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ABSTRACT

Background. Proton therapy offers superior low and intermediate radiation dose distribution compared with photon-
based radiation for brain and skull base tumors; yet tissue within and adjacent to the target volume may receive a
comparable radiation dose. We investigated the tolerance of the pediatric brainstem to proton therapy and identified
prognostic variables.

Material and methods. All patients < 18 years old with tumors of the brain or skull base treated from 2007 to 2013
were reviewed; 313 who received >50.4 CGE to the brainstem were included in this study. Brainstem toxicity was
graded according to the NCI Common Terminology Criteria for Adverse Events v4.0.

Results. The three most common histologies were ependymoma, craniopharyngioma, and low-grade glioma. Median
patient age was 5.9 years (range 0.5-17.9 years) and median prescribed dose was 54 CGE (range 48.6-75.6 CGE). The
two-year cumulative incidence of toxicity was 3.8% * 1.1%. The two-year cumulative incidence of grade 3 + toxicity
was 2.1% = 0.9%. Univariate analysis identified age <5 years, posterior fossa tumor location and specific dosimetric
parameters as factors associated with an increased risk of toxicity.

Conclusion. Utilization of current national brainstem dose guidelines is associated with a low risk of brainstem
toxicity in pediatric patients. For young patients with posterior fossa tumors, particularly those who undergo aggressive

surgery, our data suggest more conservative dosimetric guidelines should be considered.

Although first described in 1930 [1], radiation-
related central nervous system (CNS) toxicity is still
poorly understood. It is largely classified by its tem-
poral relationship to radiation [2] and thought to
originate following microvascular damage [3]. The
incidence of radiation injury to the pediatric brain-
stem and its associated risk factors are particularly
ill-described, and unique disease processes and host
factors can confound attempts to extrapolate pediat-
ric guidelines from adult data on brainstem radiation
tolerance. Given the high relative proportion of
pediatric tumors requiring radiation to the posterior
fossa and skull base, more accurate data on brain-
stem toxicity is needed for designing safe radiation
plans, comparing the risks of alternate therapeutic
modalities (such as chemotherapy and surgery), and

estimating side effects so that caregivers can be
informed of treatment risks.

In treating pediatric tumors of the brain and skull
base, proton therapy results in superior low and
intermediate radiation dose distribution compared to
photon-based radiation, a property which can be
especially advantageous around the brainstem. This
translates into a reduction in acute [4-6] and late
side effects [7—10] across a range of organ systems.
Nevertheless, tissue within and immediately adjacent
to the target volume receives a comparable high dose
of radiation. Potential differences in the radiobiologic
effect between photon and proton therapy on white
matter or the vascular endothelium may make the
existing brainstem dose-effect models, which are
predominantly based on photon therapy in adults

Correspondence: D. J. Indelicato, University of Florida, 2015 North Jefferson Street, Jacksonville, Florida 32206, USA. Tel: + 1 904 588-1800. Fax: + 1 904

588-1300. E-mail: dindelicato@floridaproton.org

(Received 28 February 2014; accepted 15 August 2014)

ISSN 0284-186X print/ISSN 1651-226X online © 2014 Informa Healthcare

DOI: 10.3109/0284186X.2014.957414



[11], even less reliable. Thus the purpose of this
study was to investigate the tolerance of the pediatric
brainstem to proton therapy based on clinical data.

Material and methods

Under an institutional review board-approved study,
the medical records of all patients = 18 years old with
tumors of the brain or skull base treated at the Uni-
versity of Florida Proton Therapy Institute (UFPTT)
were reviewed. Patients with primary brainstem
gliomas were excluded because in these patients the
brainstem integrity is compromised prior to radio-
therapy by the tumor itself. Patients who received
<50.4 Cobalt Gray Equivalent (CGE) to the brain-
stem were excluded. Patients who received prior
radiation to any area were also excluded.

From August 2006 to August 2013, 563 patients
= 18 years old were treated with proton therapy at
UFPTI. Of these, 313 patients met the inclusion
criteria. Table I and Supplementary Table I (to
be found online at http://informahealthcare.com/
doi/abs/10.3109/0284186X.2014.957414) summarize
patient, tumor, and treatment characteristics.

Patient follow-up testing was standard and consis-
tent with Children’s Oncology Group (COG) disease
protocols and late effect guidelines where applicable.
None of the 313 patients were lost to follow-up. Imag-
ing evaluations were primarily magnetic resonance
imaging (MRI)-based and focused onT1, T2, and fluid
attenuated inversion recovery (FLAIR) sequences with
and without contrast. All patients had a gross tumor
volume (GTV) or tumor bed, clinical target volume
(CTV), and planning target volume (PTV) defined.
Daily image guidance was used in all cases to achieve
a PTV margin of 3 mm. Standard institutional planning
goals dictate that the PTV is encompassed by the 95%
isodose line and the CTV is encompassed by the 99%
isodose line. The brainstem was defined to encompass
the midbrain, pons, and medulla. The cranial border
was defined at the inferior edge of the third ventricle
and optic tracts. The caudal extent was defined at the
foramen magnum. For analysis, the brainstem surface
was also defined as the most peripheral 3-mm edge and
the brainstem core was defined as the brammstern minus
the brainstem surface. Consistent with the largest previ-
ous publication [12], brainstem toxicity following radi-
ation was defined by new or progressive symptoms
involving cranial nerves V-VII or IX-XII, motor weak-
ness, or dysmetria with a corresponding radiographic
abnormality within the brainstem in the absence of
disease progression. Magnetic resonance (MR) spec-
trography was not routinely performed. Per the recom-
mendations set forth in the Quantitative Analyses of
Normal Tissue Effects in the Clinic (QUANTEC)
report [13], brainstem toxicity was graded using the
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Table I. Patient, tumor, and preradiotherapy characteristics
(N=313).

Characteristics Value

Patient and tumor characteristics
Age

Median patient age 5.9 y (range 0.5-17.9 y)

<5y at time of radiotherapy 130 pts
Sex
Male 168 pts
Female 145 pts
Race
White 214 pts
Black 41 pts
Hispanic 27 pts
Asian 4 pts
Histologies
Ependymoma 73 pts
Craniopharyngioma 68 pts
Low-grade glioma 66 pts
Medulloblastoma/primitive 38 pts
neuroectodermal tumor
Parameningeal rhabdomyosarcoma 13 pts
Other 55 pts
Site
Supratentorial 164 pts
Posterior fossa 114 pts
Skull base 35 pts
Pre-RT treatment details
Operations prior to RT
1 213 pts
2 76 pts
>2 18 pts
Treatment based on radiographic 6 pts
characteristics alone, without
biopsy
Gross total or near total resection! 109 pts
History of hydrocephalus 182 pts

Extended or permanent shunting 73 pts
to manage hydrocephalus
Disease-specific chemotherapy 155 pts
Intrathecal or high-dose intravenous 48 pts
methotrexate

CGE, Cobalt Gray equivalent; mo, months; pt, patient; RT,
radiotherapy; y, years.

1At the time of radiotherapy.

Note: A more detailed table is included with the supplemental
materials as Supplementary Table I to be found online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.2014.957414.

National Cancer Institute (NCI) Common Terminol-
ogy Criteria for Adverse Events (CTCAE v4.0) for
‘central nervous system necrosis’ to harmonize the find-
ings with National Cancer Institute (NCI) Cancer
Therapy Evaluation Program (CTEP) protocols. Brain-
stem toxicity of grades 2-5 (i.e. symptomatic toxicity)
was recorded. In accordance with NCI sponsored
guidelines for the use of protons, proton therapy dose
is reported in CGE (1 CGE =1 proton Gy X 1.1).The
passive scattered beam delivery at UFPTI has been
credentialed by the United States Radiologic Physics
Center and treatment was delivered according to the
Advanced Technology Consortium proton therapy
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guidelines (available through www.qarc.org). Our stan-
dard proton treatment technique included a number
of precautions to minimize the risk of theoretical end
of beam relative biological effectiveness (RBE) uncer-
tainty. This includes multi-field plans and permitting
no more than 1/3 of the beams to end in brainstem
tissue outside the PTV. All 313 patients in this study
were treated with multiple fields daily and >99%
of treatments were delivered with =3 beams
(range 2-6).

To achieve normal-tissue tolerance goals, 129
patients had a planned field reduction/boost as part of
their treatment plan. Thirty-nine patients (12.4%) were
treated with CSI prior to a tumor bed boost. Thirty-one
(9.9%) patients were treated with a component of pho-
ton therapy, either planned (n=4; median, 25 days;
range 25-28 days) due to field size limitations or skin
dose reduction or unplanned (n=27; median, 2 days;
range 1-4 days) due to cyclotron downtime.

SAS and JMP software was used for all statistical
analyses (SAS Institute, Cary, NC, USA).The Kaplan-
Meier product limit method was used to estimate time
to brainstem toxicity; the log-rank test statistic was
used to detect statistically significant differences

between strata of selected prognostic factors predic-
tive of brainstem toxicity (Table II). These factors
included sex, race, age, tumor location, presence of
hydrocephalus, need for a cerebrospinal fluid shunt,
number of operations prior to RT, extent of resection,
use of any chemotherapy, specific use of intrathecal or
high-dose intravenous methotrexate, use of a cranio-
spinal radiotherapy component, and use of a mixed
modality (proton+ photon) treatment plan.

Results

In all 313 patients, the brainstem dose was within
QUANTEC constraints and, when applicable, COG
disease protocol guidelines, which predict a <5%
rate of brainstem necrosis. The mean brainstem V54
CGE was 26% (range 0-100%). The mean (and
range) brainstem D10%, D50%, and D90% were
51.3 CGE (5.0-61.6 CGE), 37.4 CGE (0.6-59.2
CGE), and 18.2 CGE (0.1-58.1 CGE), respectively.

With a median follow-up of two years, the two-year
overall survival rate for the 313 patients was 90.5%.
Overall, 11 of 313 patients have experienced brainstem
toxicity attributable at least in part to their radiation

Table II. Clinical and dosimetric variables potentially associated with brainstem toxicity.

Percent toxicity rate

if factor was if factor was

Variables Factor present absent p-Value
Clinical variables

Focal vs. craniospinal (CSI) radiotherapy CSI 2.6% 3.6% >0.5
Radiotherapy modality Mixed 3.2% 3.5% >0.5
Sex Male 2.4% 4.8% >0.1
Race Non-white 5.6% 2.9% >0.1
Age <5 ylo 6.9% 1.1% 0.01
Anesthesia Yes 5.7% 0.7% >0.1
Hydrocephalus Yes 5.0% 1.5% >0.1
Tumor location Posterior fossa 10.7% 0% <<0.001
Number of operations >1 2% 4.1% >0.5
CSF shunt needed Yes 1.4% 4.2% >0.1
Degree of resection GTR/NTR 7.3% 1.5% >0.1
Chemotherapy Any given 5% 2.5% >0.1
Type of chemotherapy IT or HD methotrexate-based 6.3% 3.0% >0.1
Dosimetric variables

Mean dose <44.2 Gy 0.0% 9.0% 0
D10% <55.4 Gy 0.9% 10.3% 0
D50% <52.4 Gy 0.0% 10.5% 0
V40 Gy <71.3% 0.5% 8.5% 0
V45 Gy <67.5% 0.0% 9.6% 0
V50 Gy <61.7% 0.5% 9.6% 0
V55 Gy <17.7% 1.3% 10.5% <0.01
V60 Gy 0 2.5% 14.8% 0.01
Max dose* to brainstem <56.6 Gy 1.6% 10.6% <0.01
Max dose® to brainstem surface <56.1 Gy 1.5% 13.2% <0.01
Max dose* to brainstem core <56.6 Gy 1.6% 11.1% <0.01

Percentages are 2-year Kaplan-Meier point estimates; p-values are based on the log-rank test statistic.

Dx, minimum dose received by the “hottest” x% of the brainstem; GTR/NTR, gross total resection/near total resection; HD, high dose;
IT, intrathecal; Mixed, proton-based radiotherapy with a photon component; Vx, the volume of the brainstem receiving =X Gy.

*To 0.1 cm?.



treatment: seven (2.2%) with grade 2, one (0.3%) with
grade 3, two with grade 4 (0.6%), and one (0.3%) with
grade 5. The median time to symptom onset was three
months (range 2-12 months). Overall, the two-year
cumulative incidence of any brainstem toxicity was
3.8% +1.1%. The two-year cumulative incidence of
serious (grade 3 +) brainstem toxicity was 2.1% * 0.9%.
The clinical manifestation of brainstem injury included
primarily ataxia and lower cranial nerve signs. For the
affected patients, clinical data are summarized in Table
II. At the time of analysis, symptoms have stabilized or
resolved in 9 of 10 living patients.

Figure 1 is a comprehensive dose-volume histo-
gram (DVH) including each patient’s DVH curve with
the colored curves indicating the 11 patients who
experienced toxicities as shown in Table III. Consis-
tent with the overall series, all patients with brainstem
toxicity had 99% of their daily treatment delivered
through three or more fields. In each case with toxic-
ity, the PTV overlapped with part of the brainstem,
which was taken into consideration in field design and
orientation. Table II illustrates the clinical variables
statistically associated with brainstem toxicity. Of note,
patients <5 years old had a high rate of brainstem
toxicity (6.9% vs. 1.1%, p<<0.01) and all of
the patients with brainstem toxicity had primary
tumors located in the posterior fossa. Restricting the
exploratory analysis to just patients with posterior
fossa tumors, the two-year cumulative rate in children
<5 years old was slightly higher (12.5%) than the rate
in children 5 years and older (7.2%). Although age
may be an independent predictor of toxicity when
controlling for tumor location, the exact interplay
between these factors is uncertain as a more compre-

Relative Brainstem Volume [%]
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hensive multivariate Cox regression analysis is not
feasible given the small number of events.

Discussion

To our knowledge, this study presents the largest and
most comprehensive analysis of pediatric brainstem
radiation tolerance to date, independent of radiation
modality. It also provides a unique perspective on the
use of proton radiation for pediatric patients with
CNS and skull base tumors. We found that when com-
peting risks are considered, the cumulative incidence
of serious brainstem toxicity is 2.1% but may be higher
for certain patient groups, such as young patients with
posterior fossa tumors. In these patients, particularly
those who undergone aggressive surgery, more con-
servative brainstem dose guidelines should be consid-
ered. Our data suggests that the parameters of V55 Gy
and maximum brainstem dose may be the most useful
modifiable factors to consider in treatment planning.

Assessing rates of radiation-related brainstem
toxicity across the academic literature can be challeng-
ing. Imaging techniques are largely non-specific and
few studies involve histopathologic analysis; therefore,
differences in clinical terminology lead to varying esti-
mates. For example, some authors have labeled ‘radia-
tion necrosis’ as any changes noted on imaging that are
thought to represent a treatment effect rather than a
recurrent tumor [14]. Others reserve the term ‘necrosis’
for patients with symptomatic and irreversible radiation
damage, intending to distinguish it from less severe and
reversible ‘radiation injury’ [15]. Certain authors intro-
duce temporal criteria, where necrosis specifically con-
notes ‘late injury’ [14]. Further complicating these

Dose [Gy]

Figure 1. A comprehensive dose-volume histogram (DVH) including each patient’s DVH curve. The colored curves correspond with the

11 patients who experienced toxicities outlined in Table III as follows: @ 1;® 2; O 3;

inset provides a magnified view of the high-dose range.
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Table III. Patient, tumor, and treatment characteristics for patients who experienced brainstem toxicity.

Brainstem
Mean Time to
Patient Prescription  dose toxicity
no. Age Diagnosis dose (Gy) (Gy) D50% (mos.) Toxicity Grade Intervention Current status
1 4.4 Posterior fossa 52.2 52.2 55.6 Gy 3 Hemiparesis; dysmetria; 3 Steroids, IV Stable; ataxia,
ependymoma CNVII palsy; lower gamma- dysmetria,
CN palsy; respiratory globulin unilateral
difficulty CNVI palsy
2 2.1 Posterior fossa 50.4 52.1 52.4 Gy 3 Seizure; ataxia; 4 Steroids, Stable; seizures,
ATRT quadraparesis; lower bevacizumab, CNXII palsy,
CN palsy respiratory irinotecan tracheostomy,
difficulty quadraparesis
3 3.5 Posterior fossa 54 44.2 55.2 Gy 4 Ataxia 2 Steroids Stable; mild
ependymoma unilateral foot
drop
4 3.2 Posterior fossa 59.4 54.4 56.7 Gy 3 Ataxia 2 Steroids Stable; unilateral
ependymoma LE weakness,
sleep apnea
5 2.6 Posterior fossa 54 51.5 55.3 Gy 3 Ataxia, lower CN palsy 2 Steroids, HBOT  Stable;
ependymoma neurologically
intact
6 7.5 Posterior fossa 59.4 51.1 59.1 Gy 4 Ataxia, CNVII palsy, 5 Steroids, HBOT, Dead
ependymoma lower CN palsy, bevacizumab
respiratory difficulty
7 2.3 Posterior fossa 59.4 47 55.0 Gy 3 Ataxia; CNVII palsy, 2 Steroids, HBOT  Stable; mild
ependymoma lower CN palsy ataxia, sleep
apnea
8 4.3 Posterior fossa 59.4 51.5 55.2 Gy 4 Ataxia, lower CN palsy 2 Steroids Stable;
ependymoma neurologically
intact
9 15.8 Medulloblastoma 54 49.3 53.4 Gy 12 Ataxia, lower CN palsy, 4 Steroids, HBOT, Respiratory
respiratory difficulty bevacizumab, difficulty
pentoxifylline
10 4.4 Cerebellar 54 48.9 54.2 Gy 2 Ataxia 2 Steroids Stable; mild
low-grade ataxia
glioma
11 3.4 DPosterior fossa 54 52.8 53.5 Gy 4 Ataxia, CNVII palsy 2 Steroids Stable; mild
ependymoma ataxia

ATRT, atypical teratoid rhabdoid tumor; CN, cranial nerve; HBOT, hyperbaric oxygen therapy; LE, lower extremity.

estimates is the addition of chemotherapy to radiation
for treatment of tumors in the brain or skull base.
Although many chemotherapy agents sensitize tumor
cells to radiation, the contribution of chemotherapy to
radiation brainstem toxicity is poorly understood. Some
authors have described changes similar to radiation
necrosis in patients who received chemotherapy alone
for extracranial malignancies [16]. A third explanation
for the broad differences in the incidence of radiation
necrosis may be related to the evolution of diagnostic
imaging. The application of MRI and functional imag-
ing in defining radiation brainstem toxicity widely var-
ies across series and eras, with most later series
reporting ‘higher’ incidences [14]. In the current series,
the radiographic findings in patients with toxicity usu-
ally included both focal T2 prolongation and
contrast enhancement within the brainstem. Some
patients demonstrated additional focal radiographic
findings in the cerebellar parenchyma, similar but sep-
arate from the brainstem abnormalities. The imaging
changes within the brainstem were often multifocal and
occurred within various isodose lines ranging from 50

CGE to >60 CGE. Across all patients, there was no
clear spatial dose-effect relationship observed on the
imaging studies beyond 50 CGE nor were the imaging
findings consistent with a clear vascular distribution. In
no cases were the radiographic findings exclusively lim-
ited to the end range of the proton beams. Finally, due
to the overall low incidence of pediatric brain and skull
base tumors, many estimates of pediatric brainstem
toxicity encompass non-brainstem CNS tissue and
extrapolate data from patients of all ages [11,13]. This
may be a mischaracterization if the pediatric brainstem
is in fact more radiosensitive. Acknowledging these
limitations, the rate of reported symptomatic brainstem
toxicity in pediatric patients who receive photon-based
radiotherapy at standard dose and fractionation
is somewhere between 2% and 18%, and the risk of
fatal (grade 5) necrosis ranges from 0.4% to 2%
(Supplementary Table I to be found online at http:/
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.957414).

Obtaining an accurate dose-effect estimate for
brainstem tolerance is even more challenging because



the actual brainstem dose is rarely reported or
analyzed [17-23]. Instead, the nominal prescription
dose is reported, which may bear little relation to the
actual brainstem dose accounting for the injury and
often does not include important information on the
tumor location and treatment technique. As a result,
many of the patients included in the studies listed in
Supplementary Table II (to be found online at http://
informahealthcare.com/doi/abs/10.3109/0284186X.
2014.957414) actually could have received <50 Gy
to the brainstem. As the risk of brainstem injury
approximates 0% at doses of <50 Gy [13,18],
including these patients in such analyses might exert
a downward bias on the risk estimate of brainstem
toxicity. Therefore, the current study is valuable and
unique as it is the only study that: 1) specifically
reports brainstem toxicity by brainstem dose across
a variety of tumors; 2) correlates radiographic and
clinical findings; and 3) excludes patients who
received <50.4 Gy to the brainstem and thus are not
at measurable risk. Together, these factors allow for
an accurate and generalizable dose-effect analysis.

The data provided herein may help guide treatment
and radiation plan design. Table II outlines various
dosimetric parameters that can be used to shape the
volume of brainstem receiving high doses in young
patients. It is important to also consider, however, the
clinical factors that might identify patients at higher
risk. It was not surprising that younger patients were
more susceptible to radiation damage and that the aver-
age latency time observed in our series was only three
months. These findings are consistent with long-stand-
ing radiobiologic principles and animal studies [24,25].
We observed that patients who have undergone a gross
total resection might be at higher risk. Other authors
have suggested that morbidity associated with aggres-
sive surgery may play a role in increased brainstem
sensitivity to radiation [12,26]. These operations might
involve subclinical devascularization or neurological
injury, making the brainstem less resilient to higher
radiation doses. Adjuvant systemic therapy, particularly
involving agents with known neurotoxic or vascular
effects, may play a role [18]. The patient who experi-
enced grade 5 toxicity was a 7-year-old girl with a
posterior fossa ependymoma enrolled on COG’s study
ACNSO0831 who received a prescription dose of 59.4
CGE in accordance with protocol guidelines. Approxi-
mately four months after completing treatment, she
developed ataxia and lower cranial nerve palsy, which
stabilized on steroids and hyperbaric oxygen therapy.
She was transitioned to bevacizumab and shortly there-
after experienced an acute brainstem stroke causing
respiratory failure. It is not clear what role the VEGF
inhibitor played in her cerebrovascular event. Although
promising in the treatment of radiation toxicity,
bevacizumab has also been associated with thrombotic
microangiopathy [27,28].
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This study is also unique in that it reports the
outcomes of patients treated with proton therapy.
The most widely accepted current hypothesis is
that CNS radiation necrosis is caused by vascular
endothelial damage [3] leading to oligodendrocyte
damage and demyelination. The pons is particu-
larly susceptible to demyelination [29]. In patients
treated with therapeutic radiation, ionization den-
sity within sensitive cellular structures (e.g. DNA)
increases with linear energy transfer (LET) and
apoptosis increases with ionization density. In the
common clinical setting, double-scattered proton
therapy is regarded to have approximately the same
LET as photon radiation when utilizing a spread-
out Bragg peak (SOBP) to cover the tumor vol-
ume. However, when examining differences in the
LET along the SOBP, the LET increases slightly
throughout the SOBP and then significantly at the
terminal end of the SOBP [30]. In theory, endothe-
lial cells at the edge of the SOBP could experience
an enhanced rate of apoptosis causing a cascade of
events leading to demyelination and brainstem
injury. For this reason, we continue to recommend
that no more than one third of proton beams end
in brainstem tissue outside the PTV. When this
approach is employed, our data does not suggest
an increased rate of brainstem toxicity with proton
therapy compared to modern series involving adult
and children treated with photon-based radiation
(Supplementary Table II to be found online at
http://informahealthcare.com/doi/abs/10.3109/
0284186X.2014.957414). However, further fol-
low-up of this cohort will be necessary to deter-
mine long-term effects.

In conclusion, brainstem radiation injury is a
tragic yet rarely fatal toxicity encountered when
delivering curative radiotherapy to children with
CNS or skull base tumors. Across all radiotherapy
modalities, we strive for better predictive models to
further reduce the rate of brainstem damage. Our
data provide a necessary foundation for brainstem
radiation dose toxicity estimates and contribute addi-
tional information to the body of literature on risk
factors. Our findings suggest that current QUAN-
TEC and COG guidelines should generally be
associated with a low risk of brainstem toxicity in
pediatric patients and are equally applicable to pro-
ton- and photon-based therapy when appropriate
precautions are utilized regarding proton beam
orientation. For young patients with posterior fossa
tumors, particularly those who undergo aggressive
surgery, we recommend more conservative guide-
lines outside the clinical trial setting. As a precaution-
ary measure based on the theoretical concerns of
enhanced LET, pediatric radiation oncologists
utilizing proton therapy should continue to closely
monitor and actively report toxicity outcomes.
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