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Introduction

Radiation-induced brainstem necrosis is a severe toxicity that
can occur following radiotherapy of tumours in the vicinity
of the brainstem [1,2]. Paediatric patients may be particularly
at risk of brainstem necrosis since central nervous system
(CNS) tumours are common paediatric diagnoses and the
brainstem is central to children’s neurological and cognitive
development. Due to increased normal tissue sparing, paedi-
atric patients are often referred to proton therapy [3].
However, while proton therapy currently uses a constant rela-
tive biological effectiveness (RBE) of 1.1, pre-clinical results
have shown the RBE to vary with several factors including
linear energy transfer (LET) [4], although clinical evidence of
a variable RBE is still inconclusive [5].

In a previous study, normal tissue complication probability
(NTCP) models were fitted that describe symptomatic brain-
stem necrosis in paediatric ependymoma patients [6]. The
models were based on a case-control study of paediatric
patients treated with proton therapy where the cases devel-
oped symptomatic brainstem necrosis following treatment
[7]. In the study, a trend of increased dose-averaged LET
(LETy) in the high dose volume of the brainstem for the cases
was identified. However, NTCP models are specific to the
patients on which the models are fitted and an important
part of NTCP modelling is to investigate how the models per-
form in an independent cohort [8,9]. In this study, we there-
fore aimed to apply the models in an independent paediatric
patient cohort. Model performance was analysed both
between and within patients, in three main parts: first, the
delivered dose and LET4-distributions for individual patients
were used to calculate brainstem NTCPs using the risk mod-
els, second, we investigated how the models performed for
LET4-optimised plans specifically aiming to lower the esti-
mated NTCP as much as possible and, finally, variation in
model performance and NTCP estimates within patients due

to range and setup uncertainties was considered both for the
delivered plans and the LET4-optimised plans.

Materials and method
Patient cohort and dose/LET, calculations

Seven paediatric patients treated for brain tumours with a
prescription dose of 54 Gy(RBE) were selected for this study.
The patients were selected from a larger cohort of 47 paedi-
atric CNS tumour patients treated with pencil beam scanning
proton therapy at the Danish Centre for Particle Therapy
(DCPT). Patients were excluded if they did not undergo focal
irradiation or if no part of the brainstem received at least
54 Gy(RBE). Dose and LET4-distributions were recalculated in
the TOPAS v3.5 Monte Carlo code with the protonLET scorer
and the simulations were performed with 15-25 million pri-
mary particles per field. LET4 considered primary and second-
ary protons and was scored in water. The study was
approved by the internal review board at the DCPT.

Implementation of model

Previously constructed NTCP models describing the risk of
brainstem necrosis were applied [6]. The models were based
on a case-control cohort (28 patients in total, including 7
brainstem necrosis cases) selected from a total of 954 paedi-
atric brain tumour patients treated at the University of
Florida Health Proton Therapy Institute between 2009 and
2017 using double scattering proton therapy [7]. The models
used the Lo (the LET4 to the 10% of voxels with the high-
est LETy) of the brainstem receiving dose over either
54 Gy(RBE) or 50 Gy(RBE), referred to as Ljge (D > 54 Gy(RBE))
and L;ge (D>50Gy(RBE)), respectively. Further information
on the models as well as the model equations are provided
in the supplementary material.
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Brainstem risk calculations for clinically delivered
treatment

The Ly (D> 54 Gy(RBE)) and Lg9 (D> 50 Gy(RBE)) were cal-
culated for all seven patients. Equations A1, A2 (supplemen-
tary material) were subsequently used to calculate NTCP
estimates for all patients from the delivered plans.

LET joptimisation

To minimise risk of brainstem necrosis and assess model per-
formance in the lower limit of LET4-values, all treatment
plans were re-optimised to lower LET4 in the high dose vol-
ume of the brainstem. The LET4-optimisation was performed
using Raystation version 11B (RaySearch Laboratories,
Stockholm, Sweden). First, the delivered plans, which were
robustly optimised considering range and setup uncertainty,
were imported to Raystation and the dose was normalised to
an average dose of 54 Gy(RBE) to the clinical target volume
(CTV). These recalculated plans served as reference plans. The
plans were then re-optimised with varying dose criteria to
the brainstem, ensuring the maximum brainstem dose did
not increase from the reference plans, as well as LET4-criteria
to the parts of the brainstem receiving dose over 50 and
54 Gy(RBE). The planning target volume (PTV) had an iso-
tropic 3mm CTV to PTV margin to act as a surrogate for
range and setup uncertainty. The LET4-optimised plans were
PTV-based since robust LET4-optimisation was not available
in Raystation 11B at the time this work was performed. The
LET4-optimisation caused two of the patients (Patients 4 and
6) to have no or negligible volumes with a dose over
54 Gy(RBE) in the brainstem and these were consequently
removed from the analysis of the 54 Gy(RBE) threshold LET4-
optimised plans.

Robustness assessment

The variation in LET4 and estimated brainstem necrosis risk
with range and setup uncertainties was also assessed using
Raystation. Range uncertainties were considered by scaling
the computed tomography calibration curves with 3.5%,
while setup uncertainties were considered by changing the
position of the isocentre by 2mm in each spatial direction.
The scenarios with the highest and lowest LETy were consid-
ered both for the robustly optimised reference plans and the
PTV-based LET4-optimised plans with range and setup uncer-
tainties in one spatial direction considered simultaneously.

Results

The simulated LET4-distributions from the delivered plans
showed NTCPs,cyrer) ranging from 6.7 to 10.3% [95% confi-
dence interval: 3.0, 19.8] (Figure 1a) corresponding to Ljge
(D>54Gy(RBE)) varying between 2.9 and 4.1keV/um. The
NTCPsocyree) €stimates were between 3.8 and 5.2% [3.0,
17.4] (Figure 1a), with L10% (D > 50Gy(RBE)) values ranging
from 2.8 to 4.2 keV/um. Similar LET4-values were seen for the
reference plans recalculated in Raystation (Figure 2(a-b)).
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With LET4-optimisation, the Lo (D> 54Gy(RBE)) was
reduced to between 1.8 and 2.8keV/um (Figure 2c) with
NTCPs4cyrer) ranging between 3.4% [3.0, 1.5] and 6.5% [3.0,
9.7] (Figure 1b). The L;q9 (D> 50 Gy(RBE)) varied between 2.3
and 3.3keV/um (Figure 2d) with NTCPsgyrer) ranging from
3.3% [3.0, 5.8] to 4.3% [3.0, 12.1] (Figure 1b). CTV and brain-
stem dose remained similar between the reference plans and
the LET4-optimised plans (Figure 3).

Robustness assessment of the reference plans showed
intra-patient NTCPs4cyree) varying between 1.5 and 4.7 per-
centage points, and intra-patient NTCPsogyreg Varying
between 0.4 and 0.8 percentage points due to range and
setup uncertainties (Figure 1c and Figure A1). This corre-
sponded to Lygy (D> 54Gy(RBE)) variation between 0.5 and
1.6 keV/um, and Lyge (D >50Gy(RBE)) variation between 0.1
and 0.8 keV/um. The LET4 robustness for the LET4-optimised
plans was similar for the 54 Gy(RBE) threshold but slightly
worse for the 50Gy(RBE) threshold. NTCPsscyreg Vvaried
between 1.5 and 4.8 percentage points while NTCPsqcy (g
varied between 0.5 and 1.7 percentage points (Figure 1d).
The corresponding Lqge (D >54Gy(RBE)) differences were
between 0.5 and 1.6keV/um and the L;qe (D> 50Gy(RBE))
differences were between 0.6 and 1.7 keV/um.

Discussion

In this study, we have applied LET4-inclusive brainstem NTCP
models in an independent cohort. Variations in LET4 both
between patients and within patients based on robustness
and re-optimisation showed NTCPs4cyrgg) to vary with under
five percentage points while NTCPsqgyrse Variance stayed
below two percentage points. Across all patients and scen-
arios, the NTCPssgyrer) Was in the range of 3.1% to 13.1%
[3.0%, 27.2%] while NTCPsqgyrse) Was in the range of 2.7% to
5.9% [3.0%, 21.5%]. These risk estimates are high compared
to incidence rates found for larger paediatric cohorts in the
literature [2,10,11] partly explained by the model basing inci-
dence on a study with a relatively high incidence rate of
5.5% [12]. The NTCP estimates achieved with LET4-optimisa-
tion also demonstrated the limited range of model
applicability.

LET-optimisation both using the Raystation treatment
planning system [13] and other in-house software [14] has
been a topic of interest in recent publications and has shown
the potential to lower LET in OARs without compromising
dose. However, the evaluation of achieved LET distributions
is either purely based on LET values or linked to NTCP using
variable RBE models. The uncertainty surrounding current
state-of-the-art RBE models means the latter approach is
associated with uncertain NTCP estimates. The development
of models associating LET with common NTCP endpoints
may therefore be an important step towards clinical imple-
mentation of LET-optimisation. Here an example is demon-
strated, with NTCP based on a subvolume of high dose and
LET4 in the brainstem.

One of the most central limitations of this study is the
lack of outcome data in the cohort, preventing this work
from being a true validation of the models. Since the models
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Figure 1. NTCP estimates for all seven patients. a) NTCP from the delivered plans simulated in TOPAS. The point estimate is given by the tallest vertical line while
the 95% confidence interval is shown with the slightly transparent line and shorter vertical lines. NTCPs4y(rge) is shown with a full line while NTCPsqgy(rge) is shown
with a dashed line. b) NTCP from the LET4-optimised plans where the lines represent the same as in subfigure 1a. ¢) NTCP from the reference plan in Raystation
where robustness scenarios are included with the full horizontal line and the inner short vertical lines. The 95% confidence intervals correspond to the lower and
higher robustness scenarios and are, as in subfigures 1a and 1b, also shown by a slightly transparent line. d) NTCP from the LET4-optimised plans in Raystation

where the representation is the same as subfigure 1c.

describe relative risk, the validation of the models is also dif-
ficult due to the estimated risk being low for the typical
LET4-ranges seen in proton therapy.

The lack of robustness considerations in the LET optimisa-
tion was shown to have relatively minor impact on the
resulting LET scenarios. Previous studies have also assessed
the robustness of LET-distributions following proton treat-
ment planning [15,16]. The studies show that range and
setup uncertainties do affect LET-distributions and taking the
robustness of LET into account in LET optimisation is likely to
strengthen the treatment plans achievable with this
technique.

Another aspect to consider for LET optimisation is that
dose may already be slightly compromised in favour of LET-
distributions when avoiding several distal edges of proton
beams in an OAR [17]. This work did not explore altered
beam positions with LET4-optimisation but the technique

may allow greater flexibility in how beams are positioned in
proton therapy.

A limitation of the NTCP models studied here that
becomes evident for certain patients in this cohort is the
unreliability of NTCP values when the volumes become very
small, which is a consequence of the choice of dose thresh-
olds. The small size of the volume may make it more sensi-
tive to errors in dose calculation and contouring despite the
brainstem being a serial organ and sensitive to hotspots in
small volumes. The 54 Gy(RBE) threshold is also a clinically
relevant dose threshold since it is a common prescription
dose for paediatric CNS tumours and the safety of subjecting
the brainstem to a dose of 54 Gy(RBE) is a topic discussed in
the QUANTEC report [18], but the 50 Gy(RBE), while contain-
ing a larger volume, has no explicit clinical relevance. LETy4 in
high dose volumes was also prioritised in the LET4-optimisa-
tion leading to increased brainstem mean dose for most
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Figure 2. LET4-volume histograms showing brainstem LETy for all patients. a) is the LET4 in the brainstem volume receiving dose over 54 Gy(RBE) from the refer-
ence plans recalculated in Raystation. NTCPs4gyrgr) is shown with the horizontal line and shows the L;o, for each Curve. b) is the LETy in the brainstem volume

with dose over 50 Gy(RBE) from the recalculated reference plans and NTCPsqgy(rae) sShown as a second axis. c) shows a similar plot as subfigure 2a except it shows
the curves for the LET4-optimised plans instead while d) is a corresponding plot to subfigure 2b for the LET4-optimised plans.
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patients compared to the reference plans (Figure 3), which
may be impactful despite having no effect on the NTCP esti-

mates [6].
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Figure 3. Dose-volume histograms for all seven patients showing the CTV and brainstem dose from the delivered reference plan to the left and for the LET4-opti-
mised plans to the right. CTV doses are shown with the full while the brainstem is given by the dashed lines.

60

The limitation in applicable LET4-range for the patients is
also demonstrated in this model application. When no part
of the brainstem received dose over 54 Gy(RBE) which was
the case for the LET4-optimised plan of patient 6, the
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NTCPs4cyree-estimate was below zero (Table A1 in supple-
mentary materials). Additionally, the upper and lower confi-
dence intervals were reversed relative to the actual model
estimate for the LET4-optimised plans of certain patients.
Consequently, these models were difficult to use as a means
of quantifying NTCP improvements from LETy optimisation
since the actual LETy4 values became too low for the model
to give reasonable estimates.

A factor that may also impact the risk estimates is that
the models were based on double scattering proton therapy
data, while the patients in this study were treated with inten-
sity-modulated proton therapy. LET-distributions differ
slightly between the two modalities [19] which may affect
how necrosis develops.

In conclusion, we applied two NTCP models associating
brainstem necrosis with the LETy4 in the high dose volumes
of the brainstem following proton therapy of paediatric brain
tumours. The models gave low estimated risk of brainstem
necrosis and demonstrated that the risk could be further
reduced using LET optimisation. The importance of robustly
optimising proton plans in terms of not only dose but also
LET distributions is emphasised since LET may also have an
impact on the NTCP of the patient.
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