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A B S T R A C T   

Background and Purpose: Radiation-induced brainstem necrosis after proton therapy is a severe toxicity with 
potential association to uncertainties in the proton relative biological effectiveness (RBE). A constant RBE of 1.1 
is assumed clinically, but the RBE is known to vary with linear energy transfer (LET). LET-inclusive predictive 
models of toxicity may therefore be beneficial during proton treatment planning. Hence, we aimed to construct 
models describing the association between brainstem necrosis and LET in the brainstem. 
Materials and methods: A matched case-control cohort (n = 28, 1:3 case-control ratio) of symptomatic brainstem 
necrosis was selected from 954 paediatric ependymoma brain tumour patients treated with passively scattered 
proton therapy. Dose-averaged LET (LETd) parameters in restricted volumes (L50%, L10% and L0.1cm

3 , the cumu
lative LETd) within high-dose thresholds were included in linear- and logistic regression normal tissue compli
cation probability (NTCP) models. 
Results: A 1 keV/µm increase in L10% to the brainstem volume receiving dose over 54 Gy(RBE) led to an increased 
brainstem necrosis risk [95% confidence interval] of 2.5 [0.0, 7.8] percentage points. The corresponding logistic 
regression model had area under the receiver operating characteristic curve (AUC) of 0.76, increasing to 0.84 
with the anterior pons substructure as a second parameter. 19 [7, 350] patients with toxicity were required to 
associate the L10% (D > 54 Gy(RBE)) and brainstem necrosis with 80% statistical power. 
Conclusion: The established models of brainstem necrosis illustrate a potential impact of high LET regions in 
patients receiving high doses to the brainstem, and thereby support LET mitigation during clinical treatment 
planning.   

1. Introduction 

Ependymomas are paediatric intra-cranial brain tumours forming 
through the ependymal cells lining passageways of cerebrospinal fluid 
[1]. Radiotherapy is an important part of treating ependymoma and is 
commonly administered following surgical removal of the solid tumour 
[1,2]. Proton therapy is increasingly used in these patients due to tissue 
sparing capabilities compared to conventional radiotherapy, and with 
an expected lower risk of toxicity [2]. 

Radiation-induced brainstem necrosis is a severe toxicity attributed 

to dose exposure of the brainstem during radiotherapy of ependymoma 
[2,3]. Children are generally more radiosensitive compared to adults, 
which means that established tolerance doses from adult patients are not 
directly applicable in paediatric patients [4]. Furthermore, proton ra
diation is more effective at cell-killing compared to photons [5], which is 
accounted for clinically by multiplying the physical proton dose with a 
relative biological effectiveness (RBE) factor of 1.1. However, it is well 
known that the proton RBE is spatially variable depending on the linear 
energy transfer (LET), the (α/β)x of the tissue, as well as total dose and 
applied fractionation [6]. Clinical evidence of a variable RBE is, 
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however, inconclusive [7,8]. Several studies have observed associations 
between high LET and localised development of symptomatic brain 
toxicity or MR image changes [9–18]. Most investigations are retro
spective and uncontrolled, with relatively small data sets [7]. In a pre
vious study we utilised a matched case-control design and found trends 
in increasing LET with incidence of paediatric brainstem necrosis [19]. 

Photon-based normal tissue complication probability (NTCP) models 
disregard potential RBE effects such as LET differences and may 

consequentially have inferior performance when applied in proton 
therapy cohorts [20,21]. Developing NTCP models specific to proton 
radiotherapy could therefore be an important step in advancing clinical 
integration of LET [21]. Furthermore, a matched retrospective case- 
control design could reduce effects of confounding factors and may be 
better suited for identification of variable RBE effects in a limited cohort 
size [22]. In this study we developed LET-inclusive NTCP models for 
symptomatic brainstem necrosis based on a paediatric ependymoma 

Fig. 1. Univariate linear regression models of brainstem necrosis risk as a function of the LETd to the 10% of the full brainstem volume (L10%) receiving an RBE- 
weighted dose over 54 Gy(RBE) with RBE1.1 marked with a *. 95% CIs for the regression curves are shown in dashed red lines with the shaded red area 
describing the area covered by the CIs. a) shows a linear regression model describing relative risk associated with the L10% (D > 54 Gy(RBE) based on only the cohort 
in this work. Each individual patient in the case-control cohort is plotted as a black point. The case-control cohort is also shown divided into two groups with the 
average L10% (D > 54 Gy(RBE)) of all patients either over or under 3 keV/µm plotted in blue with 95% CIs in both average L10% (D > 54 Gy(RBE)) and toxicity 
incidence plotted along their respective axes. b) is a linear regression model showing absolute risk of brainstem necrosis also associated with the L10% (D > 54 Gy 
(RBE). The incidence rate is scaled to an incidence rate of 5.5% [95% CI: 2.9%, 10.2%] [25] at an L10% (D > 54 Gy(RBE)) of 2.93 keV/µm [95% CI: 2.78, 3.08]) 
(shown in black). The case-control cohort shown in blue is also scaled down with the same scaling factor that was used to achieve the incidence rate. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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cohort treated with proton therapy. The applied study design and 
included parameters were also used to estimate the expected number of 
ependymoma patients required to establish robust LET-inclusive RBE 
models of brainstem toxicity. 

2. Materials and methods 

2.1. Patient selection and dose calculation 

From a total cohort of 954 paediatric patients treated with passively 
scattered proton therapy for brain tumours at the University of Florida 
Health Proton Therapy Institute (UFHPTI) between 2006 and 2017, 28 
paediatric ependymoma brain tumour patients were selected for this 
analysis in a matched case-control design (1:3 case-control ratio). More 
details on patient selection are included in Supplementary material A 
[19]. 

All included DICOM and patient data were part of an institutional 
review board-approved study and were anonymised prior to export of 
dosimetric data and analysis. Dose and dose-averaged LET (LETd) dis
tributions were calculated with the FLUKA Monte Carlo code with all 
nozzle components from the original treatment implemented [23]. The 
radiation was simulated in the patient CTs and both dose and LETd were 
scored in water, with the former considering all particles, while the 
latter considered primary and secondary protons only. 

2.2. Statistical analysis 

Parameters included for analysis were LETd and RBE1.1-weighted 
doses to volume segments 50%, 10% and 1 cm3 (denoted L50%, L10% and 
L0.1cm

3 for LETd, respectively), as well as the volume of the full brainstem. 
The LETd parameters considered the brainstem voxels receiving doses 
over specified dose thresholds with cumulative LETd representing the 
specified fraction of the voxels with the highest LETd values. Several 
dose thresholds were explored but 1 Gy(RBE), 50 Gy(RBE) and 54 Gy 
(RBE) were selected for the final analysis and presented in this work. The 
1 Gy(RBE) parameter was used to exclude very low dose voxels only, 
while 50 and 54 Gy(RBE) exclude all but the highest dose voxels instead. 
The statistical analysis is further described in Supplementary material B. 

2.3. Parameter selection 

Parameters were selected for the models based on bootstrapping in 
104 iterations. Univariate models with each parameter (Fig. A2 and A3) 
were trained using the bootstrapped samples. The parameter was then 
removed and the change in Akaike information criterion (AIC) and 
Schwarz’ Bayesian information criterion (BIC) was assessed. The 
resulting model was chosen based on the greatest improvement in AIC 
and BIC between having one and no parameters, thus a model with 
intercept only. The same procedure was followed for the second 
parameter of the bivariate model. The 50 Gy(RBE) dose threshold was 
excluded from the parameter selection. 

2.4. Predictive modelling 

We chose to primarily focus on a linear regression model, rather than 
a more standard NTCP-model such as logistic regression, due to the lack 
of incidence data in this case-control cohort and the overall low inci
dence of brainstem necrosis after proton therapy. The linear function 
can be considered an approximation of the linear behaviour of the sig
moid curve at low risk levels. We fit the risk to a curve Bs(1+kx) simi
larly to the methods described by Darby et al. to model the risk of 
ischemic heart disease following radiotherapy of breast cancer [24]. 
Here Bs is a base rate, while k is the linear percentage increase in risk per 
parameter unit, and × is the modelled parameter. The base rate, Bs, was 
not a y-axis intercept in our case but rather an intercept with mean 
parameter value, thus assuming that the mean parameter value and its 
corresponding variance is representative of the expected range of values 
in a larger population. The linear model was fitted to the data points in 
our cohort and then scaled down to a brainstem necrosis incidence rate 
of 5.5% [95% confidence interval (CI): 2.9%, 10.2%] observed in a study 
of 179 paediatric ependymoma patients treated with proton therapy at 
UFHPTI between 2007 and 2017 [25], with the new slope given by the 
previous linear slope described relative to the incidence of 5.5%. 

Logistic regression models were also constructed to evaluate the 
discriminative ability of the curves with respect to the cohort. The 
discriminative ability of the logistic regression models was compared to 
a random forest classifier, a neural network and a support vector ma
chine trained on the same data. These machine learning methods were 

Fig. 2. Linear regression model showing absolute risk of brainstem necrosis associated with the L10% (D > 50 Gy(RBE) marked with a †. 95% CIs for the regression 
curves are shown in dashed red lines with the shaded red area describing the area covered by the CIs. The incidence rate is scaled to an incidence rate of 5.5% [95% 
CI: 2.9%, 10.2%] [25] at an L10% (D > 54 Gy(RBE)) of 2.93 keV/µm [95% CI: 2.78, 3.08]) (shown in black). The case-control cohort is divided based on whether the 
patients have L10% (D > 50 Gy(RBE) over or under 3.5 keV/µm and are shown in blue scaled down with the same scaling factor that was used to achieve the incidence 
rate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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generated using the sci-kit learn package in python [26]. 95% CIs for the 
fitted model parameters were constructed by bootstrapping samples in 
104 iterations and fitting new models on the new samples. The top and 
bottom 2.5% of parameters were then excluded to give the final 
intervals. 

2.5. Model evaluation 

The models were evaluated based on the area under the receiver 
operating characteristic (AUC) curve, the area under the precision recall 

curve (AUPRC) and Brier score. Leave one out cross-validation (LOOCV) 
gave a measure of the models’ generalisability. Here a model was 
established based on all data points except one, and the model then 
predicted the value of the excluded data point. The process was repeated 
for each data point and prediction accuracy was calculated. All metrics 
were calculated in Python using the sci-kit learn package [26]. 

Calibration curves were used to evaluate the calibration of the lo
gistic regression models and in what ranges they over or underpredict 
toxicity risk. The curves were calculated using the sci-kit learn Python 
package [26]. 

Fig. 3. Logistic regression models showing risk of brainstem necrosis for the patient cohort without a scaling factor associated with the L10% (D > 54 Gy(RBE) marked 
with a * and the L10% (D > 50 Gy(RBE) marked with a †. 95% CIs for the regression curves are shown in dashed red lines with the shaded red area describing the area 
covered by the CIs. Each individual patient in the case-control cohort is plotted as a black point. a) is a logistic regression model associating brainstem necrosis risk 
with the L10% (D > 54 Gy(RBE) where the patient cohort is shown divided in two shown in blue based on whether they had L10% (D > 54 Gy(RBE) over or under 3 
keV/µm. b) a) is a logistic regression model associating brainstem necrosis risk with the L10% (D > 50 Gy(RBE) where the patient cohort is shown divided in two 
shown in blue based on whether they had L10% (D > 54 Gy(RBE) over or under 3.5 keV/µm. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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2.6. Power analysis 

Due to limited sample size and as a consequence low statistical 
power, a power analysis was performed to determine the number of 
patients required to establish models with greater statistical power by 
assuming identical data characteristics, setting 80% statistical power as 
a required threshold. Further details on the power analysis are provided 
in Supplementary material C. 

3. Results 

The L10% of the brainstem volume receiving dose over 54 Gy(RBE) 
was found to be the parameter most closely related to toxicity, with a 1 
keV/µm increase being associated with an increased risk [CI] of brain
stem necrosis of 46 [4, 77] percentage points (Fig. 1a) based on the case- 
control cohort only. The CIs of the curves were wide, but the slope was 
positive in the whole interval. When utilising a base incidence rate from 
the literature, an increase in 1 keV/µm yielded an increase in absolute 
risk of 2.5 [0.0, 7.8] percentage points (Fig. 1b). In the L10% (D > 54 Gy 
(RBE)) interval observed in this case-control cohort (2.33, 3.80 keV/µm) 
we found absolute risk of brainstem necrosis ranging from 4.0% [2.8%, 
5.5%] to 7.7% [3.0%, 17.0%] (Fig. 1b). When the L10% (D > 50 Gy 
(RBE)) was utilised instead of the L10% (D > 54 Gy(RBE)), the risk 
associated with a 1 keV/µm increase changed to 1.5 [− 0.1, 5.5] per
centage points (Fig. 2). 

The univariate logistic regression models incorporating the L10% (D 
> 54 Gy(RBE)) (Fig. 3a) and the L10% (D > 50 Gy(RBE)) (Fig. 3b) ach
ieved discriminative ability as quantified by the performance metrics 
shown in Table 1. A bivariate model combining the L10% (D > 54 Gy 
(RBE)) and the volume of the brainstem anterior pons (Equation D1) was 
also fitted and improved all performance measures from the L10% (D >
54 Gy(RBE)) only model, with an AUC increasing from 0.76 to 0.84 and 
the LOOCV accuracy increasing from 79% to 89% (Table 1). The ma
chine learning algorithms showed similar model performance compared 
to logistic regression, except the bivariate neural network which showed 
excellent performance on all metrics except LOOCV accuracy 
(Table A2). The L10% (D > 54 Gy(RBE)) logistic regression model showed 
slightly inferior calibration compared to the L10% (D > 50 Gy(RBE)) 
model (Fig. 4). The result of going from absolute to relative risk (Fig. 1a 
and b) was a shallower curve and noticeably the points representing the 
patient cohort showed that the model went from overpredicting to 
underpredicting toxicity in the lower range of L10% (D > 54 Gy(RBE)) 
values and from underpredicting to overpredicting toxicity in the higher 
range of L10% (D > 54 Gy(RBE)) values. 

The required number of symptomatic brainstem necrosis patients to 
achieve 80% statistical power was 19 [7, 350] for the L10%, 36 [11, 130] 
for the L50% and 37 [7, 690] for the L0.1cm

3 with D > 54 Gy(RBE). For D >
50 Gy(RBE) the numbers increased to 67 [10, 2.0⋅104], 56 [9, 2.2⋅107] 
and 54 [9, 3.4⋅104] for the L50%, L10% and L0.1cm

3 , while no dose threshold 
gave 65 [9, 7.8⋅103], 86 [12, 830] and 84 [12, 1.5⋅103] for the L50%, 
L10% and L0.1cm

3 , respectively (Fig. 5). 
The patients with brainstem necrosis generally presented with higher 

LETd parameters to both the full brainstem volume and most brainstem 
substructures compared to the controls. The remaining analysed 

parameters are given in Supplementary material B. 

4. Discussion 

In this study we fitted risk prediction models of brainstem necrosis 
associated with LET in high dose volumes by using a matched case- 
control design. The predictive models combined with incidence rates 
from literature suggest evaluation of LET in treatment plan assessment, 
although brainstem necrosis incidence and risk estimates are low. The 
univariate logistic regression model including the L10% (D > 54 Gy 
(RBE)) and the bivariate logistic regression also including the volume of 
the anterior pons (Fig. B1) achieved discriminative ability described by 
AUCs of 0.76 and 0.84, respectively. Assuming similar LETd trends as in 
our study (7 symptomatic cases), we found that 19 to 84 symptomatic 
cases would be required to construct models achieving 80% statistical 
power, depending on the included LETd parameter. 

By utilising a matched case-control design we were able to discern a 
trend between LETd and brainstem necrosis that otherwise likely would 
have been confounded by larger differences in treatment planning dose- 
volume variations and patient heterogeneity. There was an increasing 
risk of brainstem necrosis with increasing L10% in the high dose region of 
this cohort (D > 54 Gy(RBE)) and the risk was also increasing within the 
full CI. This could potentially translate to a significant improvement if 
accounted for during treatment planning. A difference in absolute 
brainstem necrosis risk of 3.7 percentage points [0.2, 11.5] was 
observed between the patients with the highest and lowest L10% (D > 54 
Gy(RBE)) in the case-control cohort, demonstrating the feasibility of 
reducing estimated risk within clinically realistic LETd values by 
including LETd more directly in treatment planning. 

Several studies have investigated the role of brainstem dose as a 
driver for brainstem necrosis [17,27,28] but purely dose-based analyses 
are unable to detect a potential role of LET and variable proton RBE in 
the development of brainstem necrosis. A set of conservative dose con
straints to the brainstem in paediatric proton CNS treatment have been 
established to minimise the risk of necrosis [29]. However, during 
clinical treatment planning, the variable RBE is not calculated but 
instead mostly accounted for qualitatively, e.g. by the positioning of the 
distal fall-off of treatment fields outside of organs at risk [29]. With this 
study we aimed to establish a model as a supportive tool for clinical 
implementation of LET. The LET association with asymptomatic image 
changes in paediatric CNS patients has been investigated in several 
studies [12–14,16] where three of four studies found significant asso
ciation between image changes and LET. Our current study and previous 
investigations [19] also showed trends towards increased risk of brain
stem necrosis with increased LETd values particularly in high dose vol
umes, further emphasising continued study of the role of combined high 
dose and high LET in critical organs such as the brainstem. 

Wagenaar et al. recently estimated a required cohort size of 15 000 
patients to definitely associate mean LETd and dose on a voxel-wise basis 
to toxicity in a cohort of 100 unmatched head and neck patients [30]. 
The power analysis performed in assessment of our study established 
significantly lower cohort sizes to achieve statistical power of 80%, 
although the assumption that similar trends to the ones observed in this 
data will be observed in a larger similar cohort as well is subject to 
considerable uncertainty. Nevertheless, this demonstrates how statisti
cal power can be achieved with more realistic cohort sizes by varying 
study design, which may be key in future evidence of LET-related clin
ical effects. However, it is important to mention the distinction between 
the NTCP endpoints studied here and by Wagenaar et al. A small volume 
of high dose and LET in an organ is easier to associate with an NTCP 
endpoint in a serial organ compared to a parallel organ where mean dose 
and LET are relevant and volumes of potentially increased LET may, 
therefore, be compensated due to averaging. For the studied ependy
moma patients in risk of brainstem toxicity, the high LET parameters of 
the high dose region appear as central components. Dose-LET volume 
histograms as presented by Yang et al. [31] further demonstrate a 

Table 1 
Area under receiver operating characteristic (AUC) curve, area under precision- 
recall curve (AUPRC), Brier score and leave one out cross-validated (LOOCV) 
accuracy of both univariate and bivariate logistic regression models.  

Predictor(s) AUC AUPRC Brier Score Accuracy (LOOCV) 

L10%* Brainstem  0.76  0.63  0.15 79% 
L10%
† Brainstem  0.70  0.52  0.17 71% 

L10%* Brainstem and 
Volume of Anterior Pons  

0.84  0.81  0.11 89% 

*Dose threshold 54 Gy(RBE), †Dose threshold 50 Gy(RBE). 
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possible route of quantitative combined dose and LET assessment. 
Indeed, how dose and LET should be weighted relatively to each other 
lacks consensus. Variable RBE-models are one way to combine the pa
rameters to describe the clinical consequence of LET, but these models 
are currently uncertain and largely based on in vitro data [32]. Yet 

another uncertainty aspect is the differences across reported values of 
LET between studies, including averaging method, particles accounted 
for and to what medium LET is calculated [21,33,34]. This might also 
affect the accuracy of the results, where LET was based on primary and 
secondary particles only, while the actual RBE might also be 

Fig. 4. Calibration curves for the logistic regression models showing deviance between the actual model and a perfectly calibrated model for the a) risk associated 
with the L10% (D > 54 Gy(RBE) and the b) risk associated with the L10% (D > 50 Gy(RBE). The patient cohort of 28 patients is divided into four groups with seven 
patients in each group sorted by ascending order of parameter value. The standard deviation in incidence is given by the error bars in the y-direction. 
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significantly impacted by other particles. Further, it has also been sug
gested that alternative descriptions of microscopic energy deposition 
might more accurately describe the RBE of the proton [35]. Yet another 
alternative approach reported recently is to consider LET indirectly by 
calculating RBE based on proton track-ends instead [36]. 

The absolute risk of necrosis reported in this work could potentially 
be underestimated since the brainstem dose was generally high in our 
cohort. The study used for normalising the estimated risk did not report 
dose/volume parameters to the brainstem. However, in a larger study of 
313 paediatric patients receiving dose over 50.4 Gy(RBE) to the brain
stem, Indelicato et al. found a necrosis incidence of 3.8% ± 1.1% with a 
V54Gy(RBE) of 26% [range 0%, 100%] [17]. For comparison, our 
cohort had a V54Gy(RBE) of 45% [range 7%, 95%] and although the 
incidence rate normalised to in this work was slightly higher it might not 
sufficiently compensate for the increase in brainstem dose. Contrarily, in 
a study of 216 posterior fossa tumour patients (56 ependymomas), 
Gentile et al. found a brainstem necrosis rate of 1.9% (3.6% considering 
ependymoma only) and a V54Gy(RBE) of 44.9% [range 0%-100%] for 
all patients [28], thus comparing quite well with the V54Gy(RBE) of our 
work. However, considering all 954 patients, the brainstem necrosis rate 
was low at 1.7%. This might have the opposite effect and bias our 
models towards higher risk estimates. The normalisation was performed 
to address this bias and to centre the models around more established 
incidence rates. 

In the study of rare outcomes such as brainstem necrosis, gathering 
sufficient data for statistical certainty is difficult. In this study we ana
lysed a large number of parameters for a relatively small dataset which 
might be problematic since setting a threshold of 5% for statistical sig
nificance means we accept a one in twenty probability of tested pa
rameters showing as statistically significant despite actually being 
normally distributed around origin. Considering the substructure anal
ysis, we analysed 130 parameters, reduced to 13 if only accounting for 
the full brainstem volume. Thus, particularly for the substructure anal
ysis, there is a considerable risk of false positives. 

The use of the anterior pons as a secondary model parameter is not 
supported by literary evidence. It is therefore difficult to conclude only 

based on this work that there is significance with this particular sub
structure, especially since the substructure is the smallest sub-volume 
analysed and therefore the most sensitive to systematic errors in 
contouring. 

In conclusion, NTCP models for brainstem necrosis accounting for 
the LETd of protons were constructed and suggest hotspots of high LETd 
in high dose volumes to be associated with the development of brain
stem necrosis. We emphasise the importance of further investigating LET 
in the scope of toxicity and to account for LET and variable RBE both in 
proton therapy plan optimisation and evaluation. 
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Fig. 5. Power analysis of LETd parameters for the brainstem with a dose threshold of 54 Gy(RBE) to the left, 50 Gy(RBE) in the middle and no threshold to the right. 
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