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Proton therapy for pediatric cancer: 
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The majority of pediatric oncology patients 
become long-term survivors who must live 
with the effects of their diseases and treat-
ments for many decades [1]. Although there 
is a trend toward reduced use of radiation 
therapy in children with cancer, it contin-
ues to play an essential role in the treatment 
of many common pediatric malignancies, 
including brain tumors, sarcomas, lympho-
mas and neuroblastoma  [2]. Therefore, it 
is imperative to deliver effective radiation 
therapy with the least morbidity possible 
in the treatment of children with cancer. 
Proton beam therapy (PBT) is promising for 
its potential to provide equivalent efficacy 
in treating pediatric cancer patients with 
improved acute and late side-effect profiles 
due to the lack of exit dose from its beams.

Most pediatric cancer patients in the 
USA (and worldwide) require radiother-
apy receive photon (or electron) radiation, 
however, the use of PBT is growing. Fifteen 
years ago, there were two clinical PBT facil-
ities, both treating pediatric patients in the 
USA; now there are 23 PBT centers, the 
majority of which treat children [3]. More 

pediatric cancer patients are being treated 
with PBT, including an increase of 33% 
between 2010 and 2012 [4].

Data supporting PBT in pediatric 
cancers
With its increased use, the data supporting 
PBT for pediatric cancers merit examina-
tion. In most cases, patients are prescribed 
the same doses of radiation as they would 
receive with photons; there have not been 
multi-institution or cooperative group PBT 
dose-escalation trials for pediatric tumors. 
In fact, on Children’s Oncology Group tri-
als that allow PBT, the radiation modality 
is determined by the treating physician and 
identical prescription doses and organs at 
risk dose constraints are used.

To date, no randomized clinical trials of 
PBT versus photon radiotherapy have been 
conducted for pediatric cancers. The data 
supporting PBT are largely drawn from 
dosimetric studies, retrospective reviews of 
single institution cohorts and (mostly) sin-
gle institution Phase II studies. Dosimetric 
studies of PBT craniospinal irradiation 

“...it could be very challenging to 
accrue a pediatric randomized 
clinical trial between photon 

therapy and proton beam therapy 
when families are informed that a 
randomization could result in their 
children receiving higher integral 

radiation doses to healthy tissues.”
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have demonstrated reduced dose to organs at 
risk distal to the target that would be expected 
to result in decreased late risks of infertility and 
ovarian failure [5], heart disease [6] and secondary 
breast cancer [7], among other benefits. Similar 
dosimetric studies for lymphoma treatment show 
a potential for reduced risk of heart disease [8], 
and studies in CNS tumors suggest reduced 
neurocognitive effects with PBT [9].

A number of case series and Phase II studies 
demonstrate at least comparable efficacy of PBT 
to recent clinical trials with photon radiation, 
but with favorable side-effect profiles. Studies 
with limited numbers of PBT patients were 
initially published in the 1990s, but the rate 
of publications has accelerated as proton cent-
ers have developed more experience. A critical 
review by Leroy et al. summarized the pediatric 
PBT studies with the highest quality data  [10]. 
Highlights from recent studies include equiva-
lent efficacy to photon radiotherapy in medul-
loblastoma [11], very low rates of audiologic and 
endocrine effects from PBT of ependymoma [12], 
good quality of life following PBT treatment of 
CNS tumors [13], and improved gastrointestinal 
and hematologic toxicity when treating with 
PBT craniospinal irradiation [14]. Promising as 
these results are, the obvious critique is that they 
are almost exclusively single-institution studies, 
and many are retrospective case series, subject to 
concerns regarding selection bias. To date, coop-
erative groups such as the Children’s Oncology 
Group have not published unplanned subset 
analyses of recent studies comparing patients 
treated with the two modalities.

Cost–effectiveness
Concerns have been raised about cost–effective-
ness. PBT is more cost-intensive than photon 
therapy, particularly when treating children [15]. 
Two of the first PBT cost–effectiveness studies 
were for CNS tumors in children. In studies from 
investigators at Massachusetts General Hospital, 
PBT is cost effective in treating medulloblas-
toma due to the decreased anticipated cost of late 
effects  [16], and in treating CNS tumors when 
PBT results in incremental protection of pitui-
tary gland production of growth hormone [17]. 
Other investigators have modeled cost savings 
associated with cochlea sparing with PBT [18].

Clinical concerns
While there are promising toxicity profiles with 
PBT, there are two critical toxicity questions: Is 

there an increased incidence of secondary malig-
nancies related to neutron contamination, and 
are there increased normal tissue effects from 
relative biologic effectiveness (RBE) uncertainty?

There is concern that the number of secondary 
malignancies from generation of neutron con-
tamination during treatment could more than 
offset the decreases from reduced radiation expo-
sure distal to target volumes [19]. This is thought 
to be of particular concern in passive scattering 
and uniform scanning systems including when 
the beam is produced by scattering foils and brass 
apertures, processes that generate much of the 
neutron contamination [20]. In spite of theoreti-
cal concerns, the clinical data have yet to show 
an increased risk of secondary malignancy with 
PBT. A matched cohort analysis including PBT 
and photon patients did not find a significant 
difference in secondary malignancy rates, with 
a trend toward fewer secondary malignancy rates 
in patients treated with PBT  [21]. In addition, 
a study of patients treated for retinoblastoma 
found that PBT was associated with lower rates 
of secondary malignancy [22], and of 313 patients 
reported in six series of pediatric patients-treated 
PBT at Massachusetts General Hospital, only 
six developed solid tumor secondary malignan-
cies, with four hematologic malignancies  [23]. 
Pencil-beam scanning PBT, recently deployed 
at several proton centers, generates less neutron 
contamination [20].

Also of clinical concern is RBE uncertainty 
and associated possible increased incidence of 
CNS toxicity. Researchers from MD Anderson 
and Baylor found that the rate of imaging 
changes in ependymoma patients after radia-
tion therapy is higher in PBT patients than pho-
ton patients, although the rate of symptomatic 
imaging changes was similar [24]. Massachusetts 
General Hospital has recently reported its expe-
rience in medulloblastoma patients and found 
rates of symptomatic radiation injury of only 
2.7%  [25]. However, Indelicato  et  al. recently 
reported a greater than 10% risk of grade 2 
or greater brainstem injury in pediatric PBT 
patients treated for posterior fossa tumors, with 
a maximum brainstem point dose greater than 
56.5 cobalt Gray equivalent (CGE), brainstem 
D50% more than 52.3 CGE or brainstem 
D10% more than 55.3 CGE  [26]. These dose 
levels are commonly exceeded when treating 
with photon therapy, and pediatric radiation 
oncologists are increasingly using the dose con-
straints suggested by this study in their radiation 
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planning. Ongoing research has focused on dose 
modeling, RBE uncertainty and increased linear 
energy transfer as possible explanations for these 
toxicities [25].

Looking ahead
Additional proton centers are planned through-
out the world and some countries such as the UK 
and Canada send selected patients out of country 
to receive PBT. The number of pediatric patients 
receiving PBT is growing.

The available PBT literature reveals a modal-
ity that provides effective oncologic outcomes 
with favorable side-effect profiles, and is appro-
priate to be used in many but not all cases. No 
study has shown decreased efficacy with PBT, 
and there does not appear to be an increased 
risk of secondary malignancies. The data from 
Indelicato et al. [26] have reinforced the need to 
be conservative in dose constraints until further 
data are available. Radiation oncologists may 
choose not to offer PBT to patients whose treat-
ment cannot meet the more conservative dose 
constraints, and that is reasonable. PBT-specific 
dose constraints are being considered either for 
modifications of existing pediatric trials or for 
future trials.

In an ideal world, one would perform large 
randomized clinical trials to provide adequate 
power to fully investigate PBT versus photon 
therapy. This has not been the standard applied 
before adopting other new radiation techniques 
including 3D conformal therapy, intensity-
modulated radiation therapy, stereotactic body 
radiosurgery and volumetric arc radiotherapy. 
Practically speaking, it could be very challenging 

to accrue a pediatric randomized clinical trial 
between photon therapy and PBT when fami-
lies are informed that a randomization could 
result in their children receiving higher integral 
radiation doses to healthy tissues.

Reassuring as so much of the data is, we 
must continue to analyze the clinical data 
already obtained and collect more to further 
quantify efficacy and risks. Cooperative group 
trials that have allowed PBT need to perform 
unplanned subset analyses of PBT versus pho-
ton therapy outcomes. At a minimum, patients’ 
families should be offered participation on the 
multi-institution registry trials; the Pediatric 
Proton Consortium and Proton Cooperative 
Group registry trials have enrolled hundreds of 
patients. Institutions need to partner to offer 
Phase II studies by disease sites. Cooperative 
groups need to either develop PBT-specific 
Phase II trials, or (at least) prospectively col-
lect the treatment and outcome data to perform 
planned subset analyses between modalities of 
radiation.
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