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Proton therapy for pediatric
diencephalic tumors

Adam J. Grippin and Susan L. McGovern*

Department of Radiation Oncology, University of Texas MD Anderson Cancer Center, Houston,
TX, United States

Diencephalic tumors tend to be low grade tumors located near several critical
structures, including the optic nerves, optic chiasm, pituitary, hypothalamus,
Circle of Willis, and hippocampi. In children, damage to these structures can
impact physical and cognitive development over time. Thus, the goal of
radiotherapy is to maximize long term survival while minimizing late effects,
including endocrine disruption leading to precocious puberty, height loss,
hypogonadotropic hypogonadism, and primary amenorrhea; visual disruption
including blindness; and vascular damage resulting in cerebral vasculopathy.
Compared to photon therapy, proton therapy offers the potential to decrease
unnecessary dose to these critical structures while maintaining adequate dose to
the tumor. In this article, we review the acute and chronic toxicities associated
with radiation for pediatric diencephalic tumors, focusing on the use of proton
therapy to minimize treatment-related morbidity. Emerging strategies to further
reduce radiation dose to critical structures will also be considered.
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Introduction

The diencephalon is a deep-seated midline region of the brain that includes the optic
nerves, optic chiasm, pituitary gland, thalamus, hypothalamus, third ventricle, and Circle of
Willis, and is very close to surrounding brain structures including the hippocampi (1).
Many tumors arise in the diencephalon including optic pathway/hypothalamic glioma,
craniopharyngioma, germ cell tumors, Langerhans cell histiocytosis, and pituitary
adenomas (1). Diencephalic tumors often result in symptoms from involvement of the
structures from which they arise or those that are nearby.

Treatment often includes definitive local therapy with maximal safe resection with or
without radiation (2-9). However, local therapy is difficult due to the close proximity of
adjacent critical structures. Fortunately, when these typically low-grade tumors arise in
pediatric patients, survival outcomes are good relative to other intracranial tumors, with
three year overall survival (OS) greater than 90% for all of these entities (7, 8, 10-13).
However, each treatment modality is associated with significant morbidity (7, 8, 10-13).
The late effects of radiation are driven by the close proximity of adjacent structures
resulting in significant acute and chronic toxicity including endocrine dysfunction, loss of
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visual acuity, and vasculopathy. Given the excellent survival
outcomes in these patients, the focus in the field has shifted
toward methods to reduce long term treatment morbidity.

By allowing increased precision, proton therapy promises to
reduce normal tissue toxicity without compromising treatment
outcomes (14-16). The theoretical benefit of this effect is
quantified by dosimetric studies evaluating the dose distribution
to critical brain structures with protons and photons in a variety of
intracranial malignancies. These studies have found a significant
reduction in dose to the normal brain with proton therapy, with the
largest decreases to the cochlea and uninvolved normal brain (i.e.
temporal lobe) for the diencephalic tumors (16).

In the following sections, the available clinical data regarding
the use of proton therapy in patients with diencephalic tumors will
be reviewed. Each section begins with a discussion of the acute and
chronic toxicities associated with the use of photon-based radiation
for pediatric diencephalic tumors and then highlights the use of
proton therapy to avoid or reduce these toxicities. The conclusion
offers a brief discussion of next generation techniques, including
those in clinical utilization and preclinical investigation.

Optic pathway/hypothalamic glioma

Low grade gliomas can arise throughout the brain but often
occur in the diencephalon. The most common to develop in the
diencephalon are optic pathway glioma and pilocytic astrocytoma.
Due to the difficulty of accessing tumors in this location, gross total
resection (GTR) and sub-total resection (STR) are usually not
feasible. Instead, patients are treated with definitive radiation.
Chemotherapy is often used to delay the use of radiation until the
patient reaches 10 years of age (9, 11). However, targeted therapies
have an increasing role as a primary therapeutic modality (17).

While pilocytic astrocytomas and optic pathway glioma
generally arise spontaneously, a significant portion of optic
pathway gliomas result from NF1 mutations. Radiation is avoided
in patients with NFl-associated glioma, who have significantly
worse radiation toxicity including a five-fold increased incidence
of occlusive vasculopathy (18). This review will therefore focus on
the effects of radiation in patients with non-NF1-associated optic
pathway/hypothalamic glioma.

Photon-based radiation for optic pathway/
hypothalamic glioma

Although randomized clinical trials are not available, a series of
excellent prospective and retrospective analyses provide estimations
of the toxicity of photon-based radiation and the benefits of proton
therapy for this disease.

One illustrative review completed at the University of Florida
included 29 pediatric patients with LGG (15 of which were
diencephalic) who were treated with photon-based radiation (40-
55Gy) between 1970 and 2004 with a median follow up of 17.8
years. In this subset of patients, tumor control is very good with 10-
year local control of 74% and 10-year OS of 85%. Although
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radiation was initially tolerated well, 65% of the 23 survivors
developed grade 3+ toxicity including 30% with significant
cognitive disability. In addition, hearing loss was seen in 1 (4%),
endocrine deficiency in 6 (26%), secondary tumor in 5 (22%),
cerebrovascular event in 3 (13%), radio-necrosis in 1 (4%), and
hydrocephalus in 2 (9%). Most strikingly, 14% of children in this
study ultimately died due to treatment related complications.
Importantly, the authors note that “all serious toxicity occurred
>10 years after treatment”, which suggests that the timeline of
follow up on these patients must be extensive to determine chronic
toxicity (10). This finding is supported by a population based
analysis that found that patients with pediatric diencephalic LGG
tumors who are initially managed with upfront radiation and
survive more than five years without recurrence have a 3-fold
increase in incidence of late death compared to those who were
managed without upfront radiation (19).

These data are also supported by an even larger retrospective
review of 361 patients with LGG (63.5% pilocytic astrocytoma; 41%
diencephalic), treated with radiation, surgery, or chemotherapy
with 15 year follow-up which demonstrated similarly favorable
OS (86%) and PFS (55%). The majority of these patients underwent
maximal total resection, with 53% STR and 40% GTR. Local control
was similar at 40%. As in the University of Florida experience, the
patients whose tumors resolved with treatment unfortunately
experienced significant 15-year cumulative incidence of growth
hormone (GH) deficiency (60%), seizure (26.5%), blindness
(27%), and CN deficit (24%). These toxicities occurred more
frequently for those with progressive disease. These adverse
events occurred with gradual incidence distributed almost evenly
over the 15 year period except for hyperinsulinism, which occurred
most frequently in years 10-15 after radiation, and GHD, which
occurred most frequently in the first ten years after radiation but
less frequently after this time. As expected, diencephalic tumor
location was an independent risk factor for blindness, GHD,
impaired thyroid function, and ACTH deficiency (20).

Despite the toxicity in the general population, patient selection
may guide the likelihood of severe radiation toxicity. Indeed, in a
study of 69 patients with optic chiasm or hypothalamic gliomas that
demonstrated excellent 10 year OS and 10 yr PFS 83% and 65.5%,
respectively, severe intellectual disability, which occurred in 18
children, correlated strongly with young age of treatment (21).

This retrospective and population-based data is also supported by
prospective studies in pediatric LGG including an evaluation of 58
patients with diencephalic tumors that were largely grade 1 optic
pathway glioma or pilocytic astrocytoma. Disease control was very
good with 5- and 10- year PFS 87% and 74%, respectively, and 5- and
10-yr OS 99% and 96%, respectively. However, these patients had
significant late effects of treatment including a decline in cognitive
function, with an average of a 10 point decline in intelligence quotient
over a five year period for patients age 5 years at treatment. The
deleterious effect of radiation diminished with age and ultimately had
no impact for patients who were greater than age 12 at time of
radiation. Hearing loss was observed in 12%, thyroid hormone
deficiency in 64%, and GH deficiency in 49% at 10-yr. Vasculopathy
developed in 4.8% of patients at 7 years, with increased risk for younger
patients up to 12.5% for the youngest cohort (22, 23).
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Further retrospective analysis from other major treatment
centers support the conclusion that radiation increases rates of
treatment related toxicity and are summarized in Table 1. Overall,
radiation for diencephalic glioma in the era of photon radiation is
associated with very good 15 year overall survival (82%-100%) and
local control (40%-63%). However, this often comes at the cost of
high incidence of cognitive dysfunction (26-30%), endocrine
disruption (26-85%), obesity (45-75%), thyroid hormone
deficiency (48%-68%), GH deficiency (39%-100%), and ACTH
deficiency (55.6%). Long term risks also include the less frequent
but debilitating complications of secondary tumor formation (9-
22%), vasculopathy (1-13%), and blindness (27%-57%) (18-23, 25—
28). Unfortunately, these long term risks prove fatal in a significant
portion (~14%) of patients (10).

Proton therapy for optic pathway/
hypothalamic glioma

The significant toxicity of photon radiation has led to
substantial interest in limiting normal tissue dose using proton
therapy. As a first step toward evaluating the benefit of protons in
this disease, dose distribution studies comparing proton, 3D photon
and lateral photon plans for patients who received proton
irradiation for OPGs demonstrate that protons significantly
improve the conformity index (CI) and reduce radiation dose to
normal tissue compared to either photon technique, with the most
significant reductions in dose to the contralateral optic nerve (47%
reduction compared to the 3D photon plan and 77% reduction
compared to the lateral photon plan), and less dramatic but still

10.3389/fonc.2023.1123082

consequential reductions to the optic chiasm, with 11% and 16%
reductions compared to the 3D and lateral photon plans,
respectively, and the pituitary, with 13% and 16% reductions
compared to the 3D and lateral photon plans, respectively. In this
analysis, larger tumors correlated with increased benefit from
proton planning (31).

Clinical studies also support these benefits of proton radiation.
The University of Florida experience includes 174 pediatric patients
with nonmetastatic LGG treated with proton beam radiation. 52%
of these patients had diencephalic tumors. At median follow up 4.4
years, this group had very good treatment outcomes, with 93% 5y
OS, 88% 5y PFS, and 89% 5y LC, which compares favorably with the
same institution’s data with photons described above (89% 5y OS,
82% 5y LC). This treatment also had a favorable toxicity profile, as
hormone deficiency developed in only 22% of patients (compared
to 26% treated with photons), and sensorineural hearing loss in 4
patients, with 1 requiring hearing aid. Serious long term toxicity
occurred in 7/174 (4%) of patients, including one secondary
malignancy, one optic retinopathy, three vasculopathies, and two
episodes of brainstem necrosis. However, this too compares
favorably with the rate of treatment related death demonstrated
in patients treated with photons at the same institution (14%) (12).

A second retrospective review of 32 patients with LGG treated
with proton radiation with a longer median follow up 7.6 years
including 18 patients with supratentorial tumors (56%) also found
favorable outcomes. In this series, 59.4% of patients had pilocytic
astrocytoma and only 18.8% had WHO Grade 2 tumors. Of note,
28% of these patients were treated with 80% photons due to
scheduling difficulty with the cyclotron. Nevertheless, 6-year and
8-year PFS were consistent with that observed for photon

TABLE 1 Toxicity associated with photon and proton therapy for Optic Pathway/Hypothalamic Glioma.

Modality = Patients Median follow 5y OS/

loss

(] up (years) LC

Hearing

Growth
Hormone
Deficiency

Endocrine Radionecrosis

deficiency

Secondary
tumor

Vasculopathy

Williams, 2018 Photons 29 17.8 89%/ 1% 26% 22% 13% 4%
(10) 82%
Armstrong, Photons 361 15 3.3%*** 60%
2011 (20)
Fouladi, 2003 Photons 73 6.3 69%/ 85% 60%
(24) 68%**
Merchant, 2009 Photons 78 7.4 12% 46% 5-yr,
(22) 49% 10-yr
Tsang, 2017 Photons* 89 12.5 9%
(25)
Tao, 1997 (26) Photons 29 6.2 100%/ 72% 59%
95%
Brauner, 1990 Photons 21 100% 100%
(27)
Collet-Solberg, Photons 38 5.6 39%
1997 (28)
Indelicato, 2019 Protons 174 4.4 93%/ 2% 22% 18% 1% 1%
(12) 89%
(Continued)
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TABLE 1 Continued

Patients Median follow

Study

Modality 5y 0S/

Hearing
(n) up (years) LC loss

10.3389/fonc.2023.1123082

Growth Radionecrosis

Hormone

Endocrine
deficiency

Secondary
tumor

Vasculopathy

Deficiency
Greenberger, Protons 32 7.6 100%/ ~75% 6%
1997 (29) 90%
Hug, 2014 (30) Protons 15 33 93%/ 27%

87%

Toxicity data is included as described in available publications. Missing datapoints are represented by empty cells. *These patients were treated with 95% photon and 5% proton plans due to
logistical constraints. **Data is reported as 6-year OS and LC. ***The rate of hearing loss is increased to 20.3% among patients with tumor progression.

irradiation at 89.7% and 82.8%, and 8 year OS was impeccable at
100%. The authors note a decline in neurocognitive function among
patients 4.8-5.4 years of age, although three of these four patients
were also in the “high risk” group that received over 15 Gy to 20% of
the volume of the left temporal lobe or hippocampus. In addition,
two patients with NF1 developed moyamoya (6%). Among patients
with supratentorial tumors, greater than 70% experienced
endocrine deficiency. Visual symptoms developed in a few
patients, and they improved in seven others due to tumor
regression (29). A retrospective review of 15 pediatric patients
with diencephalic LGG treated with protons at Loma Linda found
comparable results, with 3.3yr local control (LC) of 87% and 3.3yr
OS 93%. In this cohort, 4/15 developed hypopituitarism requiring
hormone replacement (30).

Overall, these results compare favorably with the data from
photon therapy, with each study of proton therapy demonstrating
excellent tumor control and overall survival. Conclusions regarding
long term toxicity will require additional time, as the median follow
up for the proton therapy studies is currently insufficient for
comparison to the photon therapy studies. However, the early
data on adverse events is promising and certainly warrants
further investigation (10).

Craniopharyngioma

Although craniopharyngioma is a benign tumor, it is clinically
quite challenging due to the proximity of the optic chiasm and
hypothalamus. This tumor was historically treated with surgery
alone, which carries risks of damage to these critical structures as
well as a risk of recurrence requiring radiation (2, 32-35). STR with
adjuvant radiation is an alternative treatment approach that
provides substantial disease control and may reduce acute
treatment morbidity (2, 3). These tumors may also be treated
with radiation alone in patients whose tumors are not amenable
to surgery (36). These approaches are highlighted in a large meta-
analysis including 531 patients with craniopharyngioma treated
with GTR or STR with adjuvant radiation which supports the utility
of all of these treatment options in demonstrating equivalent 5-yr
PES (77% vs 73%, respectively) for GTR and STR with radiation and
a significant benefit to the addition of radiation in patients who
received STR (73% vs 43%) (37).
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Photon therapy for craniopharyngioma

Although GTR is associated with the highest rates of new
endocrine dysfunction, panhypopituitarism, and new neurologic
deficits (38), multiple high quality retrospective reviews
demonstrate that EBRT with photons is also associated with
significant morbidity (2) including loss of visual acuity (0%-53%),
endocrinopathy (46%-100%), panyhypopituitarism (33%-55%),
radionecrosis (7%), and secondary malignancy (4-7%) (Table 2)
(2, 38-43, 47). Unfortunately, the rate of severe vasculopathy is
particularly increased for craniopharyngioma compared to other
intracranial tumors, with rates of 5-32% for patients with
craniopharyngioma compared to 2-4.3% for patients without
suprasellar tumors (2, 39, 41-43, 47, 48). This increased risk
corresponds with the close proximity of craniopharyngiomas to
the optic chiasm and Circle of Willis and is consistent with the
results of much broader studies evaluating the impact of
intracranial radiation on stroke incidence. In one such study of
2,202 5-year survivors of childhood cancer with a median follow up
of 26 years, El-Fayech, et al. found that pediatric radiation overall is
associated with an 8.5-fold increase in risk of stroke. This risk is
increased to 15.7-fold for patients with a dose of 40Gy to the Circle
of Willis, which is in such close proximity to the optic chiasm that
the dose to the chiasm is often used to approximate the dose to the
Circle of Willis. In addition, radiation of 10Gy to the Circle of Willis
was found to lead to an 11.3% incidence of stroke before the age of
45 (49). It is therefore critical to provide anticipatory guidance and
close vascular follow up for patients who receive substantial
radiation (e.g. >50 Gy) to the Circle of Willis.

Proton therapy for
pediatric craniopharyngioma

Dosimetric comparison of VMAT and pencil beam scanning
plans for patients with craniopharyngioma show that pencil beam
scanning significantly reduces dose to brain substructures
associated with cognition in and outside of the temporal lobe
including the hippocampus (50). In addition, comparison of
intensity modulated radiation therapy (IMRT), 3D-proton
radiation therapy (PRT), and intensity-modulated proton therapy
(IMPT) plans demonstrates that both types of proton plans result in
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TABLE 2 Toxicity associated with photon and proton therapy for Craniopharyngioma.

Identifier Modality = Patients Median Timeframe 3y 5y Endocrine Secondary = Vasculopathy Loss of Obesity
follow up (o) LC deficiency tumor visual
(y) acuity
Merchant, GTR or 15 6 1984-2001 40% 100% 47% 73%
2002 (2) STR
STR/Bx 15 6 100% 93% 33% 33%
+
Photons
Fouda, STR + 178 10 1960-2017 4% 11%
2020 (39) Photons
Ravindra, GTR 31 5.83 1997-2018 100% 73% 96% 2.5%* 20% 70% 90%
2021 (40)
STR/CD 14 100% 54% 75% 0% 71% 61%
+
Photons
STR + 11 100% 100% 100% 2.5% 9% 42% 71% 85%
Protons
CD + 7 100% 77% 50% 14% 10% 63% 50%
Protons
Winkfield, STR 43 8.6 1976-2003 88% 67% 7% 9% 53% 56% 43%
2011 (41) +Photons
Lo, 2016 MSR + 19 19 1971-2010 100% 32% 70%
(42) Photons
Bishop, CD/STR 21 5 2007-2012 94% 76% 10% 5% 19%
2014 (43) +
Protons
CD/STR 31 1996-2007 97% 77% 10% 13% 29%
+
Photons
Jimenez, STR + 77 4.8 2002-2018 90% 94% 6% 36%
2021 (44) Protons
Indelicato, STR + 45 2.6 2008-2016 100% 4%
2017 (45) Protons
Hall, 2018 STR + 135 3 2006-2015 19%
(46) Protons

GTR, gross total resection; STR, subtotal resection; CD, cyst decompression; MSR, maximal safe resection.
*One patient in the GTR group developed a secondary malignancy five years after receiving salvage proton therapy for recurrent disease.

significant reduction of dose to hippocampus, dentate gyrus,
subventricular zone, nearby vasculature, and uninvolved brain
outside the planning target volume (PTV) (51). In comparisons
of proton IMPT, double proton scatter (DPS), and photon IMRT
plans throughout treatment, IMPT demonstrates significantly
improved conformity index (CI) and significantly reduced normal
tissue dose compared to both DPS and IMRT. When comparing
IMRT and DPS, IMRT had higher CI and lower optic nerve dose,
but DPS exhibited lower doses to the optic chiasm, normal brain,
and cochlea with a reduction in mean planning target volume of
11.3%. Taken together, this evidence suggests that while any tested
method of proton therapy reduces doses to critical brain structures
compared to IMRT, IMPT results in the most substantial dose
reduction (52).

Multiple retrospective reviews also support the use of proton
therapy in patients with craniopharyngioma. One such comparison
included 63 pediatric patients with craniopharyngioma treated
between 1997 and 2018 with either GTR alone, STR or cyst
decompression (CD) + IMRT, STR + proton beam therapy
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(PBT), or CD + PBT. Of note, the IMRT data in this study was
not stratified by extent of resection because 12/14 patients in the
IMRT group received CD + IMRT, making the data in this group
most consistent with CD + IMRT. At five years follow up, PFS was
statistically and clinically significantly improved in the STR+PBT
and CD+PBT groups compared to the CD/STR + IMRT group, with
5-yr PES 73%, 54%, 100%, and 77% for GTR alone, STR or CD +
IMRT, STR + PBT, and CD + PBT, respectively. 5 yr OS was 100%
for all groups, but multiple deaths in GTR and IMRT groups
occurred before 12 years compared to 100% OS at 17 years
among all patients treated with protons. Hypopituitarism was
significantly more common the GTR and STR + PBT groups
compared to the CD/STR + IMRT and CD + PBT groups at 96%,
100%, 75%, and 50%, respectively, which corresponds with the
increased risk of hypopituitarism with increased extent of surgery.
Diabetes Insipidus (DI) was similarly elevated in these groups at
90%, 85%, 61%, and 20%, respectively. Although survival outcomes
were very good, two patients in the PBT group experienced
treatment-related vasculopathy and one developed a secondary
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malignancy. In addition, one patient in the GTR group developed a
secondary malignant neoplasm in the brainstem five years after
salvage treatment with proton radiation for recurrent disease. PBT
also had non-significantly increased rates of vision loss which
developed in 42% of patients treated with PBT compared to only
20% in the GTR group. Although obesity was common after
treatment, there were no differences between groups (40).

This result is corroborated with a second retrospective review of
52 patients with craniopharyngioma treated with PBT (21) or IMRT
(31) which found similar OS across treatment groups (96% 3yr OS)
but no difference in OS, PFS, rate of cyst growth, or toxicity at 59.4
months between the two radiation techniques, with decreased visual
acuity in 5% and 13%, vasculopathy in 10% and 10%, and endocrine
dysfunction in 76% and 77% of patients treated with protons and
photons, respectively (43).

Another study of 77 patients with pediatric craniopharyngioma
treated with protons demonstrated similar findings and toxicity. In
this group, 18% underwent GTR, 60% STR, and 22% biopsy or CD.
Grade 3 toxicity was observed in only 4% of patients. At median 4.8
years from treatment, there were only 6 local failures (6.6%) and 3
deaths (3.3%). Five year local control was 90% among evaluable
patients. Proton therapy was associated with infrequent incidence of
endocrine deficiency, visual impairments, and moyamoya
syndrome which were present after treatment in 94%, 40%, and
11% of patients compared to 87%, 52%, and 6% before treatment.
Fortunately, neurocognition was not clinically impacted by proton
beam radiation (44).

Data from the UF proton center is similar, with 3 yr OS and PFS
both 100% for 45 pediatric craniopharyngioma patients treated with
proton therapy. Only one of these patients experienced vision loss
(4%) (45). Although only one patient in this cohort experienced
symptomatic vasculopathy (4%), a larger study at the same
institution found that proton therapy for craniopharyngiomas
resulted in development of new vasculopathy in 19.3% of patients
(46). As discussed above, this high rate of vasculopathy is likely due
to the close proximity of craniopharyngiomas to the Circle of Willis
(46, 48).

Overall, the early data on proton therapy for craniopharyngiomas
is very promising, with exceptional rates of disease control (100% 5yr
0S, 90-100% 5y LC) and infrequent secondary tumor formation
within the reported follow up period. Although these data compare
favorably to the experience with photon radiation, further research is
needed to evaluate the long term risk of vasculopathy and secondary
tumor formation in this population (40, 43-45, 52).

Intracranial germ cell tumors

Intracranial germ cell tumors are a heterogeneous group of
tumors that arise from primordial germ cells. Germ cell tumors are
divided into germinoma and non-germinomatous tumors, of which
germinomas are associated with much better outcomes. Although
germ cell tumors most commonly arise in the pineal gland, 20-25%
arise in the suprasellar region, and 5-15% are bifocal with
simultaneous presentation in the pineal gland and suprasellar
region (53-56). In addition to imaging, suprasellar involvement
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may also be defined by a history of DI. Localized intracranial
germinoma, including bifocal tumors, can be cured by whole
ventricle radiation and local boost radiation without surgery, but
the addition of chemotherapy allows de-escalation of radiation
doses (57-61). Metastatic germinomas require craniospinal
irradiation (CSI) with a local boost (57-60), possibly with
chemotherapy. Surgery may be utilized in the setting of recurrent
disease, when resection provides significant benefit (62).
Nongerminomatous germ cell tumors (NGGCT) are more
treatment resistant and require combination therapy with
chemotherapy (usually cisplatin) and adjuvant radiation, typically
CSI (63) but with recent consideration of reduced volumes (64), to
achieve 5 year event free survival (EFS) and OS of 70-80% (4, 5, 62,
64, 65). As this review aims to understand the toxicities associated
with radiation to diencephalic tumors, the following sections focus
specifically on the relevant toxicity for those germ cell tumors with
suprasellar involvement.

Photon-based radiation for intracranial
germ cell tumors

As seen in low grade glioma and craniopharyngioma, the high
cure rates associated with photon-based radiation for germ cell
tumors are not without consequence. Among patients treated with
photon-based radiation, endocrine disruption is common (33-
56%), with incidence increasing to 73% in patients who receive
greater than 45Gy to the tumor bed (56, 66, 67). Neurocognitive
impairment is also common, with an incidence of 50% in patients
with suprasellar disease (56). Secondary malignant neoplasms
develop in about 6% of patients with germinoma and 4% of
patients with NGGCT (56, 66, 67). In addition, evaluation of data
from the SEER database suggests that these patients have a
substantially elevated risk of death from cerebrovascular events in
the decades following radiation, reinforcing again the importance of
close vascular follow up for patients receiving radiation for
diencephalic tumors (67).

Proton-based radiation for intracranial
germ cell tumors

Dosimetric analyses of radiation planning for germ cell tumors
including focal and whole ventricle radiation have demonstrated
significant reduction of dose to normal brain, hippocampus,
cerebellum, supratentorial brain, temporal lobes, and frontal lobes
with protons (68, 69). Clinical data also support a role for proton
therapy in reducing toxicity, although the data in this setting is
much more limited.

In one retrospective review of 14 patients with nonmetastatic
intracranial nongerminomatous germ cell tumors treated with
adjuvant proton therapy after chemotherapy, 8 received CSI, 2
whole ventricle radiation, and 4 focal radiation alone. All patients
were alive at 2.8 year median follow up with three year PFS 86% that
compares favorably with historical PFS 70-80% with chemoradiation
(4). Of the two patients who progressed with metastatic recurrence,
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both received focal radiation alone. Serious adverse events were
limited to the patients who received CSI, among whom 3
experienced loss of visual acuity and one developed growth
hormone deficiency (11).

Although this retrospective review did not include rigorous
neurocognitive testing, a prospective evaluation of 34 patients with
intracranial germ cell tumors found that these patients overall had
significant decreases in neurocognitive function compared to the
general population at diagnosis but patients with diencephalic
tumors had no further deterioration of neurocognitive function
after proton therapy (70).

Another retrospective study of 127 patients with CNS germ cell
tumors treated with upfront chemotherapy followed by patient’s
choice proton or photon radiation shows equivalent survival
between the two radiation techniques. Secondary malignancy
developed in 6/127 of the patients in this study, resulting in
fatality in one patient, but the authors did not differentiate
whether the type of radiation impacts this prevalence (71).

Together, this evidence suggests that proton therapy achieves
similar rates of tumor control to photon based radiation. However,
conclusions on the benefit of proton therapy in this disease site will
require additional evidence comparing outcomes for patients
treated with photon or proton therapy.

Pituitary adenomas

Pituitary adenomas are a relatively rare but largely benign tumor in
the CNS. About 2/3 of pituitary adenomas are functional. These
tumors most commonly secrete prolactin leading to galactorrhea,
amenorrhea, and menopausal symptoms, but can also secrete other
hormones include growth hormone (GH) leading to acromegaly or
ACTH leading to Cushing disease. It is also possible for these tumors to
secrete TSH, although this is a much rarer phenomenon.

Gamma knife for pituitary adenomas

Although functional pituitary adenomas are often cured with
surgical resection, radiation is required for salvage therapy in about
20-40% of cases (7, 8). The treatment of choice in these cases has
historically been gamma knife (GK) radiosurgery, which allows
precise targeting of high doses of radiation in 1-3 treatments.

This technique has produced very good outcomes, as exemplified
in a review of 418 patients treated with GK demonstrating a tumor
control rate of 90%, with median follow up of 31 months and median
time to endocrine remission of 48.9 months. However, this therapy is
not without complication as it produces new onset pituitary hormone
deficiency in 8-24% of treated patients, permanent cranial nerve deficit
in 0.5% of treated patients, and loss of visual acuity in 2% (13, 72).

Proton therapy for pituitary adenomas

A subset of patients with pituitary adenoma may not be ideal for
treatment with GK due to the proximity of the optic chiasm. Such
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patients may be more appropriately treated with fractionated
stereotactic radiosurgery (SRS). In a dosimetric comparison of
treatment plans, stereotactic proton therapy reduced dose to optic
nerve, hypothalamus and normal brain compared to stereotactic
photon therapy. Given our current understanding of the risks of
secondary malignancy, this difference corresponds with a reduction
of projected risk of secondary malignancy from 12.93% to 5.28%
(p=0.008) (73).

Proton based SRS has also been utilized in the clinic, including
in a study of 165 patients with functional pituitary adenomas
refractory to resection (162 patients) and/or photon radiation (3
patients) who were treated with proton stereotactic radiosurgery
(92% of patients) or fractionated proton therapy (8%). In these
patients, tumor control was 98% at 43 months, which compares
favorably with the 90% control rate expected for GK SRS. In
addition, biochemical complete responses were achieved by 3
years in 54% of patients with Cushing disease with a time to
endocrine remission of 32 months, 63% of patients with Nelson
syndrome with a time to endocrine remission of 27 months, 26% of
patients with acromegaly with a time to endocrine remission of 62
months, and 22% of patients with prolactinomas with time to
endocrine remission of 60 months. Actuarial 3 and 5 year rates of
new hypopituitarism were 45% and 62%, with larger radiated
volume correlating with higher risk. Four patients had new onset
seizure after radiation. Of note, treatment in this study included the
entire sella turcica, but attempts are now being made to reduce
toxicity further by narrowing the treatment field (74).

Discussion

The combination of stark differences in dose distribution and
increasingly impressive clinical data has resulted in a consensus
among practitioners that proton based radiation therapy is the
preferred choice for children with diencephalic tumors. This
conclusion is documented in the Consensus Report from the 2015
Stockholm Pediatric Proton Therapy Conference, which reports
universal agreement that protons should be used in patients with
craniopharyngioma, low grade glioma, and optic pathway glioma. In
contrast, photons were preferred in the case of high grade glioma, in
which very poor outcomes negate the long term benefit of reducing
toxicities. As part of the conference, photon plans and proton plans
were created by experienced radiation oncologists at centers that
predominantly complete photons and proton plans, respectively.
Even in this setting, proton plans produced significantly reduced
normal tissue doses including significant reduction of dose to supra-
tentorial brain in patients with craniopharyngioma, reflecting the
benefit of proton planning in these patients (75).

Future work in this area should include further improvement of
proton based radiation techniques to improve conformality and
reduce normal tissue toxicity. These efforts will be aided by
additional research that identifies the most critical structures to
avoid and evaluates the impact of proton therapy on long term
outcomes. For example, retrospective analyses have identified
significant positive correlations of vascular toxicity with dose to
the optic chiasm, suggesting that planning that minimizes dose
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distribution to critical vasculature may further reduce this
complication. Linear energy transfer (LET) based methods of
treatment planning may provide new strategies for further
reducing biologic dose to this critical vasculature (46, 76).

Several technologic developments offer the potential to further
reduce late effects from proton therapy. IMPT is increasingly
clinically available and offers improved conformality over passive
scatter proton therapy. Stereotactic proton therapy is emerging as a
treatment technique that may offer benefits for selected pediatric
patients. On the horizon, FLASH proton therapy enables the
delivery of very high doses of radiation in fractions of a second.
Early clinical results suggest that this treatment can be delivered
safely and can reduce radiation-mediated damage to normal tissues
(77-79). Further basic, translational, and clinical research
investigations into the potential of FLASH therapy to reduce late
effects, especially in children, are eagerly awaited.

One of the challenges in radiation treatment recommendations
is the late onset of severe radiation toxicity, which occurs most
frequently and sometime exclusively many years after treatment. It
is likely that treatment recommendations will be made before the
full toxicity of novel treatments is known. In those cases, it is
essential to continue rigorous analysis of retrospective data to
determine impacts on patient outcomes.

Conclusion

Radiation is often an essential modality for long-term control of
pediatric diencephalic tumors but is challenging due to the close
proximity of critical adjacent structures including vasculature,
pituitary gland, optic chiasm, and optic tracts. Proton therapy can
mitigate these concerns by enabling more precise delivery of
radiation to tumor targets while minimizing dose to normal brain
tissue. More time will be needed to determine the long term
outcome of patients treated with proton therapy, but early clinical
data suggest that proton therapy is safe and effective for pediatric
diencephalic tumors. Future work will include further advances in

References

1. Yazici N, Varan A, Akalan N, Soylemezoglu F, Zorlu F, Kutluk T, et al.
Diencephalic tumors in children: a 30-year experience of a single institution. Childs
Nerv Syst (2011) 27(8):1251-6. doi: 10.1007/s00381-011-1395-z

2. Merchant TE, Kiehna EN, Sanford RA, Mulhern RK, Thompson SJ, Wilson MW, et al.
Craniopharyngioma: The St. Jude's children’s research hospital experience 1984-2001. Int |
Radiat Oncol Biol Phys (2002) 53(3):533-42. doi: 10.1016/s0360-3016(02)02799-2

3. Kim N, Lim DH. Recent updates on radiation therapy for pediatric optic pathway
glioma. Brain Tumor Res Treat (2022) 10(2):94-100. doi: 10.14791/btrt.2022.0003

4. Dearnaley DP, A'Hern RP, Whittaker S, Bloom H]J. Pineal and CNS germ cell
tumors: Royal Marsden hospital experience 1962-1987. Int ]| Radiat Oncol Biol Phys
(1990) 18(4):773-81. doi: 10.1016/0360-3016(90)90396-2

5. Robertson PL, DaRosso RC, Allen JC. Improved prognosis of intracranial non-
germinoma germ cell tumors with multimodality therapy. J Neurooncol (1997) 32
(1):71-80. doi: 10.1023/A:1005732105727

6. Robertson PL, Jakacki R, Hukin J, Siffert J, Allen JC. Multimodality therapy for CNS
mixed malignant germ cell tumors (MMGCT): results of a phase I multi-institutional study.
] Neurooncol (2014) 118(1):93-100. doi: 10.1007/s11060-013-1306-0

7. Kreutzer ], Vance ML, Lopes MB, Laws ER Jr. Surgical management of GH-
secreting pituitary adenomas: an outcome study using modern remission criteria. J Clin
Endocrinol Metab (2001) 86(9):4072-7. doi: 10.1210/jcem.86.9.7819

Frontiers in Oncology

10.3389/fonc.2023.1123082

radiation technology including IMPT, proton-based SRS, and
FLASH-proton therapy, which each promise to decrease normal
tissue toxicity without compromising tumor control. Coordination
between major treatment centers will likely be necessary to evaluate
each of these approaches for safety and efficacy as they become
more widely available.

Author contributions

AG and SM designed the study, wrote, and edited the
manuscript. All authors contributed to the article and approved
the submitted version.

Funding

This study was supported by the National Institutes of Health
Cancer Center Support Grant (CCSG), 5P30CA016672-45.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

8. Kelly DF. Transsphenoidal surgery for cushing’s disease: a review of success rates,
remission predictors, management of failed surgery, and nelson’s syndrome. Neurosurg
Focus (2007) 23(3):E5. doi: 10.3171/f0c.2007.23.3.7

9. Gururangan S, Cavazos CM, Ashley D, Herndon JE, Bruggers CS 2nd, Moghrabi
A, et al. Phase II study of carboplatin in children with progressive low-grade gliomas.
J Clin Oncol (2002) 20(13):2951-8. doi: 10.1200/JCO.2002.12.008

10. Williams NL, Rotondo RL, Bradley JA, Pincus DW, Fort JA, Wynn T. Late
effects after radiotherapy for childhood low-grade glioma. Am J Clin Oncol (2018) 41
(3):307-12. doi: 10.1097/COC.0000000000000267

11. Mokhtech M, Rotondo RL, Bradley JA, Sandler ES, Nanda R, Logie N, et al. Early
outcomes and patterns of failure following proton therapy for nonmetastatic
intracranial nongerminomatous germ cell tumors. Pediatr Blood Cancer (2018) 65
(6):€26997. doi: 10.1002/pbc.26997

12. Indelicato DJ, Rotondo RL, Uezono H, Sandler ES, Aldana PR, Ranalli NJ, et al.
Outcomes following proton therapy for pediatric low-grade glioma. Int ] Radiat Oncol
Biol Phys (2019) 104(1):149-56. doi: 10.1016/j.ijrobp.2019.01.078

13. Sheehan JP, Pouratian N, Steiner L, Laws ER, Vance ML. Gamma knife surgery
for pituitary adenomas: factors related to radiological and endocrine outcomes. ]
Neurosurg (2011) 114(2):303-9. doi: 10.3171/2010.5.JNS091635

frontiersin.org


https://doi.org/10.1007/s00381-011-1395-z
https://doi.org/10.1016/s0360-3016(02)02799-2
https://doi.org/10.14791/btrt.2022.0003
https://doi.org/10.1016/0360-3016(90)90396-2
https://doi.org/10.1023/A:1005732105727
https://doi.org/10.1007/s11060-013-1306-0
https://doi.org/10.1210/jcem.86.9.7819
https://doi.org/10.3171/foc.2007.23.3.7
https://doi.org/10.1200/JCO.2002.12.008
https://doi.org/10.1097/COC.0000000000000267
https://doi.org/10.1002/pbc.26997
https://doi.org/10.1016/j.ijrobp.2019.01.078
https://doi.org/10.3171/2010.5.JNS091635
https://doi.org/10.3389/fonc.2023.1123082
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Grippin and McGovern

14. Mohan R, Grosshans D. Proton therapy - present and future. Adv Drug Delivery
Rev (2017) 109:26-44. doi: 10.1016/j.addr.2016.11.006

15. Lucas JTJr., Ladra MM, MacDonald SM, Busse PM, Friedmann AM, Ebb DH,
et al. Proton therapy for pediatric and adolescent esthesioneuroblastoma. Pediatr Blood
Cancer (2015) 62(9):1523-8. doi: 10.1002/pbc.25494

16. Vogel ], Carmona R, Ainsley CG, Lustig RA. The promise of proton therapy for
central nervous system malignancies. Neurosurgery (2019) 84(5):1000-10. doi: 10.1093/
neuros/nyy454

17. Cooney T, Yeo KK, Kline C, Prados M, Haas-Kogan D, Chi S, et al. Neuro-
oncology practice clinical debate: targeted therapy vs conventional chemotherapy in
pediatric low-grade glioma. Neurooncol Pract (2020) 7(1):4-10. doi: 10.1093/nop/npz033

18. Grill J, Couanet D, Cappelli C, Habrand JL, Rodriguez D, Sainte-Rose C, et al.
Radiation-induced cerebral vasculopathy in children with neurofibromatosis and optic
pathway glioma. Ann Neurol (1999) 45(3):393-6. doi: 10.1002/1531-8249(199903)
45:3<393::AID-ANA17>3.0.CO;2-B

19. Krishnatry R, Zhukova N, Guerreiro Stucklin AS, Pole JD, Mistry M, Fried I,
et al. Clinical and treatment factors determining long-term outcomes for adult
survivors of childhood low-grade glioma: A population-based study. Cancer (2016)
122(8):1261-9. doi: 10.1002/cncr.29907

20. Armstrong GT, Conklin HM, Huang S, Srivastava D, Sanford R, Ellison DW,
et al. Survival and long-term health and cognitive outcomes after low-grade glioma.
Neuro Oncol (2011) 13(2):223-34. doi: 10.1093/neuonc/noq178

21. Cappelli C, Grill ], Raquin M, Pierre-Kahn A, Lellouch-Tubiana A, Terrier-Lacombe
M], et al. Long-term follow up of 69 patients treated for optic pathway tumours before the
chemotherapy era. Arch Dis Child (1998) 79(4):334-8. doi: 10.1136/adc.79.4.334

22. Merchant TE, Conklin HM, Wu S, Lustig RH, Xiong X. Late effects of conformal
radiation therapy for pediatric patients with low-grade glioma: prospective evaluation
of cognitive, endocrine, and hearing deficits. J Clin Oncol (2009) 27(22):3691-7. doi:
10.1200/JC0O.2008.21.2738

23. Merchant TE, Kun LE, Wu S, Xiong X, Sanford RA, Boop FA. Phase II trial of
conformal radiation therapy for pediatric low-grade glioma. J Clin Oncol (2009) 27
(22):3598-604. doi: 10.1200/JC0O.2008.20.9494

24. Fouladi M, Wallace D, Langston JW, Mulhern R, Rose SR, Gajjar A, et al.
Survival and functional outcome of children with hypothalamic/chiasmatic tumors.
Cancer. (2003) 97(4):1084-92. doi: 10.1002/cncr.11119

25. Tsang DS, Murphy ES, Merchant TE. Radiation therapy for optic pathway and
hypothalamic low-grade gliomas in children. Int J Radiat Oncol Biol Phys (2017) 99
(3):642-51. doi: 10.1016/j.ijrobp.2017.07.023

26. Tao ML, Barnes PD, Billett AL, Leong T, Shrieve DC, Scott RM, et al. Childhood
optic chiasm gliomas: radiographic response following radiotherapy and long-term
clinical outcome. Int ] Radiat Oncol Biol Phys (1997) 39(3):579-87. doi: 10.1016/S0360-
3016(97)00359-3

27. Brauner R, Malandry F, Rappaport R, Zucker JM, Kalifa C, Pierre-Kahn A, et al.
Growth and endocrine disorders in optic glioma. Eur ] Pediatr (1990) 149(12):825-8.
doi: 10.1007/BF02072067

28. Collet-Solberg PF, Sernyak H, Satin-Smith M, Katz LL, Sutton L, Molloy P, et al.
Endocrine outcome in long-term survivors of low-grade hypothalamic/chiasmatic glioma.
Clin Endocrinol (Oxf) (1997) 47(1):79-85. doi: 10.1046/j.1365-2265.1997.2211032.x

29. Greenberger BA, Pulsifer MB, Ebb DH, MacDonald SM, Jones RM, Butler WE,
et al. Clinical outcomes and late endocrine, neurocognitive, and visual profiles of
proton radiation for pediatric low-grade gliomas. Int ] Radiat Oncol Biol Phys (2014) 89
(5):1060-8. doi: 10.1016/.ijrobp.2014.04.053

30. Hug EB, Muenter MW, Archambeau JO, DeVries A, Liwnicz B, Loredo LN, et al.
Conformal proton radiation therapy for pediatric low-grade astrocytomas. Strahlenther
Onkol (2002) 178(1):10-7. doi: 10.1007/s00066-002-0874-2

31. Fuss M, Hug EB, Schaefer RA, Nevinny-Stickel M, Miller DW, Slater JM, et al.
Proton radiation therapy (PRT) for pediatric optic pathway gliomas: comparison with
3D planned conventional photons and a standard photon technique. Int J Radiat Oncol
Biol Phys (1999) 45(5):1117-26. doi: 10.1016/S0360-3016(99)00337-5

32. Scott RM, Hetelekidis S, Barnes PD, Goumnerova L, Tarbell NJ. Surgery, radiation,
and combination therapy in the treatment of childhood craniopharyngioma-a 20-year
experience. Pediatr Neurosurg (1994) 21 Suppl 1:75-81. doi: 10.1159/000120866

33. Villani RM, Tomei G, Bello L, Sganzerla E, Ambrosi B, Re T, et al. Long-term
results of treatment for craniopharyngioma in children. Childs Nerv Syst (1997) 13
(7):397-405. doi: 10.1007/s003810050108

34. Wen BC, Hussey DH, Staples ], Hitchon PW, Jani SK, Vigliotti AP, et al. A
comparison of the roles of surgery and radiation therapy in the management of
craniopharyngiomas. Int ] Radiat Oncol Biol Phys (1989) 16(1):17-24. doi: 10.1016/
0360-3016(89)90005-9

35. Palmisciano P, Young K, Ogasawara M, Yousefi O, Ogasawara C, Ferini G, et al.

Craniopharyngiomas invading the ventricular system: A systematic review. Anticancer
Res (2022) 42(9):4189-97. doi: 10.21873/anticanres.15919

36. Young M, Delaney A, Jurbergs N, Pan H, Wang F, Boop FA, et al. Radiotherapy
alone for pediatric patients with craniopharyngioma. J Neurooncol (2022) 156(1):195-
204. doi: 10.1007/s11060-021-03908-2

37. Clark AJ, Cage TA, Aranda D, Parsa AT, Sun PP, Auguste KI, et al. A systematic
review of the results of surgery and radiotherapy on tumor control for pediatric
craniopharyngioma. Childs Nerv Syst (2013) 29(2):231-8. doi: 10.1007/s00381-012-1926-2

Frontiers in Oncology

10.3389/fonc.2023.1123082

38. Clark AJ, Cage TA, Aranda D, Parsa AT, Auguste KI, Gupta N. Treatment-
related morbidity and the management of pediatric craniopharyngioma: a systematic
review. ] Neurosurg Pediatr (2012) 10(4):293-301. doi: 10.3171/2012.7.PEDS11436

39. Fouda MA, Scott RM, Marcus K], Ullrich N, Manley PE, Kieran MW, et al. Sixty
years single institutional experience with pediatric craniopharyngioma: between the past and
the future. Childs Nerv Syst (2020) 36(2):291-6. doi: 10.1007/s00381-019-04294-x

40. Ravindra VM, Okcu MF, Ruggieri L, Frank TS, Paulino AC, McGovern SL, et al.
Comparison of multimodal surgical and radiation treatment methods for pediatric
craniopharyngioma: long-term analysis of progression-free survival and morbidity. J
Neurosurg Pediatr (2021), 1-8. doi: 10.3171/2020.11.PEDS20803

41. Winkfield KM, Tsai HK, Yao X, Larson E, Neuberg D, Pomeroy SL, et al. Long-
term clinical outcomes following treatment of childhood craniopharyngioma. Pediatr
Blood Cancer (2011) 56(7):1120-6. doi: 10.1002/pbc.22884

42. Lo AC, Howard AF, Nichol A, Hasan H, Martin M, Heran M, et al. A cross-
sectional cohort study of cerebrovascular disease and late effects after radiation therapy
for craniopharyngioma. Pediatr Blood Cancer (2016) 63(5):786-93. doi: 10.1002/
pbc.25889

43. Bishop AJ, Greenfield B, Mahajan A, Paulino AC, Okcu MF, Allen PK, et al. Proton
beam therapy versus conformal photon radiation therapy for childhood craniopharyngioma:
multi-institutional analysis of outcomes, cyst dynamics, and toxicity. Int ] Radiat Oncol Biol
Phys (2014) 90(2):354-61. doi: 10.1016/jijrobp.2014.05.051

44. Jimenez RB, Ahmed S, Johnson A, Thomas H, Depauw N, Horick N, et al.
Proton radiation therapy for pediatric craniopharyngioma. Int ] Radiat Oncol Biol Phys
(2021) 110(5):1480-7. doi: 10.1016/j.ijrobp.2021.02.045

45. Indelicato DJ, Bradley JA, Sandler ES, Aldana PR, Sapp A, Gains JE, et al.
Clinical outcomes following proton therapy for children with central nervous system
tumors referred overseas. Pediatr Blood Cancer (2017) 64(12). doi: 10.1002/pbc.26654

46. Hall MD, Bradley JA, Rotondo RL, Hanel R, Shah C, Morris CG, et al. Risk of
radiation vasculopathy and stroke in pediatric patients treated with proton therapy for
brain and skull base tumors. Int ] Radiat Oncol Biol Phys (2018) 101(4):854-9. doi:
10.1016/j.ijrobp.2018.03.027

47. Fouda MA, Day EL, Zurakowski D, Scott RM, Smith ER, Marcus K], et al.
Predictors of progression in radiation-induced versus nonradiation-induced pediatric
meningiomas: a large single-institution surgical experience. ] Neurosurg Pediatr (2021),
1-7. doi: 10.3171/2021.1.PEDS20819

48. Bavle A, Srinivasan A, Choudhry F, Anderson M, Confer M, Simpson H, et al.
Systematic review of the incidence and risk factors for cerebral vasculopathy and stroke
after cranial proton and photon radiation for childhood brain tumors. Neurooncol
Pract (2021) 8(1):31-9. doi: 10.1093/nop/npaa061

49. El-Fayech C, Haddy N, Allodji RS, Veres C, Diop F, Kahlouche A, et al.
Cerebrovascular diseases in childhood cancer survivors: Role of the radiation dose to
Willis circle arteries. Int J Radiat Oncol Biol Phys (2017) 97(2):278-86. doi: 10.1016/
j.ijrobp.2016.10.015

50. Toussaint L, Indelicato DJ, Muren LP, Li Z, Lassen-Ramshad Y, Kirby K, et al.
Temporal lobe sparing radiotherapy with photons or protons for cognitive function
preservation in paediatric craniopharyngioma. Radiother Oncol (2020) 142:140-6. doi:
10.1016/j.radonc.2019.08.002

51. Boehling NS, Grosshans DR, Bluett JB, Palmer MT, Song X, Amos RA, et al.
Dosimetric comparison of three-dimensional conformal proton radiotherapy,
intensity-modulated proton therapy, and intensity-modulated radiotherapy for
treatment of pediatric craniopharyngiomas. Int J Radiat Oncol Biol Phys (2012) 82
(2):643-52. doi: 10.1016/j.ijrobp.2010.11.027

52. Beltran C, Roca M, Merchant TE. On the benefits and risks of proton therapy in
pediatric craniopharyngioma. Int J Radiat Oncol Biol Phys (2012) 82(2):e281-7. doi:
10.1016/j.ijrobp.2011.01.005

53. Lo AC, Hodgson D, Dang J, Tyldesley S, Bouffet E, Bartels U, et al. Intracranial
germ cell tumors in adolescents and young adults: A 40-year multi-institutional review
of outcomes. Int ] Radiat Oncol Biol Phys (2020) 106(2):269-78. doi: 10.1016/
jijrobp.2019.10.020

54. Takami H, Fukuoka K, Fukushima S, Nakamura T, Mukasa A, Saito N, et al.
Integrated clinical, histopathological, and molecular data analysis of 190 central
nervous system germ cell tumors from the iGCT consortium. Neuro Oncol (2019) 21
(12):1565-77. doi: 10.1093/neuonc/noz139

55. Kanamori M, Takami H, Yamaguchi S, Sasayama T, Yoshimoto K. So-called
bifocal tumors with diabetes insipidus and negative tumor markers: are they all
germinoma? Neuro Oncol (2021) 23(2):295-303. doi: 10.1093/neuonc/noaal99

56. Wong J, Goddard K, Laperriere N, Dang J, Bouffet E, Bartels U, et al. Long term
toxicity of intracranial germ cell tumor treatment in adolescents and young adults. ]
Neurooncol (2020) 149(3):523-32. doi: 10.1007/s11060-020-03642-1

57. Cheng$, Kilday JP, Laperriere N, Janzen L, Drake J, Bouffet E, et al. Outcomes of
children with central nervous system germinoma treated with multi-agent
chemotherapy followed by reduced radiation. J Neurooncol (2016) 127(1):173-80.
doi: 10.1007/s11060-015-2029-1

58. Afzal S, Wherrett D, Bartels U, Tabori U, Huang A, Stephens D, et al. Challenges
in management of patients with intracranial germ cell tumor and diabetes insipidus
treated with cisplatin and/or ifosfamide based chemotherapy. ] Neurooncol (2010) 97
(3):393-9. doi: 10.1007/s11060-009-0033-z

59. Calaminus G, Kortmann R, Worch J, Nicholson JC, Alapetite C, Garre ML, et al.
SIOP CNS GCT 96: final report of outcome of a prospective, multinational

frontiersin.org


https://doi.org/10.1016/j.addr.2016.11.006
https://doi.org/10.1002/pbc.25494
https://doi.org/10.1093/neuros/nyy454
https://doi.org/10.1093/neuros/nyy454
https://doi.org/10.1093/nop/npz033
https://doi.org/10.1002/1531-8249(199903)45:3%3C393::AID-ANA17%3E3.0.CO;2-B
https://doi.org/10.1002/1531-8249(199903)45:3%3C393::AID-ANA17%3E3.0.CO;2-B
https://doi.org/10.1002/cncr.29907
https://doi.org/10.1093/neuonc/noq178
https://doi.org/10.1136/adc.79.4.334
https://doi.org/10.1200/JCO.2008.21.2738
https://doi.org/10.1200/JCO.2008.20.9494
https://doi.org/10.1002/cncr.11119
https://doi.org/10.1016/j.ijrobp.2017.07.023
https://doi.org/10.1016/S0360-3016(97)00359-3
https://doi.org/10.1016/S0360-3016(97)00359-3
https://doi.org/10.1007/BF02072067
https://doi.org/10.1046/j.1365-2265.1997.2211032.x
https://doi.org/10.1016/j.ijrobp.2014.04.053
https://doi.org/10.1007/s00066-002-0874-2
https://doi.org/10.1016/S0360-3016(99)00337-5
https://doi.org/10.1159/000120866
https://doi.org/10.1007/s003810050108
https://doi.org/10.1016/0360-3016(89)90005-9
https://doi.org/10.1016/0360-3016(89)90005-9
https://doi.org/10.21873/anticanres.15919
https://doi.org/10.1007/s11060-021-03908-2
https://doi.org/10.1007/s00381-012-1926-2
https://doi.org/10.3171/2012.7.PEDS11436
https://doi.org/10.1007/s00381-019-04294-x
https://doi.org/10.3171/2020.11.PEDS20803
https://doi.org/10.1002/pbc.22884
https://doi.org/10.1002/pbc.25889
https://doi.org/10.1002/pbc.25889
https://doi.org/10.1016/j.ijrobp.2014.05.051
https://doi.org/10.1016/j.ijrobp.2021.02.045
https://doi.org/10.1002/pbc.26654
https://doi.org/10.1016/j.ijrobp.2018.03.027
https://doi.org/10.3171/2021.1.PEDS20819
https://doi.org/10.1093/nop/npaa061
https://doi.org/10.1016/j.ijrobp.2016.10.015
https://doi.org/10.1016/j.ijrobp.2016.10.015
https://doi.org/10.1016/j.radonc.2019.08.002
https://doi.org/10.1016/j.ijrobp.2010.11.027
https://doi.org/10.1016/j.ijrobp.2011.01.005
https://doi.org/10.1016/j.ijrobp.2019.10.020
https://doi.org/10.1016/j.ijrobp.2019.10.020
https://doi.org/10.1093/neuonc/noz139
https://doi.org/10.1093/neuonc/noaa199
https://doi.org/10.1007/s11060-020-03642-1
https://doi.org/10.1007/s11060-015-2029-1
https://doi.org/10.1007/s11060-009-0033-z
https://doi.org/10.3389/fonc.2023.1123082
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Grippin and McGovern

nonrandomized trial for children and adults with intracranial germinoma, comparing
craniospinal irradiation alone with chemotherapy followed by focal primary site
irradiation for patients with localized disease. Neuro Oncol (2013) 15(6):788-96. doi:
10.1093/neuonc/not019

60. Perkins SM, Fei W, Mitra N, Shinohara ET. Late causes of death in children treated
for CNS malignancies. ] Neurooncol (2013) 115(1):79-85. doi: 10.1007/s11060-013-1197-0

61. Yamasaki K, Okada K, Soejima T, Kosaka Y, Nagashima T, Hara J. Outcomes of
local radiation and intensified combined intrathecal methotrexate and high-dose
chemotherapy for intracranial germ cell tumors. ] Pediatr Hematol Oncol (2020) 42
(7):€551-7. doi: 10.1097/MPH.0000000000001820

62. Frappaz D, Dhall G, Murray MJ, Goldman S, Faure Conter C, Allen J, et al.
EANO, SNO and euracan consensus review on the current management and future
development of intracranial germ cell tumors in adolescents and young adults. Neuro
Oncol (2022) 24(4):516-27. doi: 10.1093/neuonc/noab252

63. Goldman S, Bouffet E, Fisher PG, Allen JC, Robertson PL, Chuba PJ, et al. Phase 1T
trial assessing the ability of neoadjuvant chemotherapy with or without second-look surgery
to eliminate measurable disease for nongerminomatous germ cell tumors: A children’s
oncology group study. ] Clin Oncol (2015) 33(22):2464-71. doi: 10.1200/JCO.2014.59.5132

64. Fangusaro J, Wu S, MacDonald S, Murphy E, Shaw D, Bartels U, et al. Phase II
trial of response-based radiation therapy for patients with localized CNS
nongerminomatous germ cell tumors: A children’s oncology group study. J Clin
Oncol (2019) 37(34):3283-90. doi: 10.1200/JCO.19.00701

65. Calaminus G, Frappaz D, Kortmann RD, Krefeld B, Saran F, Pietsch T, et al.
Outcome of patients with intracranial non-germinomatous germ cell tumors-lessons
from the SIOP-CNS-GCT-96 trial. Neuro Oncol (2017) 19(12):1661-72. doi: 10.1093/
neuonc/nox122

66. Lee JH, Eom KY, Phi JH, Park CK, Kim SK, Cho BK, et al. Long-term outcomes
and sequelae analysis of intracranial germinoma: Need to reduce the extended-field
radiotherapy volume and dose to minimize late sequelae. Cancer Res Treat (2021) 53
(4):983-90. doi: 10.4143/crt.2020.1052

67. Acharya S, DeWees T, Shinohara ET, Perkins SM. Long-term outcomes and late
effects for childhood and young adulthood intracranial germinomas. Newuro Oncol
(2015) 17(5):741-6. doi: 10.1093/neuonc/nou311

68. Park ], Park Y, Lee SU, Kim T, Choi YK, Kim JY. Differential dosimetric benefit
of proton beam therapy over intensity modulated radiotherapy for a variety of targets in
patients with intracranial germ cell tumors. Radiat Oncol (2015) 10:135. doi: 10.1186/
s13014-015-0441-5

Frontiers in Oncology

10

10.3389/fonc.2023.1123082

69. Mak DY, Siddiqui Z, Liu ZA, Dama H, MacDonald SM, Wu S, et al. Photon
versus proton whole ventricular radiotherapy for non-germinomatous germ cell
tumors: A report from the children’s oncology group. Pediatr Blood Cancer (2022)
69(9):€29697. doi: 10.1002/pbc.29697

70. Park Y, Yu ES, Ha B, Park HJ, Kim JH, Kim JY, et al. Neurocognitive and
psychological functioning of children with an intracranial germ cell tumor. Cancer Res
Treat (2017) 49(4):960-9. doi: 10.4143/crt.2016.204

71. Hong KT, Lee DH, Kim BK, An HY, Choi JY, Phi JH, et al. Treatment outcome and
long-term follow-up of central nervous system germ cell tumor using upfront chemotherapy
with subsequent photon or proton radiation therapy: a single tertiary center experience of
127 patients. BMC Cancer (2020) 20(1):979. doi: 10.1186/s12885-020-07484-y

72. Palmisciano P, Ogasawara C, Ogasawara M, Ferini G, Scalia G, Haider AS, et al.
Endocrine disorders after primary gamma knife radiosurgery for pituitary adenomas: A
systematic review and meta-analysis. Pituitary (2022) 25(3):404-19. doi: 10.1007/
s11102-022-01219-x

73. Sud S, Botticello T, Niemierko A, Daly J, Bussiere M, Shih HA. Dosimetric
comparison of proton versus photon radiosurgery for treatment of pituitary adenoma.
Adv Radiat Oncol (2021) 6(6):100806. doi: 10.1016/j.adro.2021.100806

74. Wattson DA, Tanguturi SK, Spiegel DY, Niemierko A, Biller BM. Outcomes of
proton therapy for patients with functional pituitary adenomas. Int | Radiat Oncol Biol
Phys (2014) 90(3):532-9. doi: 10.1016/j.ijrobp.2014.06.068

75. Indelicato DJ, Merchant T, Laperriere N, Lassen Y, Vennarini S, Wolden S, et al.
Consensus report from the Stockholm pediatric proton therapy conference. Int ] Radiat
Oncol Biol Phys (2016) 96(2):387-92. doi: 10.1016/j.ijrobp.2016.06.2446

76. Bolsi A, Placidi L, Pica A, Ahlhelm FJ, Walser M, Lomax AJ, et al. Pencil beam
scanning proton therapy for the treatment of craniopharyngioma complicated with
radiation-induced cerebral vasculopathies: A dosimetric and linear energy transfer (LET)
evaluation. Radiother Oncol (2020) 149:197-204. doi: 10.1016/j.radonc.2020.04.052

77. Mascia AE, Daugherty EC, Zhang Y, Lee E, Xiao Z, Sertorio M, et al. Proton
FLASH radiotherapy for the treatment of symptomatic bone metastases: The FAST-01
nonrandomized trial. JAMA Oncol (2022) 9(1):62-9. doi: 10.1001/jamaoncol.2022.5843

78. Dokic I, Meister S, Bojcevski J, Tessonnier T, Walsh D, Knoll M, et al.
Neuroprotective effects of ultra-high dose rate FLASH Bragg peak proton irradiation.
Int J Radiat Oncol Biol Phys (2022) 113(3):614-23. doi: 10.1016/j.ijrobp.2022.02.020

79. Ferini G, Umana GE. Radiotherapy in current neuro-oncology: There is still
much to reveal. Life (Basel) (2021) 11(12). doi: 10.3390/life11121412

frontiersin.org


https://doi.org/10.1093/neuonc/not019
https://doi.org/10.1007/s11060-013-1197-0
https://doi.org/10.1097/MPH.0000000000001820
https://doi.org/10.1093/neuonc/noab252
https://doi.org/10.1200/JCO.2014.59.5132
https://doi.org/10.1200/JCO.19.00701
https://doi.org/10.1093/neuonc/nox122
https://doi.org/10.1093/neuonc/nox122
https://doi.org/10.4143/crt.2020.1052
https://doi.org/10.1093/neuonc/nou311
https://doi.org/10.1186/s13014-015-0441-5
https://doi.org/10.1186/s13014-015-0441-5
https://doi.org/10.1002/pbc.29697
https://doi.org/10.4143/crt.2016.204
https://doi.org/10.1186/s12885-020-07484-y
https://doi.org/10.1007/s11102-022-01219-x
https://doi.org/10.1007/s11102-022-01219-x
https://doi.org/10.1016/j.adro.2021.100806
https://doi.org/10.1016/j.ijrobp.2014.06.068
https://doi.org/10.1016/j.ijrobp.2016.06.2446
https://doi.org/10.1016/j.radonc.2020.04.052
https://doi.org/10.1001/jamaoncol.2022.5843
https://doi.org/10.1016/j.ijrobp.2022.02.020
https://doi.org/10.3390/life11121412
https://doi.org/10.3389/fonc.2023.1123082
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Proton therapy for pediatric diencephalic tumors
	Introduction
	Optic pathway/hypothalamic glioma
	Photon-based radiation for optic pathway/hypothalamic glioma
	Proton therapy for optic pathway/hypothalamic glioma

	Craniopharyngioma
	Photon therapy for craniopharyngioma
	Proton therapy for pediatric craniopharyngioma

	Intracranial germ cell tumors
	Photon-based radiation for intracranial germ cell tumors
	Proton-based radiation for intracranial germ cell tumors

	Pituitary adenomas
	Gamma knife for pituitary adenomas
	Proton therapy for pituitary adenomas

	Discussion
	Conclusion
	Author contributions
	Funding
	References


