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Several model studies have shown potential clinical advantages with charged par-
ticles (protons and light ions) compared with 3D-conformal radiotherapy (3D-
CRT) and intensity-modulated radiotherapy (IMRT) in many disease sites. The
newly developed intensity-modulated proton therapy (IMPT) often yields super-
ior dose distributions to photon IMRT, with the added advantage of a significant
reduction in the volume of healthy normal tissues exposed to low-to-medium
doses. Initially, the major emphasis in clinical research for proton and light ion
therapy was dose escalation for inherently radioresistant tumors, or for lesions
adjacent to critical normal structures that constrained the dose that could be
safely delivered with conventional x-ray therapy. Since the advent of IMRT the in-
terest in particle therapy has gradually shifted toward protocols aimed at morbid-
ity reduction. Lately the emphasis has mostly been placed on the potential for
reduced risk of radiation-induced carcinogenesis with protons. Compared with
3D-CRT, a 2-fold increase has been theoretically estimated with the use of IMRT
due to the larger integral volumes. In the pediatric setting, due to a higher inher-
ent susceptibility of tissues, the risk could be significant, and the benefits of pro-
tons have been strongly emphasized in the literature. There is a significant
expansion of particle therapy facilities around the world. Increasing public
awareness of the potential benefits of particle therapy and wider accessibility for
patients require that treating physicians stay abreast of the clinical indications of
this radiotherapy modality. The article reviews the available literature for various
disease sites in which particle therapy has traditionally been considered to offer
clinical advantages and to highlight current lines of clinical research. The issue of
radiation-induced second malignancies is examined in the light of the controver-
sial epidemiological evidence available. The cost-effectiveness of particle therapy
is also discussed. Cancer 2007;109:1227-38, © 2007 American Cancer Society.

KEYWORDS: radiotherapy, proton therapy, light ions, intensity modulated radio-
therapy, second cancers.

harged particles (protons and light ions) have a finite range in

tissues. The interaction probability to cause ionization increases
as they lose velocity traversing through tissues, so that a peak of
dose occurs at a depth proportional to the energy of each particle.
Beyond this peak no further dose deposition occurs. This phenom-
enon was described by William Bragg over 100 years ago.! The dose
peak may be ‘spread out’ to achieve a plateau of uniform dose to
precisely cover the target while sparing adjacent normal structures.
Passively scattered beams of a certain aperture can be produced by
means of range-shifting modulators of variable thickness providing
spread-out Bragg peaks (SOBP) for clinical use. The recent introduc-
tion of the spot scanning method represents a major advance in
particle therapy.” In this method, small pencil beams of a certain
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energy deposit their peaks to obtain an exquisite
‘dose-sculpting’ of the target. The newly developed
intensity-modulated proton therapy (IMPT), which
can be delivered with the spot scanning method, has
been shown to yield superior dose distributions to
photon intensity-modulated radiotherapy (IMRT),
with the added advantage of a significant reduction
in the volume of healthy normal tissues exposed to
low-to-medium doses.?

In spite of almost 43,000 patients treated with
protons worldwide, there are still few published con-
trolled clinical trials comparing protons and light
ions to x-ray radiation therapy.* There is a growing
number of particle therapy facilities around the
world.® Heightened public awareness of the potential
advantages of particle therapy may be the marketing
drive for the development of these new facilities. It is
hoped that the increased accessibility to this form of
radiation therapy will allow comparative clinical
trials to be performed so that the relative merits can
be formally studied.

The dose delivered with particles is prescribed in
Gray equivalents (GyE) or cobalt Gray equivalents
(CGE) often used with protons. GyE and CGE are
equal to the measured physical dose in Gray multi-
plied by the relative biological effectiveness (RBE) fac-
tor specific for the beam used. The RBE is the ratio of
dose of radiation required to produce a certain biolog-
ical effect with photons relative to the dose required
to produce the same effect with another form of ioniz-
ing radiation such as protons and light ions. An RBE
value of 1.1 is generally accepted for clinical use with
proton beams.® The RBE of carbon ions is difficult to
calculate and for dose-reporting purposes a value of 3
is often utilized.” In essence, carbon ion therapy
attempts to capture the ‘best of both worlds’ by
exploiting the benefits of improved dose distributions,
due to the presence of a defined Bragg peak and con-
comitantly taking advantage of their high RBE to
increase the tumor control probability.

Pediatric Malignancies

The use of radiation therapy in children and adoles-
cents is particularly challenging because of the
potential long-term side effects. Depending on the
sites of irradiation, patients may develop problems
relating to growth, intelligence, cosmesis, endocrine
function, fertility, and organ function. Radiation side
effects become an even more serious concern for
very young patients (age <3 years), whose tissues
have been shown to be especially susceptible to
radiation damage? Radiation carcinogenesis is
another serious concern in children.

Comparative studies for proton-beam vs 3D-con-
formal radiotherapy (3D-CRT) vs IMRT for selected
pediatric tumors have invariably found protons to
deliver superior target dose coverage and sparing of
normal structures. Proton therapy may improve treat-
ment for a variety of pediatric malignancies including
medulloblastoma and other central nervous system
tumors, retinoblastoma, and sarcomas. In diseases
for which lower doses and wider fields of radiother-
apy are indicated, such as Wilms tumor, neuroblas-
toma, and Hodgkin disease, the role of protons is
limited. Clinical trials of proton-beam radiation ther-
apy for pediatric patients are currently in progress at
several facilities around the world.

Central nervous system tumors

Radiotherapy plays a pivotal role in the management
of many patients with central nervous system
tumors, including medulloblastoma. In a recent
study, St. Clair et al.’ compared standard photons,
IMRT, and protons for craniospinal irradiation with a
posterior fossa boost. Substantial normal tissue spar-
ing was seen with protons. The dose to 90% of the
cochlea was reduced from 101% with standard
photons, to 33% with IMRT, and to 2% with protons.
An example of this is illustrated in Figure 1. Dose to
50% of the heart volume was reduced from 72% with
standard x-rays to 30% with IMRT and to 0.5% with
protons. IMRT, however, exposed 50% of the volumes
of lung and kidney to significantly higher doses than
with conventional photon irradiation. Similar find-
ings have been recently described by Lee et al.'® Yuh
et al.'! from Loma Linda University reported on the
outcome of exclusive proton irradiation in young
children with medulloblasioma. Treatment consisted
of 36 CGE to the craniospinal axis followed by an 18
CGE boost to the posterior fossa. A significant reduc-
tion in normal tissue doses was achieved with pro-
tons, resulting in reduced treatment-related acute
side effects such as esophagitis and nausea.

Retinoblastoma
Retinoblastoma is the most common primary ocular
malignancy in childhood. In 20% to 30% of cases the
disease is bilateral and associated with a germline
mutation in the Rb tumor suppressor gene. Due to
their genetic predisposition, survivors of hereditary
retinoblastoma treated with radiation have been
shown to have a high incidence of second malignan-
cies, which is significantly increased in radiation-
exposed tissues.'?

Conventional external beam radiotherapy (EBRT)
has been used for decades as an alternative to enu-
cleation and as the primary treatment for extraocular
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IMRT

FIGURE 1. A comparison of dose distributions for treatment of the posterior fossa in a patient with medulloblastoma, using protons, photons, and intensity-
modulated radiation therapy (IMRT). The cochleae are outlined in blue. Courtesy of Dr. Torunn Yock, Massachusetts General Hospital.

disease. Despite its documented ability to obtain
local control, conventional EBRT causes orbital hypo-
plasia with poor cosmetic outcome, especially in
children <6 months of age."*'* The most devastating
long-term side effect of EBRT, however, remains the
induction of a second malignancy (generally sarco-
mas). In patients with hereditary retinoblastoma, this
risk has been reported to be as high as 51% at 50
years.'?

Lee et al,'” in a comparative planning study,
demonstrated that proton therapy provides superior
target coverage with optimal sparing of orbital bone
compared with 3D-CRT and IMRT. Retrospective
research has indicated 5 Gy as a significant threshold
for an increased risk of in-field sarcoma occurrence."®
The mean orbital bone volume exposed to 5 Gy was
10% for protons vs 25% for 3D-CRT electrons vs 41%
for a single 3D lateral photon beam vs 69% for photon
IMRT. Another comparative planning study showed
that with a single proton beam and to a prescribed
dose of 46 CGE to the gross tumor volume (GTV), the
dose to sensitive structures was negligible.'® Therefore,
proton-beam irradiation in retinoblastoma holds the
potential to significantly reduce both poor cosmetic
outcomes and radiation-induced malignancies.

Pediatric sarcomas

Sarcomas of bone and soft tissue are relatively com-
mon in the pediatric population and many children
require moderate to high doses of radiation to
achieve cure. Rhabdomyosarcoma is the most com-
mon soft-tissue sarcoma, frequently arising in the

head and neck and the genitourinary (GU) system.
These sites are especially difficult to treat because of
the numerous sensitive normal tissues surrounding
the tumor as well as the very young patient age
(most are <7 years old). Excellent results have been
achieved with IMRT for head and neck rhabdomyo-
sarcoma but further improvements may be possible
with protons in certain cases.'® Yock et al.!” com-
pared proton dosimetry to 3D-CRT photon plans
(but not IMRT) for patients with orbital rhabdomyo-
sarcoma and found that protons were superior
because of reduced exposure to orbital structures,
brain, and pituitary gland. In a treatment-planning
comparison Lee et al.'® analyzed 3 cases of child-
hood pelvic sarcomas treated to doses ranging
between 36 and 45 Gy. The single most important
advantage found with the use of protons was the
sparing of the ovaries. Unlike IMRT and 3D-CRT, a
single proton beam had the ability to spare the ovar-
ies completely with 0% of the volume receiving dose.
This is of questionable clinical significance because
ovarian function should remain intact as long as the
dose is kept below 10 Gy. This is generally possible
with IMRT and/or oophoropexy. No significant reduc-
tion was observed with the use of protons in terms of
the amount of the pelvic bone or vertebrae exposed
to >20 Gy, so bone growth is expected to be similar
with protons and IMRT in these sample cases.
Whereas Ewing sarcoma and rhabdomyosarcoma
can be successfully managed with radiotherapy doses
in the 50-56 Gy range, unresectable osteosarcoma
and nonrhabdomyosarcoma soft-tissue sarcomas have
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not been controlled with similar radiation doses.
There is evidence that these tumors could be cured if
radiation dose-escalation were employed. A retro-
spective series patients with osteosarcoma showed
local control of 78% for incompletely resected and
40% for unresected tumors with median doses up to
80 Gy. The majority of patients had received proton
radiotherapy.!® It is plausible that with doses of
70 Gy or higher unresectable osteosarcoma and
nonrhabdomyosarcoma soft-tissue sarcomas could
be controlled with radiation. Protons are the most
feasible means to achieve dose escalation to these
levels.

Although doses of radiation used in most pediat-
ric malignancies are not particularly high, integral
doses with IMRT pose a concern, making proton
irradiation particularly attractive in numerous clini-
cal situations. The reduced integral dose to healthy
nontarget tissues may lead to a reduction in the risk
of radiation-induced malignancies over the lifetime
of these patients. The issue of radiation-induced car-
cinogenesis will be discussed in more detail below.

Uveal Melanoma

Uveal melanoma is the most common primary ocular
tumor. Historically, the primary treatment has been
enucleation. Episcleral radioactive plaques, proton-
beam irradiation, and helium ions have been pro-
posed as an alternative to enucleation with the intent
to preserve sight, although this is not always achieva-
ble due to the proximity of the optic nerve or fovea.
Overall survival with proton-beam therapy has been
shown to be comparable to enucleation series.'

The Massachusetts General Hospital (MGH)
began treating uveal melanomas with protons in
1975. Gragoudas et al.* recently reported on their
long-term outcomes. In a large series with a median
follow-up of over 9 years, a 95% local control was
observed. The overall eye-retention rate was reported
as 84% at 15 years. Typically, a dose of 70 CGE was
administered over 5 treatment sessions. Approxi-
mately 14% of patients had significant visual loss af-
ter therapy. Because of the exceptionally high local
control rate, a randomized dose-reduction trial was
conducted, decreasing the dose to 50 CGE in 5 ses-
sions. Preliminary data at a median follow-up of 60
months indicate that local control and survival have
not decreased, but no improvement in visual acuity
has been observed.?*??

Based on the assumption that the radioresistance
of melanomas could be overcome by the higher lin-
ear energy transfer (LET) of heavier charged parti-
cles, a helium ion experience was conducted at

Berkeley.?* Local control at 10 years was reported at
95.4.% and considered comparable to that achievable
with protons.**

A large retrospective analysis from the Paul Scher-
rer Institut (PSI) reported excellent eye-retention out-
comes, with an overall rate of 83.7 at 15 years.?® After
optimization of the treatment technique the 5-year
eye-retention rate was raised from 97.1% to 100% in
small tumors, from 86.7% to 99.7% in medium, and
from 71.1% to 89.5% in large tumors.

To date, over 10,000 patients around the world
with uveal melanoma have been treated with charged
particles. With current techniques and appropriate
patient selection a >98% local control rate can be
expected.?* On the other hand, long-term results of
brachytherapy for intraocular melanomas suggest
that this modality may provide equally satisfactory
outcomes to particle therapy.?

Sarcomas of the Base of Skull

The management of chordomas and chondrosarco-
mas of the base of skull is particularly challenging
due to the proximity of dose-limiting critical struc-
tures.?” Traditionally, surgery and conventional pho-
ton radiotherapy, with mean doses on the order of
60 Gy, have shown disappointing 5-year progression-
free survival rates. The necessity to deliver higher
doses of radiation in a very precise manner makes
charged particles the treatment of choice for these
tumors.

A large series of chondrosarcoma and chordomas
of the skull base was treated at MGH.?® A combina-
tion of proton and photon therapy to a median dose
of 72.1 CGE was used. Local control rates for chon-
drosarcomas were 99% and 98% at 5 and 10 years,
respectively. Patients with chordomas were found to
have lower rates of local control in spite of similar
doses, with 59% and 44% at 5 and 10 years, respec-
tively. The temporal lobe damage rate was 13.2% at 5
years.?® Similar encouraging outcomes have been
reported from the Loma Linda group both in adult
and pediatric patients.?”*°

Light ions have been extensively tested in the
treatment of tumors of the base of skull. A large se-
ries using helium and neon ions comes from Berke-
ley.®* The 5-year local control rates were 78 and 63
for chondrosarcoma and chordoma, respectively.
Radiation-induced complications occurred in 27% of
patients.

Recently, the group at GSI, Germany, reported on
a large series of patients treated with carbon ions,
including 67 tumors of the base of skull.*>** The
prescribed median tumor dose was 60 GyE. Actuarial




3-year local control rates were 100% for chondrosar-
comas and 81% for chordomas, which appear com-
parable to the published results with protons.

Paraspinal Tumors

Treatment of paraspinal tumors is complicated by
the relatively low radiation tolerance of the spinal
cord compared with the dose required for the treat-
ment of sarcomas.

Primary and recurrent tumors of the skeletal axis
have been treated at MGH with combined photon/
proton irradiation with mean doses of 72.2 CGE for
chondrosarcomas and 69.8 CGE for chordomas.* All
patients with chondrosarcoma achieved and main-
tained local control at 5 years. Actuarial local control
for chordoma was only 53% at 5 years, although a
trend toward improved local control was observed
for doses >77 Gy.

Weber et al.®® recently preformed a comparative
treatment planning study between photon (IMRT)
and proton (IMPT) intensity-modulated radiotherapy
in paraspinal sarcomas. Tumor coverage was optimal
and equally homogeneous with both IMRT and IMPT
plans. The use of IMPT, however, leads to a substan-
tial dose reduction to the organs at risk, thus allow-
ing dose escalation to 929 CGE in all patients
without exceeding normal-tissue constraints.

Shultz-Ertner et al.’® reported on the feasibility
of treating paraspinal tumors with a combination of
photons and carbon ions. After surgical debulking,
radiation treatment consisted of a combination of
IMRT to a median dose of 50.4 Gy plus an 18 GyE
carbon ion boost to the gross residual disease. Local
control was reported in 8 of 9 patients with chordo-
mas and chondrosarcomas.

Lung Tumors

Early-stage nonsmall-cell lung cancer (NSCLC) is
optimally managed by surgery. Patients who are not
operable for medical reasons are traditionally offered
radiotherapy alone. A review of the outcomes of stu-
dies of conventional radiotherapy with definitive
intent in early-stage NSCLC confirms poor local con-
trol with conventional doses.>” Overall, with doses on
the order of 60 to 70 Gy, approximately 41% local
failure, 32% 3-year overall survival, and 43% disease-
specific survival may be extrapolated. Attempts have
recently been made to improve local control by
means of dose escalation. One possible approach is
through stereotactic hypofractionated x-ray radio-
therapy.®®*® Particles have been extensively used in
early-stage NSCLC and clinical data are available
both for protons and for carbon ions.
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Protons

The Loma Linda group recently reported on their ex-
perience with hypofractionated proton beam irradia-
tion in stage I NSCLC.*® Doses were 51 CGE in 10
fractions or 60 Gy CGE in 10 fractions (biologically
equivalent to approximately 82 Gy) The 3-year local
control rate and disease-specific survival were 74%
and 72%, respectively, which compares favorably
with published results with conventional radiother-
apy. Local control rates were significantly better in
T1 (<3 cm) when compared with T2 (>3 cm) 87%
vs 49%) with a trend toward improved survival. No
significant treatment-related toxicity was observed.

Sifnilarly, the group from Chiba, Japan, with a
total dose of 70-94 GyE delivered in 20 fractions,
reported 2-year local control and overall survival
rates as 80% and 84%, respectively.*' Local control at
2 years was significantly better in T1 (79%) vs T2
(60%). No serious acute toxicity was observed. How-
ever, grade 2 and 3 late pulmonary toxicity developed
in 16% of patients, possibly due to tumor shrinkage
(exposing more normal lung tissue) during the
course of a relatively protracted treatment. Similar
results have been published by the University of
Tzukuba.*?

Comparative clinical studies with similar fractio-
nation and overall doses addressing the relative mer-
its of proton therapy vs stereotactic or 3D-conformal
x-ray radiotherapy in lung cancer are still unavail-
able. A model study with 10 stage I NSCLC patients
planned with 3D-CRT and protons at doses of 66 Gy
and 87.5 Gy has recently been reported.”® Proton
therapy was found to significantly spare the contra-
lateral lung, heart, spinal cord, and esophagus. Based
on these encouraging data, the M. D. Anderson
group is going to conduct a Phase II clinical trial
using image-guided proton radiotherapy for NSCLC
with a total dose of 87.5 CGE in 2.5 CGE fractions
(35 sessions) for stage I disease and 74 CGE with
concurrent chemotherapy followed by adjuvant
chemotherapy for stage III disease.

Carbon ions

Lung tumors often present with hypoxic radioresis-
tant regions and may therefore represent an ideal
setting for clinical trials with light ions. The literature
on this topic is essentially limited to the Japanese ex-
perience.

The effectiveness of carbon ion therapy was sub-
stantiated by a small study of preoperative treatment
in patients with locally advanced NSCLC.** The
group from Chiba reported on a dose escalation
trial with carbon ions for stage I NSCLC.** Initially,
18 fractions over 6 weeks were used. Doses were
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escalated from 59.4 Gy E to 95.4 GyE in incremental
steps of 10%. In a second stage, 9 fractions over 3
weeks were used with doses ranging from 68.4 GyE
to 79.2 GyE in 5% increments. Overall, a 23.2% local
recurrence rate was observed. However, with doses
greater than 86.4 GyE at 18 fractions and greater
than 72 GyE at 9 fractions, local control was 90% and
95%, respectively. Fifteen of 19 recurrences were ‘in-
field’ but none of these developed in patients treated
above 90 GyE in 18 fractions or 75.6 GyE in 9 frac-
tions, suggesting that these were safe levels providing
maximal local control.*®

Breast

Breast cancer has been proposed as a potential target
for proton-beam therapy. Increased cardiac mortality
after breast irradiation has been reported by some
studies.*”*® Radiation-induced cardiac mortality has
significantly decreased over time with advances in
treatment techniques.®®®® The dose-volume relation
for the myocardium is now relatively well established
for a complication-free adjuvant irradiation of the
breast>! A recent retrospective study addressing
morbidity in right- and left-sided breast cancer
patients treated with breast conservation showed an
increased incidence in coronary artery disease (CAD)
and myocardial infarction in left-sided patients.”*
CAD was significantly associated with the use of in-
ternal mammary node irradiation. Long-term overall
survival, however, did not significantly differ between
left- and right-sided irradiated patients.

The risk of radiation pneumonitis with current
techniques is small and has been estimated to be on
the order of approximately 1%.°® In order to stay
within safe dose/volume constraints for the organs at
risk, breast irradiation may now be carried out with
breathing-adapted techniques. Nevertheless, there
may still be a category of breast cancer patients who
may benefit from proton treatment, namely, node-
positive left-sided breast managed with conservative
surgery. In a model study IMRT and proton therapy
were compared with conventional irradiation (x-rays
and electrons) in patients to be treated to the left
breast and regional lymph-nodes to a total dose of
50 Gy with conventional fractionation.> Target cov-
erage was not improved with IMRT or protons. How-
ever, large differences in exposure to healthy tissues
were found. The nontarget dose was approximately
3.8-fold higher for the IMRT and 2.5-fold higher for
the conventional tangents, compared with the proton
plan. It is noteworthy that the proton plan exposed
the heart to virtually no dose. In a similar study, tar-
get coverage for IMRT and protons were comparable

but the IMRT plan delivered a higher mean dose to
the heart (16 vs 6 Gy).*

Recently, studies in advanced breast cancer using
anthracycline or paclitaxel and trastuzumab have
documented improved outcomes at the expense of a
significantly increased cardiac toxicity.?® Technical
approaches that can minimize radiation exposure to
the myocardium in patients at higher risk of cardiac
morbidity are to be seriously considered.

Finally, the unique dosimetric features of protons
have recently attracted interest in the field of partial
breast irradiation.’” In a Phase I/II trial a total dose
of 32 CGE was delivered in 4 CGE fractions twice a
day over 4 days. Follow-up is still too short for clini-
cal/cosmetic evaluation.

Prostate

Dose-escalation studies, both retrospective and ran-
domized, have shown a clear dose/response relation
in prostate cancer.*®' The optimal dose with regard
to local tumor control and normal tissue tolerance is
still unclear. To evaluate the safety and to determine
the recommendable dose of high-dose radiotherapy,
the Radiation Therapy Oncology Group (RTOG) has
conducted a dose escalation study (RTOG 9406)
using 3D-CRT that indicates low late radiation-
induced morbidity up to a dose of 78 Gy.°> Whether
the improvements observed with dose escalation on
local control and freedom from biochemical recur-
rence will necessarily translate into improved overall
survival, however, is still to be seen.® The optimal
modality to deliver high-dose irradiation is a matter
of debate in the literature. Long-term follow-up data
with use of high-dose IMRT with excellent biochem-
ical control rates and optimal tolerance have recently
been published.%* IMRT, however, is known to result
in larger integral doses, and worries of a consequent
increased risk of induced secondary malignancy de-
velopment have been expressed.’®®8 The use of parti-
cle beams has been advocated as an alternative to
IMRT to perform safe dose escalation in prostate
cancet.

Protons

The MGH group reported on the use of protons as a
boost technique for locally advanced prostate can-
cer.8’ A Phase III randomized trial in locally ad-
vanced (T3-T4) prostate cancer followed comparing
conventional dose vs high dose by means of a proton
boost.%® Patients were randomized to receive either
an additional 25.2 CGE by conformal proton-beam or
an additional 16.8 Gy photon boost after a 4-field
photon irradiation to 50.4 Gy. No hormonal therapy




was given. The proton boost technique consisted of a
160-MeV perineal approach in the lithotomy posi-
tion, with the insertion of a rectal Lucite probe for
correct alignment of the proton beam. This is
undoubtedly an obsolete approach, and optimal rec-
tal sparing is now typically achieved by a 2 lateral
field technique. No overall difference in outcome was
found between the 2 groups. In a subgroup analysis,
however, poorly differentiated tumors (GPS 9 or 10)
had improved local control with 94% and 84% in the
proton boost arm and 64% and 19% in the photon
only arm maintaining local control at 5 and 8 years,
respectively. Toxicity was higher in the high-dose
arm, likely due to the suboptimal proton boost treat-
ment technique. In particular, the incidence of rectal
bleeding was significantly higher in the proton boost
arm (32% vs 12%m P =.002). Despite the increased
morbidity in the high-dose arm, this study showed a
significant clinical benefit with dose escalation in
selected patient groups. A recent update from MGH
with long-term follow-up for patients receiving
77.4 Gy reported an actuarial incidence of RTOG
grade >2 gastrointestinal (GI) toxicity of 13% at 5 and
15 years.®®

Loma Linda University reported on their experi-
ence with proton-beam in prostate cancer.”’ Protons
were either used exclusively to irradiate the prostate
and seminal vesicles or as a boost after photon pelvic
irradiation to 45 Gy. With a median follow-up of 62
months, the overall 5 and 8 years biochemical failure
(bNED) rates were 75% and 73%, respectively. Acute
GI and GU RTOG grade 3 or higher was < 1%. Late
RTOG grade 3 morbidity was 1% and grade 4 0.2%.
No difference in toxicity was observed between those
treated with mixed beam vs protons alone.

The experience of MGH and Loma Linda in pro-
ton-beam irradiation of prostate cancer led to the
activation of a cooperative Phase III study (PROG 95-
09).5! Patients with early-stage disease were rando-
mized to receive an initial proton boost dose of 19.8
vs 28.8 CGE, followed by 50.4 Gy photon irradiation.
At 5 years, freedom from bNED was 61.4% and 80.4%
for the conventional and the high-dose levels,
respectively. Only 1% of patients in the conventional-
dose and 2% in the high-dose experienced RTOG
acute grade 3 or higher urinary or rectal morbidity.
Late RTOG grade 2 GI morbidity was 8% for the con-
ventional-dose and 17% for the high-dose level
(P =.005).

Although this trial validates the principle of dose
escalation and the feasibility of high-dose proton-
beam radiotherapy in prostate cancer, it was not
designed to test whether this modality is more effi-
cacious or cost-effective than other more readily
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available techniques such as IMRT.”' A new dose
escalation Phase I/1I trial using 84.6 Gy with protons
alone for early prostate cancer is now under way by
the same 2 institutions. Again, the lack of compari-
son with IMRT will leave the issue of whether pro-
tons offer a measurable benefit unresolved.

A model study comparing several treatment
plans including IMRT and IMPT for a prescription
dose of 81 Gy confirmed that both techniques are
successful in achieving target coverage while comply-
ing with the dose/volume constraints for the organ
at risk (OAR).”? IMRT exposed nontarget tissues to a
1.7-fold increase in dose compared with IMPT. Thus,
the only advantage of protons may be the small the-
oretical reduction in the risk of radiation-induced
malignancies if the spot scanning method is used.

Light ions

Large experience with heavier particle beams in
prostate cancer is limited to neutron therapy. Indeed,
the higher RBE of neutrons and light ions offers
potential radiobiological benefits in slow-growing
and radioresistant tumors. Despite encouraging local
control outcomes, neutron studies have shown high
rates of adverse effects and their use has been largely
discontinued.”™"®

Due to their prominent Bragg peak, neon and
carbon ion beams display exquisite dose distribu-
tions, similar to those of protons. The improved dose
distributions to nontarget tissues may result in sig-
nificantly lower normal tissue complication probabil-
ities (NTCP) and reduced risk of radiation-induced
malignancies compared with neutrons. Historical
data on the use of neon ions in prostate radiotherapy
comes from Berkeley.”® The modern literature on
light ions in prostate cancer is scarce and comes
exclusively from Japan.

A Phase I/1I dose escalation trial in T1b-T3 pros-
tate cancer treated exclusively with carbon ions has
recently been reported from Chiba.”” The treatment
schedule was 20 fractions 5 days a week with doses
gradually increased from 54 GyE to 72 GyE in 10%
increments. A recommended dose of 66 GyE
emerged from this study. Analysis of the long-term
outcome and toxicity data in a large group of
patients has been reported recently.”® No grade >3
toxicities were observed. Grade 2 late rectal toxicity
was 1%. GU late grade 2 toxicity was 6%. Overall 5-
year freedom from biochemical failure was 83.2%.
Gleason score, initial prostate-specific antigen (PSA),
and T stage were all independent predictors of
bNED. Patients with initial PSA <20 ng/mL and GPS
<7 had a 5-year bNED of 97.1%. In light of the favor-
able outcome with the adopted fractionation scheme
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and minimal rate of late morbidity, the use of higher
dose per fraction is currently under consideration.”
Indeed, carbon-ion data compare favorably with
published results for equivalent doses with x-rays,
and the RBE for carbon ions may exceed 3.0." A
recent update from the Chiba group has confirmed
the feasibility and effectiveness of carbon ion therapy
in prostate cancer.” Late grade 2 GI and GU morbid-
ities were 2% and 5%, respectively. No grade 3 toxi-
cities were observed. These outcomes compare
favorably with the long-term published results from
high-dose IMRT series.5* A randomized trial compar-
ing treatment outcomes of carbon-ion therapy with
those from high-dose proton therapy and x-ray IMRT
would be of great interest. Assessment instruments
sensitive enough to capture other important ele-
ments of therapy outcome, such as health-related
quality of life, ought to be used to appreciate subtle
differences between treatments.

In a model study the Heidelberg group investi-
gated the therapeutic potential of carbon-ion therapy
in locally advanced prostate cancer. Due to their
sharp dose fall-off, carbon-ion plans are particularly
sensitive to organ motion and positioning uncertain-
ties. Clinical evidence of improved local tumor con-
trol in locally advanced prostate cancer with the
combination of photons and high LET neutrons is
available.”>”® A combination of photon IMRT and
carbon-ion boost to the GTV has thus been recom-
mended as the most rational solution in gaining ini-
tial clinical experience.®

Radiation-Induced Second Malignancies

The risk of secondary cancer induction after thera-
peutic irradiation is well recognized and documen-
ted. The potentially increased risk with IMRT,
compared with conventional 3D-CRT, and the pur-
ported benefit of protons has recently drawn signifi-
cant attention in the literature.

The risk of second malignancy induction is
strongly dependent on the RBE of the radiation used.
After fast neutron therapy, the risk of secondary can-
cer induction has been estimated to be approxi-
mately 10-20 times greater than after photon
therapy.?' Carbon ions have an estimated RBE similar
to neutrons. However, this risk estimate may be
reduced by a factor of at least 3 due to the decreased
integral dose.

On theoretical grounds, proton-beam therapy
(RBE 1.1) carries a lower risk (by a factor of 3) of sec-
ondary cancer induction relative to photons due to
the significant reduction of integral dose achievable
through their superior physical properties. However,

an inherent problem of many current proton
machines is that they employ passive modulation to
produce a field size large enough for therapy. In this
case, neutron scatter is produced, which has been
estimated to result in effective dose to the patient
that can be significantly higher than that characteris-
tic of IMRT.?? This, however, is a rather controversial
issue and more dosimetric studies on anthropo-
morphic phantoms are warranted. In order to over-
come the problem of neutron contamination in
proton therapy and to fully exploit the potential for
second malignancy reduction the use of spot scan-
ning has been proposed.®

Children are particularly susceptible to the carci-
nogenic effect of radiation due to the increased cell
turnover associated with growth and development. In
a recent report, Gold et al.®* updated the results of
an earlier study in which a large cohort of children
treated with radiation were followed to establish
the nature and incidence of second malignancies.
Actuarial survival at 30 years was 80% for all patients;
8.3% of patients developed a second cancer. Most
occurred within the treatment field, with latency per-
iods between 3.8 and 31.8 years (median, 15.5 years).
The cumulative risk of second cancer was 13% at
30 years. Despite the high risk of second cancer, the
associated mortality appears relatively low, with the
overwhelming cause of death being recurrence of
the original disease. A radiation dose effect for second-
ary sarcomas has been shown by numerous studies.®>®’
Whereas the vast majority of radiation-induced tumors
occur in tissues exposed to high doses, there is no
threshold for this effect, so that low doses of radiation
will also confer risk, albeit much smaller.

The advent of IMRT has raised a number of
additional issues in pediatric radiotherapy, namely,
the larger integral volume at low doses and leakage
from the multileaf collimator (MLC). Leakage from
MLCs is known to be on the order of 1% to 3%, and
when large numbers of monitor units are prescribed
for IMRT plans a higher total body exposure may
result. Some technical measures to mitigate the pro-
blem of leakage radiation during IMRT have been
proposed, such as increased shielding in the treat-
ment head, or the removal of the flattening filter,
which is not needed in a linear accelerator dedicated
to IMRT.*

Miralbell et al.®® estimated the risk of second
malignancy comparing treatment plans for a case of
rhabdomyosarcoma of the paranasal sinus and for a
case of medulloblastoma using 3D-CRT, IMRT, and
proton beam irradiation. The expected risk of second
malignancies was significantly reduced with protons
by 2-fold for the rhabdomyosarcoma case and by




8- to 15-fold for the medulloblastoma. However, a
pencil scanning beam must be used in order to mini-
mize secondary neutron whole-body exposure.®

The issue of second malignancy development in
adults is of less concern but a small risk does exist.
Retrospective analyses of epidemiologic data of sec-
ond malignancies have been conducted, with con-
flicting results. For prostate irradiation, some studies
indicate no increased risk of second cancers.®>®
Others have shown a significant association between
irradiation and subsequent malignancy.®" In absolute
terms, the number of second malignancies is defi-
nitely low (approximately 1% for long-term survi-
vors), despite the relatively high hazard ratios
reported. From a theoretical point of view, with the
transition from conventional radiation therapy to
3D-CRT and the consequent reduction in normal tis-
sue exposure a lower risk may be expected. The
recent move to IMRT, with the larger volumes of nor-
mal tissues exposed to low-dose radiation and the
total-body exposure due to leakage radiation and
neutron contamination at high energies may result
in an increase of second malignancies.®>®®

Cost-Effectiveness of Particle Therapy
Proton therapy is considerably more expensive than
x-ray therapy.”® Proton therapy has been estimated
to have a 1.5- to 3-fold increment in cost with
respect to a similar accessory set-up with x-rays.”?
This broad range is a function of several factors
including the number of patients treated per year,
number of treatment rooms, and number of gantries.
Goitein and Jermann® estimated that the current ra-
tio of costs between protons and x-rays is approxi-
mately 2.4. The cost increase factor of 1.5 has been
estimated to be appropriate where the initial capital
investment is free of charge, the facility has a full
schedule of patients for 14 hours a day, and operates
with at least 3 gantries. The cost of light ions is esti-
mated to be at least 3 times higher than that of pro-
tons and approximately 8 times higher than x-rays.”
The peer-reviewed literature contains little evi-
dence on the cost-effectiveness of proton or light ion
radiotherapy.”®®” Cost-effectiveness must also take
into account any proven clinical benefits of particle
therapy. In a recent cost analysis of proton therapy
in childhood medulloblastoma, proton-beam irradia-
tion was considered to be more cost-effective than
conventional photon irradiation.® The reduction in
overall costs predicted in that study derives from the
controversial claim that proton beam therapy will be
associated with a reduced the risk of growth hor-
mone deficiency and decreased intelligence quotient.
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Economic evaluations of proton-beam therapy in
breast cancer have concluded that it can be cost-
effective in well-selected patient populations for
whom the reduction in cardiac toxicity and mortality
offered by protons translates into a significant gain
in cost and quality-adjusted life years.*>**® The cost-
effectiveness of proton therapy in prostate cancer
has been the subject of a Swedish analysis.'*" Based
on a series of assumptions (including direct reduced
mortality through dose escalation and reduced side
effects), proton therapy has been deemed cost-effec-
tive in prostate cancer patients with longer life-
expectancy and poorer prognostic factors.
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