows maximal coverage
of the prostate gland while deliver-
ing the minimal amount of radiation
to the bladder and rectum (Figure 2).
To further reduce the volume of these
structures within the high-dose area, a
water balloon is inserted into the pa-
tient’s rectum prior to each treatment
(and prior to the planning scan), and
the patient is also encouraged to fill
his bladder before each daily session.
The computer planning system gen-
erates the data necessary to fabricate
patient-specific apertures and tissue
compensators (one set for every beam
used). These devices are identified by
unique bar codes, which must be veri-
fied before each treatment.

Immediately prior to each day’s
treatment, the patient’s position is
confirmed by first obtaining orthogo-
nal radiographs, which are captured
by an electronic portal imaging de-
vice and are electronically compared to
a set of digitally reconstructed radio-
graphs generated by the planning CT.
A computer-based system then cal-
culates what, if any, table movements
are required to make the daily position
correspond to the planning position;
any such required movements are then
made, and the patient is treated. Typi-
cally, 10 minutes is required for each
session (including treatment). Since, in
a multi-room facility, patients can be
set up in several rooms simultaneously,
a high-patient throughput (up to 150
patients per day) can be maintained.”

A typical course of proton beam
radiation treatment lasts for 8-9
weeks. In general, patients’ activities
of daily living are unaffected by ther-
apy, although common minor adverse
effects include dysuria, nocturia, and
urinary frequency and hesitancy. The
most common late adverse effect is
mild radiation proctitis, which occurs
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in approximately 30% of patients. Ra-
diation proctitis typically appears 9—
12 months after treatment and con-
tinues intermittently (although it is
often exacerbated by constipation) for
up to 5 years post therapy.’

Clinical results

Shipley and associates at Massachu-
setts General Hospital (MGH) were
the first to use proton beam radiation
therapy for prostate cancer, commenc-
ing in 1977. Utilizing an existing cyclo-
tron at the nearby Harvard Cyclotron
Laboratory, they initiated a phase I trial
in which patients with clinical stage T3
and T4 tumors received a “boost” dose
of protons directed at the prostate gland
in conjunction with whole-pelvic x-ray
therapy. The aim of the study was to de-
liver a higher dose of radiation to the
gland than was possible with x-ray ther-
apy alone, in the hope of improving lo-
cal disease control.?!

The success of this treatment (in
terms of delivering the higher radia-
tion dose safely) led to a subsequent
randomized trial in which patients
with advanced disease were random-

ly assigned to receive either 69 Gy of

Disease-free survival (%)

FIGURE 2 Conformal proton beam dose distribution.

x-ray therapy or 75.6 Gy given via a
combination of x-rays and protons.
(In this trial, conducted in the pre-
prostate-specific antigen [PSA] era,
advanced disease was defined as tu-
mor which clinically or radiographi-
cally extended outside of the prostate
gland to involve the seminal vesicles,
bladder, or rectum. The study, report-
ed in 1995, showed no survival ad-
vantage of high-dose therapy (nor, in
retrospect, would one be expected in
a subset of patients at such high risk
of harboring micrometastatic disease
at diagnosis).”? The study did, how-
ever, reveal a trend toward decreased
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FIGURE 3 Effect of initial PSA level on 10-year disease-free survival rate. Adapted, with

permission, from Shipley et al.??
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TABLE 1

Baseline characteristics of patients
treated with proton beam therapy*

Characteristic Number of patients

Stage
1A/1B 35
1C 314
2A 291
2B 248
2C 283
3 50
Gleason score
2-4 204
5-7 868
8-10 86
PSA level (mg/mL)
<4.0 106
4.1-10.0 606
10.1-20.0 339
>20.0 133

PSA = prostate-specific antigen

* At Loma Linda University Medical Center from
October 1994 to December 1997

local failure (assessed by post-treat-
ment biopsy) in the high-dose treat-
ment group, which reached statistical
significance in patients with Gleason
8-10 tumors. Dose escalation was as-
sociated with an increased incidence
of minor, self-limited RTOG (Radia-
tion Therapy Oncology Group) grade
1 rectal bleeding, but moderate to se-
vere rectal injury was extremely infre-
quent and was considered to be clini-
cally acceptable.?

The lack of a survival advantage
seen in the high-dose arm of this trial
has led some to erroneously conclude
that protons are no better than x-rays.
This perception reflects a misunder-
standing of both the goals of this
study and the radiobiologic proper-
ties of protons. The trial conducted
by Shipley et al was nor a study of
protons versus x-rays; rather, it was a
study of dose escalation in which pro-
tons were used to deliver the higher
radiation dose. Performing, as some
have advocated, a randomized trial
of protons versus x-rays would, in my
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opinion, be scientifically and ethical-
ly questionable. As long as the radia-
tion doses delivered to the target area
in the two arms of such a trial were
equal, the only “difference” to the pa-
tient would be the amount of radiation
that his normal tissues would receive.
Since over a century’s worth of exper-
imental and clinical experience has
conclusively demonstrated that giv-
ing a lower radiation dose to normal
tissue is @/ways in the patient’s best
interest, I do not believe that expos-
ing half of the patients in such a trial
to three to five times more radiation
dose than the other participants re-
ceive would be justifiable.

As mentioned above, physicians at
the LLUMC began treating prostate
cancer patients with protons in Octo-
ber 1991, and the results of this expe-
rience have been continuously updat-
ed. The most recent update, published
in 2004,% involved 1,256 patients
treated between October 1994 and
December 1997. All of these pa-
tients received a total prostatic radia-
tion dose of between 74 and 75 Gy,
and none of them received adjuvant
or neoadjuvant hormonal therapy or
chemotherapy. Baseline characteris-
tics of these patients are summarized
in Table 1. The patients were assessed

TABLE 2

weekly during treatment and at reg-
ular intervals thereafter. Biochemical
disease-free survival and biochemi-
cal failure were defined according to
the American Society for Therapeutic
and Radiology Oncology Consensus
Conference criteria; three successive
> 10% increases in PSA level above a
nadir value were considered evidence
of biochemical failure. Acute and late
treatment-related morbidity were
graded according to the RTOG scor-
ing system.

The results achieved with pro-
ton beam treatment at LLUMC are
shown in Figure 3. Pretreatment
Gleason score, PSA, and clinical stage
were all statistically significant pre-
dictors of biochemical outcome.?* A
rough comparison of these data with
surgical data from Johns Hopkins,*
shown in Table 2, demonstrates than
when patients are stratified by clinical
stage and pretreatment PSA, the 10-
year rates of biochemical no evidence
of disease (PNED) survival achieved
with surgery and proton beam thera-
py are essentially equal. Proton beam
treatment was extremely well toler-
ated; the incidence of RTOG grade
3 or higher gastrointestinal or genito-
urinary morbidity was < 1%.

These favorable results from both

Ten-year disease-free survival rates in patients with stage T1-T2 prostate
cancer: proton beam therapy versus surgery

Pretreatment PSA
level (ng/mlL)

Radical prostatectomy at
Johns Hopkins? (n = 2,123)

Proton beam therapy (74-75 Gy)
at LLUMC? (n = 1,102)

<4.0 91% 92%
4.1-10.0 79% 81%
10.1-20.0 57% 64%
>20.0 48% 53%

PSA = prostate-specific antigen; LLUMC = Loma Linda University Medical Center

TABLE 3

Late morbidity rates: Proton Radiation Oncology Group 95-09 trial

Assigned dose: 70.2 Gy 79.2 Gy

RTOG toxicity grade: 1 2 3 4 1 2 3 4
Genitourinary toxicity 43% 18% 2% 0% 43% 20% 1% 0%
Gastrointestinal toxicity 36% 8% 1% 0% 43% 17% 1% 0%

RTOG = Radiation Therapy Oncology Group
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LLUMC and MGH led to the ini-
tiation of a multi-institutional, phase
I1I, prospective, randomized trial (the
Proton Radiation Oncology Group
[PROG] 95-09 study), which was
designed to test the hypothesis that
dose escalation from 70.2 to 79.2 Gy
via conformal proton beam therapy
would result in a demonstrable dif-
ference in bNED survival without
engendering unacceptable morbidity.
Between 1996 and 2000, 393 patients
were randomized at the two institu-
tions, and these patients have been
followed for a mean of 5 years. To
date, the published data have com-
pletely validated the underlying hy-
pothesis. As shown in Figure 4, dose
escalation has resulted in approxi-
mately a 20%-30% improvement
in 5-year bNED survival. Increased
bNED survival was seen even among
patients at low risk (defined as a PSA
level < 10 ng/mL, Gleason score < 6,
and stage T1c—T2a), who, by virtue of
their potentially low disease burden,
were felt by some not to require dose
escalation. The employment of such
highly conformal techniques resulted
in no significant difference in late gas-
trointestinal or genitourinary morbid-
ity between the two arms (Table 3).%
The favorable outcomes achieved with
high-dose therapy in this trial have
led to its implementation as the cur-
rent “standard” treatment for organ-
confined prostate cancer at LLUMC,
and similar equivalent radiation doses
are being delivered at the other active
proton therapy centers.

The improvement in bNED sur-
vival and lack of severe morbidity have
raised the obvious question, would
even higher doses achieve better re-
sults? In an attempt to answer this
question, investigators at LLUMC
and MGH initiated the American
College of Radiology (ACR) trial,
a phase II dose-escalation study up
to a total radiation dose of 82 Gy.
This trial closed to patient accrual in
March 2006. Although it is too early
to report any preliminary findings in
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FIGURE 4 Proton Radiation Oncology Group 95-09 study: freedom from biochemical fail-
ure, as defined according to American Society for Therapeutic and Radiology Oncology
Consensus Conference criteria. Low risk was defined as a prostate-specific antigen (PSA)
level < 10 ng/mL, Gleason score < 6, and stage T1c-T2a; intermediate risk was defined as
a PSA level > 10 ng/mL, Gleason score > 6, or stage T2b. Adapted, with permission, from

Zietman et al.25

terms of biochemical disease control
or overall morbidity, acutely the treat-
ment has been well tolerated.

Conclusion

Conformal proton beam therapy has
clearly been shown to be a safe and ef-

fective treatment for prostate cancer.
The unique physical properties of the
proton beam allow for marked reduc-
tions in normal tissue radiation dose
as compared with x-ray—based therapy
and make further dose escalation fea-
sible. The development and construc-
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tion of dedicated medical treatment
facilities have enabled this modality to
progress from a laboratory curiosity to
a mainstream therapy. The technology
continues to evolve, with one develop-
ment, active beam scanning, promising
even further reductions in normal tissue
radiation dose than are currently pos-
sible.?® The available data support the
routine use of conformal proton beam
therapy in the treatment of patients
with prostate cancer. As additional fa-
cilities become operational, an ever
larger number of patients will be able to
take advantage of this unique and pre-
cise form of noninvasive treatment.
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