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Background: Children with brain tumors undergoing radiotherapy are at particular risk of radiation-
induced morbidity and are therefore routinely considered for proton therapy (PT) to reduce the dose
to healthy tissues. The aim of this study was to apply pediatric constraints and normal tissue complica-
tion probability (NTCP) models when evaluating the differences between PT and contemporary pho-
ton-based radiotherapy, volumetric modulated arc therapy (VMAT).

Methods: Forty patients (aged 1-17 years) referred from Norwegian institutions to cranial PT abroad
during 2014-2016 were selected for VMAT re-planning using the original CT sets and target volumes.
The VMAT and delivered PT plans were compared by dose/volume metrics and NTCP models related
to growth hormone deficiency, auditory toxicity, visual impairment, xerostomia, neurocognitive out-
come and secondary brain and parotid gland cancers.

Results: The supratentorial brain, temporal lobes, hippocampi, hypothalamus, pituitary glands, coch-
leas, salivary glands, optic nerves and chiasm received lower mean doses from PT. Reductions in popu-
lation median NTCP were significant for auditory toxicity (VMAT: 3.8%; PT: 0.3%), neurocognitive
outcome (VMAT: 3.0 1Q points decline at 5 years post RT; PT: 2.5 IQ points), xerostomia (VMAT: 2.0%;
PT: 0.6%), excess absolute risk of secondary cancer of the brain (VMAT: 9.2%; PT: 6.7%) and salivary
glands (VMAT: 2.8%; PT:0.5%). Across all patients, 23/38 PT plans had better or comparable estimated
risks for all endpoints (within £10% of the risk relative to VMAT), whereas for 1/38 patients all esti-
mates were better or comparable with VMAT.

Conclusions: PT reduced the volumes of normal tissues exposed to radiation, particularly low-to-inter-
mediate dose levels, and this was reflected in lower NTCP. Of the included endpoints, substantial
reductions in population medians were seen from the delivered PT plans for auditory complications,
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xerostomia, and risk of secondary cancers of the brain and salivary glands.

Introduction

Long-term survival following childhood cancer now exceeds
80% [1], resulting in an increased emphasis on quality of life
after treatment. Radiotherapy (RT) is an effective treatment
of many childhood brain tumors, however, a successful cure
may be associated with radiation-related side effects impact-
ing organ function, growth and development [2,3]. More spe-
cifically, cranial RT increases the risk of neurocognitive
decline [4-7], endocrine problems [8-10], auditory toxicity
[11-14], visual impairment [14], xerostomia [15] and risk of
secondary cancers [16-18].

Children are generally more radiosensitive than adults and
are routinely considered for proton therapy (PT) intended to

reduce the radiation dose to healthy tissues. Whereas several
planning studies have demonstrated the dosimetric advan-
tages and estimated outcome of PT compared to modern
photon-based RT [19-24], it is critical to ensure that the com-
pared plans are clinically realistic and deliverable and should,
therefore, be performed in close collaboration with treating
institutions. Munck af Rosenschold et al. [25] concluded that
patients with intracranial tumors could benefit from collab-
orative comparative planning prior to referral with respect to
estimated cognitive dysfunction and growth hormone defi-
ciency (GHD). In patients with marginal benefit, this exercise
might avoid the extra cost and inconvenience of long travel
for patients and their families. The conclusions were limited,
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however, by the absence of patient-specific risks across dif-
ferent domains as well as consideration of low-dose effects
such as radiation carcinogenesis.

The lack of conclusive follow-up data across a diverse
patient population calls for methods to better quantify the
benefits of PT over modern photon-based techniques [26].
The model-based approach was originally designed to select
adult patients for PT [27] in cases with the primary aim of
reducing side-effects while maintaining cure rates. With the
rapid introduction of novel technology and procedures, the
model-based approach has also been suggested as a promis-
ing method in the assessment of childhood cancers [26].
Normal tissue complication probability (NTCP) models
addressing the pediatric population are limited, therefore the
aim of this study was to explore how dosimetric differences
in children referred for PT are reflected in existing pediatric
models when compared to treatment with volumetric modu-
lated arc therapy (VMAT).

Methods
Patients and treatment plan material

In total, 48 children were referred to curative PT from
Norwegian hospitals during 2014-2016, based on age, diag-
nosis and health status, i.e., the degree of urgency and fit-
ness to travel. Of the 48 patients, 40 cases received
significant radiation doses to the brain and/or head and
neck region (thereby excluding extracranial tumors only) and
were selected for comparison with VMAT. All treatment
records and delivered PT plans were collected from the
University of Florida Health Proton Therapy Institute (US) and
Heidelberg lon Beam Therapy Center (Germany). Twenty-five
of the delivered proton plans were passively modulated PT
optimized in Eclipse (Varian Medical Systems, Palo Alto, CA,
USA) and the remaining 15 were intensity-modulated PT
(IMPT) plans optimized in Syngo RT Planning (Siemens
Healthcare, Erlangen, Germany). All proton plans were deliv-
ered by 3-7 fields (details in [28]) with clinical target volume
(CTV) dose prescriptions ranging from 50.4 to 72 Gy(RBE) in
1.8-2.0 Gy(RBE) fractions, using 3mm margins for the PTV.
Median patient age was 7.5 years (range 1-17) including 22
males and 18 females. An overview of the patient population
is presented in Table ST.

Contouring and re-planning with volumetric modulated
arc therapy

For each individual proton plan, a corresponding (6 MV)
VMAT plan was generated in Eclipse or RayStation
(RaySearch Laboratories AB, Stockholm, Sweden) using the
original CT simulation, and subsequently approved according
to the planning protocol (based on QUANTEC [29] and
Dahanca guidelines [30]) by a dosimetrist/medical physicist
and oncologist at the referring hospital. The target volumes
and the majority of the organs at risk (OAR)s were delineated
at the treating institution. The planners were blinded and
matched the target coverage of the delivered PT plan. Two
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craniospinal irradiation (CSI) patients were excluded due to
technical issues with the re-planning/original CTs (patients
#11 and 12). Some of the OARs were later added for the ana-
lysis, including the supratentorial brain, parotid glands [30],
hippocampi [11,31] and temporal lobes [32], but otherwise
not included in the optimization. All structures were
reviewed by an experienced oncologist and modified when
necessary to ensure consistency across patients.

Normal tissue morbidity models

Clinical complication probabilities were estimated using pedi-
atric-specific dose/volume criteria and NTCP models of
growth hormone levels [8,11,33], neurocognition [5-7,34,35],
hearing [11-14], vision [36,37], salivary gland function [15,38]
and radiation carcinogenesis of the brain and salivary glands
[39]. Further details can be found in Supplementary
Methods.

Analysis and statistics

Cumulative dose volume histograms (DVHs) for all plans
were used to estimate NTCP, as well as the proportion of
patients below dose-volume thresholds associated with risks
of toxicity (Table S2). Differences in estimated risk between
the two techniques were presented both in terms of relative
and absolute risk differences. The relative difference in risk
was estimated as: risk(superior technique)/risk(inferior tech-
nique), and the number of patients exceeding 10% relative
reduction in risk was presented (i.e., risk reduced to 90% of
the inferior technique’s risk estimate). A relative reduction of
>10% compared to the inferior technique was defined as
being lower risk, whereas a relative reduction in risk <10%
was defined as comparable risk between the two techniques.
For the relative comparisons, a lower absolute risk cutoff to
exclude the patients close to baseline risks were set at NTCP
<1%, and in the case of cognitive decline <1 1Q point. In
addition, the absolute difference between the risk estimates,
ANTCP (or Arisk), was calculated for each patient and end-
point as riskymat — riskpr. Statistical testing was done using
Wilcoxon signed-rank tests for paired samples and p-values
<.05 were considered significant. Data handling, calculations
and statistical analyses were performed using Matlab- and
Python-based in-house software [23].

Results
Comparison of dose/volume metrics

Endocrine structures received lower mean doses in the deliv-
ered proton plans, with 47% of the patients below the indi-
cated 16Gy threshold of the hypothalamus for both RT
modalities (Figure 1(a)), and with 66% (PT) and 58% (VMAT)
below 30Gy for the pituitary gland (see Table S3 for over-
view of dose/volume results). The PT plans presented with
significantly lower volumes receiving 20 Gy/Gy(RBE) (V20Gy)
and mean organ doses (Dmean) compared to VMAT for all
cognitive structures (Figure 2(a-c)), whereas higher dose/
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Figure 1. (a) Dose metrics for endocrine structures per patient compared for VMAT and proton plans. Pediatric dose threshold indicated. (b) Estimated probability
of complication per patient. Equal dose and risk indicated by solid line, £10% relative difference in risk indicated by dashed line. Excluding patients with risk <1%,
gives 14/38 patients in favor of PT by 10% relative difference in risk (upper left side), and 6/38 in favor of VMAT (lower right side).

volume cognitive parameters (V30Gy/V43Gy/V50Gy) were
more comparable across the techniques. The medians of
cochlear Dmean were 2.2 Gy(RBE) for PT versus 17.7 Gy with
VMAT (Figure S1), corresponding to 82% of the PT plans
within the indicated threshold for ototoxicity and 72% of the
VMAT plans. For the optic nerves and chiasm, 93% of the
patients were below the indicated dose threshold with both
plan modalities (Figure S2). The median Dmean of the saliv-
ary glands was 8.8Gy with VMAT and 0.0 Gy(RBE) with PT,
respecting the indicated threshold of the least irradiated par-
otid gland in 89% (VMAT) and 95% (PT) of the patients
(Figure S3). Overall, the volumes of low- and intermediate-
doses were considerably reduced with the delivered PT plans
compared to VMAT re-plans.

Normal tissue complication probability

The estimated reduction in population median risks was stat-
istically significant for all investigated endpoints except for
GHD. For this endpoint, we found median NTCPs of 21%
with PT and 23% with VMAT, and 14/38 patients had a rela-
tive reduction >10% with PT versus 6/38 with VMAT
(Table 1/Figure 1(b)). The estimated population median GHD
risk was reduced in both PT and VMAT plans when excluding
the six patients receiving CSl, yielding a statistically signifi-
cant difference in NTCP of PT (7%) and VMAT (11%) for the
remaining patients (Table S4).

The estimated decline in 1Q (Table 1/Figure 2(d)) ranged
from 0 to 22 points for both RT modalities and with 19/38
patients having >10% lower estimated risk with PT com-
pared to VMAT, whereas 4/38 patients were better with
VMAT. NTCP of tinnitus was lower with PT for 39/76 of the
audio structures in the patients, compared to 5/76 for VMAT
(Figure S1). The median risk of visual complications was close
to baseline risk with both modalities (Figure S2), resulting in

noteworthy NTCP values in only 3/38 patients for both PT
and VMAT plans. Risk of xerostomia was lower in 20/38
patients with PT compared to 4/38 with VMAT (Figure S3).
Estimated risk of radiation-induced secondary cancer
(Figure 3) of the brain was >10% lower for 21/38 patients
with PT, and vice versa in 4/38 patients with VMAT.
Corresponding values for secondary cancers of the salivary
glands were >10% reduction in 23/36 patients with PT com-
pared to VMAT, and in 1/38 with VMAT compared to PT.

In terms of relative differences between risks across all
patients (Figure S4), 23/38 PT plans were better or compar-
able within 10% of the estimated risk relative to VMAT,
14/38 patients had estimated risks in favor of both PT and
VMAT, whereas for 1/38 patients the estimates were compar-
able or better with VMAT.

The absolute difference (ANTCP) in estimated risks
revealed trends both across patients and endpoints (Figure
S5), with individual patients and patient groups with a stron-
ger indication for one technique with respect to specific end-
points. Whereas ANTCP also demonstrated the overall
indication in favor of PT, some individual endpoints were in
favor of VMAT. In particular, some of the patients receiving
CSI (#5-9) had lower NTCP for GHD with VMAT, although
with auditory NTCP strongly in favor of PT. Three ependy-
moma patients (#15-17) had 3-5 endpoints in favor of
VMAT, as well as 4-5 endpoints in favor of PT.

Discussion

Across the organs reviewed, we consistently observed a
reduction in low-to-intermediate doses in the clinically deliv-
ered proton plans compared to VMAT, whereas the high-
dose volumes were more comparable. Broadly, the estimated
NTCP and risk of secondary malignancy for the studied
population were lower from PT than from VMAT. Organs
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Figure 2. Dose metrics related to cognition compared for VMAT and proton plans per patient for (a) the supratentorial brain, (b) the temporal lobes and (c) the
hippocampi. (d) Estimated probability of decline in 1Q points complication for a patient. Equal dose and risk indicated by solid line, £10% relative difference in risk
indicated by dashed line.

Table 1. Estimated risk of complications.

Patients/organs with >10% lower risk

Median risk (range) Excluding low risk Including low risk
ENDPOINT Proton VMAT Proton VMAT Proton VMAT
Growth hormone deficiency 21.0 (0-94) % 23.4 (0-97) % 14 (37%) 6 (16%) 17 (45%) 6 (16%)
Cognitive decline® (IQ points) 2.5 (0.0-22.1) 3.0 (0.0-22.4) 19 (50%) 4 (11%) 22 (58%) 5 (13%)
Tinnitus® (# of cochleas) 0.3 (0-93) % 3.8 (0-94) % 39 (51%) 5 (7%) 60 (79%) 5 (7%)
Optic neuropathy® 0.0 (0-15) % 0.0 (0-5) % 3 (8%) 3 (8%) 31 (82%) 6 (16%)
Xerostomia® 0.6 (1-25) % 2.0 (1-15) % 20 (53%) 4 (11%) 24 (63%) 4 (11%)
Radiation-induced brain carcinoma® 6.7 (0-25) % 9.2 (0-25) % 21 (55%) 4 (11%) 23 (61%) 4 (11%)
Radiation-induced parotid carcinoma® 0.5 (0-4) % 2.8 (0-6) % 23 (61%) 1 (3%) 34 (89%) 1 (3%)

Proportion of patients exceeding 10% relative reduction in risk of complication compared to the different RT modality, incl. and excl. patients with risk of given
complication below 1%. In the case of cognitive decline the cutoff was set to 1 1Q point decline. ®Statistically significant difference in dose metric by Wilcoxon
signed rank test.
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Figure 3. Estimated risk of radiation-induced secondary cancer of the (a) brain and (b) the parotid glands. Solid line indicates equal risk, with +10% relative devi-

ation in risk indicated by the dashed line.

located in the low-to intermediate-risk regions with VMAT
were often reduced to baseline risk with PT, yet occasional
patients with organs at high risk demonstrated lower NTCP
with VMAT.

GHD is usually the first and most frequent endocrine
problem occurring after pediatric cranial RT [9], and may
reach 50-100% at doses of 30-50Gy to the pituitary gland
and/or hypothalamus [8]. GHD also resulted in the highest
risk for our patient cohort for both PT and VMAT (ranging up
to 97%), and although this is a challenge to avoid, hormone
replacements are available to childhood cancer survivors
who are in remission. The variation in estimated GHD across
our patients was wide, also including patients with lower
NTCP from VMAT compared to PT. These patients included
medulloblastoma and ependymoma patients, mainly found
at intermediate GHD risk levels with both treatment modal-
ities, a finding similar to a previous comparison of photon-
based RT and PT in 10 medulloblastoma patients [25].

Most protocols do not include the parotid glands as OARs
in case of CSI, which both could influence the risk of xerosto-
mia and secondary cancers. King et al. [40] found that rele-
vant parotid dose constraints were not respected in half of
the patients receiving photon-based CSI. The majority of the
patients in our cohort were, however, well below the indi-
cated dose thresholds. In addition, the plans demonstrating
the low-to-intermediate risk of xerostomia with VMAT had
substantially lower risk from PT. Nevertheless, two CSI
patients had a higher risk with PT, reflecting the potential of
considering the parotid as an OAR in PT.

Whereas both protons and VMAT have advantages with
respect to sparing normal tissue doses compared to conven-
tional techniques, the major concern about the broad imple-
mentation of VMAT has been the increase in low-dose
volumes [41], with potential consequences for secondary
cancer incidence in children. While the value of PT in reduc-
ing low-dose volumes for large extracranial volumes (e.g., CSI

[23]) is widely acknowledged, our data suggests that the
value of such low-dose reduction extends also to children
with CNS and skull base tumors requiring focal radiation.
Compared to VMAT, the estimated median EAR in our cohort
was reduced by 27 and 82% for radiation carcinogenesis of
the brain and salivary tumors, respectively. In fact, this repre-
sents one of the largest advantages of PT among the studied
endpoints (only exceeded by a reduction in auditory toxicity).
Whereas the dose-response relationship of secondary cancers
has been much debated, particularly for high-dose volumes,
it is well known that low-dose exposure increases the risk of
secondary malignancies [42,43]. Now with the option to
reduce low-dose exposure to the brain, we have a clear
opportunity to reduce this feared toxicity.

Despite the dosimetric superiority of PT, VMAT provides
better-estimated outcomes compared to conventional pho-
ton-based techniques [41]. Similar to earlier research [26],
our data support that reasonable alternative treatment may
be provided with VMAT for many patients where PT is not a
practical option due to difficulties with travel, treatment
urgency, or palliative settings where the patient would not
be expected to realize the long-term benefits of PT.

Whereas the model-based approach was not originally
intended for pediatric patients, our methodology and find-
ings suggest that model-based plan selection could play a
valuable role in selecting children who would benefit the
most from PT. Moreover, robust modeling will allow opti-
mization of plan design within each modality, for example,
CSI with an added emphasis on parotid sparing dose distri-
bution. Model-based plan selection in pediatric patients
requires accurate information on dose thresholds and clear
ideas of endpoint prioritization. A prerequisite for reliable
models in small, heterogeneous patient populations such as
pediatric tumors is having high-quality input data to gener-
ate robust models. This is the rationale behind the current



efforts of large registries [44-46] and the planned PENTEC
reports [47].

Since PT both has a different physical dose distribution as
well as a variable RBE [48], models based on photon techni-
ques may be inadequate. Including RBE models in risk, esti-
mates could capture more of the variations in tissue
sensitivity, and better reflect plan-specific RBE depending on
tumor location and beam configuration [49]. This could
potentially adjust the risk for some of our investigated end-
points, however, the biological uncertainties should be rela-
tively modest [48] compared to the estimated risk
differences between PT and VMAT, and therefore would not
influence the overall observed trends across patients and
endpoints. Nevertheless, RBE models may be used to refine
risk optimization in PT and further advice selectivity of
organs that would benefit additional dose sparing.
Ultimately, combining follow-up data from different techni-
ques may provide missing data spanning dose levels not
reachable from one technique alone and thus provide more
versatile models applicable across RT modalities.

In conclusion, PT reduced the volumes of normal tissues
exposed to radiation, also reflected in the estimated model-
based risks. Future models with increased sensitivity across
both low and high dose levels may offer more accurate tox-
icity prediction, which in turn would inform rational strat-
egies of dose reduction and technology utilization.
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