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Abstract

Introduction Diffuse intrinsic pontine glioma (DIPG) is a type of brain malignancy with a very poor prognosis. Although various
radiation and chemotherapy protocols have been attempted, only conventional radiotherapy has yielded improvements in sur-
vival. In this study, we aimed to compare proton therapy versus conventional photon radiotherapy in terms of the outcomes of
pediatric patients with DIPG.

Methods This retrospective review included 12 pediatric patients with newly diagnosed DIPG who received a total proton
therapy dose of 54 Gy (relative biological effectiveness) in 30 fractions at the University of Tsukuba Hospital between 2011
and 2017 (proton group). We additionally reviewed the medical records of 10 patients with DIPG who previously underwent
conventional photon radiotherapy at our institute (historical cohort).

Results The median progression-free survival (PFS) duration was 5 months (range 1-11 months), and the 6-, 12-, and 18-month
PFS rates were 50%, 33%, and 25%, respectively. The median overall survival (OS) duration was 9 months (range 448 months),
and the 6-, 12-, 18-, and 24-month OS rates were 66.8%, 50%, 41%, and 20%, respectively. There were no significant differences
in survival between the proton and historical groups (PFS, p = 0.169 and OS, p = 0.16).

Conclusions Proton therapy was well tolerated by the majority of patients. No severe adverse events, including radiation necrosis,
were recorded. Proton therapy did not yield superior survival outcomes vs. conventional photon radiotherapy in patients with
DIPG at our institution. Further research is needed to identify the factors associated with better survival in this population.
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Introduction

Brain tumors comprise the second most common type of neo-
plasm arising in children, accounting for approximately 20% of
all childhood cancers [1]. In recent decades, advances in our
understanding of tumor biology and the available treatment strat-
egies and modalities have led to improved survival outcomes for
patients with most types of cancer, including brain tumors.
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Despite these improvements, brain tumors remain a main cause
of cancer-related mortality in children. Moreover, some of these
tumors continue to be associated with a poor prognosis.

Diffuse intrinsic pontine glioma (DIPG) is the most aggres-
sive type of brain tumor. These lesions originate in the pons
and are diagnosed in patients at median ages ranging from 6 to
8 years [2]. Despite collaborative efforts to improve treatments,
the survival of patients with DIPG has remained static over the
past decades, and this tumor type is now the main cause of
pediatric brain tumor-related deaths. Despite extensive efforts
to treat these devastating tumors, including hypofractionated or
hyperfractionated radiotherapy and chemotherapies, no previ-
ously introduced treatment protocol has led to significantly
improved survival outcomes in patients with DIPGs.

Proton therapy is a type of particle radiotherapy that fea-
tures excellent dose localization and a low level of late toxicity
due to a reduction in the irradiation dose to the surrounding
normal brain tissues. Accordingly, proton therapy may help to
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prevent treatment-related late sequelae, including
neurocognitive impairments and secondary cancers, in chil-
dren requiring radiotherapy for brain tumors [3]. In Japan,
the public insurance system began to cover the costs associat-
ed with proton therapy for childhood cancers in 2016, which
led to a subsequent increase in the number of patients under-
going this treatment at our institute. Here, we report our insti-
tutional experiences with the administration of first-line pro-
ton therapy to consecutive patients with DIPG at the
University of Tsukuba Hospital.

Materials and methods

We retrospectively reviewed the medical records, including
clinical characteristics, additional treatments, and survival out-
comes, of 12 children with DIPG who received proton therapy
at the University of Tsukuba Hospital from 2011 to 2017
(proton group). We additionally reviewed the medical records
of 10 patients with DIPG who underwent conventional photon
radiotherapy at our institute from 1984 to 2004 (historical
group). All patients underwent gadolinium-enhanced magnet-
ic resonance imaging (MRI) at the time of diagnosis.
Accordingly, a diagnosis of DIPG was based on the following
imaging characteristics: an intrinsic central location occupy-
ing > 50% of the axial diameter of the pons, an indistinct
tumor margin, hypointensity on T1-weighted images, and
hyperintensity on T2-weighted images. A biopsy was per-
formed if the radiological diagnosis was uncertain.

Standard fractionated proton therapy was administered
using our typical radiation planning volumes. Computed to-
mography (CT) images of the treatment site were obtained at
3-mm intervals for proton therapy planning. Proton beams
with energies of 250 MeV were generated using a booster
synchrotron at the Proton Medical Research Center
(PMRC). The treatment planning system determined the dose
distributions and collimator configuration, bolus, and range-
shifter thickness settings. A relative biological effectiveness
(RBE) of 1.1 was assumed.

All subjects underwent MRI immediately before starting
proton therapy. The gross tumor volume (GTV) was defined
as the area of hyperintensity on T2-weighted images. The clin-
ical target volume (CTV) was defined as the GTV plus a 5- to
10-mm margin, and the planning target volume (PTV) was
defined as the CTV plus a 2- to 3-mm margin. During proton
therapy, a total dose of 54.0 Gy (RBE) in 30 fractions was
delivered to the PTV. The exposure dose was adjusted to <
50 Gy (RBE) for the chiasm, and the margin of the lesion was
reduced if the dose to an organ at risk exceeded the exposure
dose (Fig. 1). Oral temozolomide was administered concurrent-
ly at a dosage of 75 mg/m? for 42 days as a radiosensitizer. After
completing proton therapy, all patients were evaluated via phys-
ical examinations and MRI. Disease progression was defined as
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neurological deterioration confirmed by MRI. Recurrence or
progression was defined as an increase of at least 25% in the
tumor size, as measured by the product of the 2 largest perpen-
dicular dimensions on either the gadolinium-enhanced T1-
weighted image, if the tumor was enhanced, or the T2-
weighted image. Acute and late radiation-induced toxicities
were evaluated according the Common Terminology Criteria
for Adverse Events (CTCAE) (version 4.0).

Statistical analyses were performed using SPSS 25.0.
Progression-free survival (PFS) was defined as the interval be-
tween diagnosis and clinical and/or radiologic tumor progres-
sion or death. Overall survival (OS) was defined as the interval
between diagnosis and death or the last date of follow-up. The
Kaplan—Meier method was used to calculate OS and PFS. A
log-rank test was performed to evaluate differences in survival.

Results
Patients treated with proton therapy

The clinical information and outcomes of the 12 children who
received proton therapy are presented in Table 1. The median
age at diagnosis was 5.8 years (range 4.0-9.9 years). The
mean interval from radiological diagnosis to the first radiation
treatment dose was 17 days (range 627 days), and the mean
treatment duration was 47.5 days (range 45-50 days). One
patient with an exophytic feature underwent biopsy, which a
pathologic analysis identified as a high-grade glioma. Two
patients underwent fenestration of intra-tumoral cysts that be-
came enlarged after the completion of proton therapy. Three
patients required a ventriculoperitoneal shunt for hydroceph-
alus after disease progression. Two patients had to stop temo-
zolomide because of severe nausea and vomiting.

Proton therapy was tolerated well by the majority of the
patients. The most commonly reported toxicities during treat-
ment were grade < 2 and included alopecia in the irradiated
area (n = 12), nausea (n = 4), a decreased lymphocyte count (n
=4), vomiting (n = 2), bullous dermatitis (n = 1), and allergic
reaction (n = 1). One patient experienced a grade 3 decrease in
the neutrophil count. Four patients discontinued oral temozo-
lomide administration because of toxicities (vomiting, allergy,
and neutrocytopenia). No patient required an interruption of
proton therapy because of treatment-related toxicity. No
deaths related to toxicity occurred during the treatment period.

We used the Karnovsky performance status (KPS) to eval-
uate the patients’ statuses. Six (50%) patients had a KPS of <
70 at diagnosis. At the end of proton therapy, 2 patients (17%)
had a KPS of 70, while 2 became symptom-free and 3 exhib-
ited significant improvements. In 1 patient, the KPS deterio-
rated during proton therapy, from 60, requires occasional as-
sistance, to 30, severely disabled. After progression, most pa-
tients withdrew from chemotherapy and were followed up in a
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Fig. 1 Axial T2-weighted image
of a 4-year-old boy who received
proton therapy (a). Proton treat-
ment with a total dose of 54 Gy
(RBE) to the clinical target vol-
ume (red line), with excellent
sparing of normal brain tissue
(outside of blue line) (b). Axial
T2-weighted image of a 6-year-
old girl treated with photon ra-
diotherapy (c). Dose distribution
demonstrating that most brain tis-
sue was within 40% of the total
irradiation dose (green line) (d)

palliative care setting and at home whenever possible. Four
patients initiated bevacizumab administration after temozolo-
mide discontinuation upon receiving confirmation of disease
progression. One patient whose glioma progressed to dissem-
inated disease underwent proton therapy for a distant lesion.
Two patients underwent palliative proton reirradiation at a
total dose of 21.6 Gy (RBE) in 12 fractions concomitantly
with bevacizumab therapy. One of these patients experienced
symptom improvement for 8 months after reirradiation but
died 2 months after the second progression.

Historical group

As described in the “Materials and methods”, we also evalu-
ated 10 patients who underwent conventional photon radio-
therapy for DIPG at our institute as the historical group. The
median age at diagnosis was 8.6 years (range 4.3—15.9 years),
and the total irradiation doses ranged from 36 to 51.2 Gy, with
a median dose of 54.9 Gy. Concomitant chemotherapy, in-
cluding ACNU, carboplatin, etoposide, and procarbazine,
was administered to 5 patients. One patient discontinued irra-
diation due to disease progression.

Outcome

In the proton group, the median progression-free survival
(PFS) duration was 5 months (range 1-11 months), and the
6-, 12-, and 18-month PFS rates were 50%, 33%, and 25%,
respectively. In the same group, the median overall survival
(OS) duration was 9 months (range 448 months), and the 6-,
12-, 18-, and 24-month OS rates were 66.8%, 50%, 41%, and
20%, respectively. For comparison, the historical group treat-
ed with photon radiotherapy had median PFS and OS dura-
tions of 5 and 11 months, respectively. A log-rank comparison
of the two treatment groups (proton vs. historical) did not
reveal significant differences in survival (PFS, p = 0.169 and
OS, p =0.16) (Fig. 2).

Discussion

Despite recent advances in the field of pediatric neuro-oncol-
ogy, DIPG remains the most challenging disease. Particularly,
a diagnosis is often based solely on MRI findings, while radi-
ation is the only treatment proven to prolong PFS effectively
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Table 1  Patient’s characteristics

Proton group (n = 12)

Median age at diagnosis (years) 5.8 (range 4.0-11.2)

Male:female 57
Karnofsky performance status (pre/post)*
30 0/1
60 SN
70 1/0
80 373
90 3/5
100 0/2
Surgery before irradiation
None 11
Biopsy 1
Mean interval from diagnosis to first irradiation 17 days
Steroid usage (pre/post) 7/3

*pre beginning of irradiation, post end of irradiation

and provide transient but limited improvements in symptoms
and neurologic function. Undoubtedly, recurrence and pro-
gression would eventually lead to death related the burden
of disease, as indicated by median PFS and OS durations of
5-9 and 8-12 months in previous reports and 1-, 2-, and 5-
year OS rates of approximately 40%, 10%, and almost 0%,
respectively.

To date, numerous clinical trials have explored potential
treatments for DIPG. However, local irradiation with a total
dose of 54 Gy over a 6-week period remains the most stan-
dardized treatment protocol, as previous studies of
hyperfractionated radiotherapy with total doses of 70.2—
72 Gy did not yield further improvements in the patients’
outcomes [4—6]. More recently, however, studies reported
comparable outcomes with shorter hypofractionated radio-
therapy protocols that delivered total doses of 39 Gy (3 Gy/
Fr) or 44.8 Gy (2.8Gy/Fr) vs. conventional radiotherapy [7, 8].
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The authors of those reports emphasized the advantages of
reducing the treatment period and thus reducing the burdens
on patients and their families.

Several chemotherapeutic agents have also been tested for
the treatment of DIPG. However, the role of chemotherapy in
the treatment of pediatric DIPG remains unclear. In a study of
the BSG 98 protocol, which combines pre-radiation chemo-
therapy with delayed irradiation, Frappaz et al. reported a
median OS of 17 months [9]. This result was subsequently
confirmed by Gokce-Samar et al. [10]. Most other studies,
including those of high-dose chemotherapy regimens, failed
to demonstrate any additional survival benefits [2]. A recent
molecular profiling study identified a mutation of H3K27M as
a pathognomonic feature of pediatric glioblastomas, including
DIPG [11-13]. Although these advances in molecular profil-
ing have led to the development of new targeted approaches to
the treatment of DIPGs, their efficacies remain unproven.

Both proton therapy and photon radiotherapy are catego-
rized as forms of low linear energy transfer radiation, and both
have a similar RBE. However, the proton beam produces a
sharp energy peak called the Bragg peak, which spreads out to
cover the tumor volume (spread out of the Bragg peak
(SOBP)), while the energy level behind the peak is almost
zero. Accordingly, proton therapy enables a reduction in the
dose to the normal tissue around the tumor, unlike photon
radiotherapy, which would be especially beneficial for a pedi-
atric tumor or a tumor adjacent to highly radiosensitive normal
tissue. Proton therapy may therefore provide consistent advan-
tages in terms of reducing the areas receiving low and inter-
mediate (040 Gy) doses [14], which in the context of a head
and neck tumor could help to preserve intelligence, endocrine
function, and hearing [15]. A nationwide retrospective cohort
survey in Japan revealed that proton therapy was equally ef-
ficient and likely superior in terms of safety when compared
with the results of previous studies of other therapies [16].
Accordingly, increasing numbers of patients with brain tumors
have been treated using proton therapy.

Overall survival-proton vs photon

--photon
—Mproton
— photon-censored
=+ proton-censored
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Time (months)

Fig. 2 Comparison of the progression-free survival curves (a) and overall survival curves (b) of patients treated with proton therapy and photon

radiotherapy
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Most pediatric solid tumors are classified into the highest-
priority category for proton therapy. However, high-grade gli-
omas of the brain and brainstem might be exception, as the
poor outcomes and short survival prognoses would likely ren-
der patients unable to benefit from the advantages of proton
therapy. Furthermore, these tumors are highly likely to infil-
trate beyond the initially defined tumor area, and a reduced
dose to the surrounding tissues might also reduce the dose to
the infiltrating tumor cells. Our results support these concerns,
as proton therapy did not improve the PFS and OS outcomes
in our study relative to previous reports and did not contribute
to a reduction in late complications.

We note that 2 patients in our cohort underwent
reirradiation upon disease progression. One patient exhibited
a significant improvement in clinical symptoms and main-
tained an ambulatory status without assistance for 8 months,
indicating a benefit from this therapy. Recent reports suggest
that reirradiation could potentially improve the clinical course
and survival outcomes in both adult and pediatric patients with
progressive brain tumors, including DIPG [17, 18]. Moreover,
a meta-analysis of reirradiation for DIPG revealed possible
extensions of PFS and OS [19]. However, multiple irradiation
elicits concerns about the risk of radiation necrosis. Although
conventional radiotherapy is frequently the first line of treat-
ment, reirradiation often involves more highly conformal ra-
diation techniques, including intensity-modulated radiation
therapy, stereotactic radiosurgery, and proton therapy, to avoid
unfavorable acute toxicity [18]. Therefore, proton therapy
might be useful for treating recurrent and progressive
DIPGs. However, a well-established prospective study is
needed for validation.

Radiotherapy is essential for the treatment of DIPG. Our
study demonstrated that proton therapy and conventional ra-
diotherapy are equally effective for the treatment of DIPG.
However, the advantage of the former therapy, namely the
prevention of late complications, is not beneficial in patients
with this aggressive disease. Still, proton therapy can be used
in a reirradiation setting to prevent radiation necrosis in the
surrounding brain tissue. Furthermore, proton therapy will
likely become the treatment of choice to avoid late sequelae
once advances in treatment yield improved survival outcomes
in patients with DIPG. This is the first report of the treatment
outcomes of proton therapy for newly diagnosed pediatric
DIPG. Although the outcome was not significant, our results
will facilitate decisions regarding treatment options.
Furthermore, our findings provide novel information about
the treatment of pediatric brain tumors.

Conclusions

Proton therapy was well tolerated by the majority of our pa-
tients, and no patient required an interruption of proton

therapy because of treatment-related toxicity. Theoretically,
proton therapy may provide consistent advantages in terms
of reducing the areas that receive low and intermediate doses.
It will likely become the treatment of choice to avoid late
sequelae once advances in treatment have led to improved
survival outcomes in patients with DIPG. In this study, proton
therapy did not appear to yield survival advantages when
compared with previously reported treatment protocols in pe-
diatric patients with DIPG. However, further research is need-
ed to improve the survival outcomes in this patient population.
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