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Abstract

Purpose

To develop normal tissue complication probability (NTCP) models for radiation-induced alopecia (RIA)
in brain tumor patients treated with proton therapy (PT).

Methods and materials

We analyzed 116 brain tumor adult patients undergoing scanning beam PT (median dose 54 GyRBE;
range 36-72) for CTCAE v.4 grade 2 (G2) acute (<90 days), late (>90 days) and permanent (>12
months) RIA.

The relative dose-surface histogram (DSH) of the scalp was extracted and used for Lyman-Kutcher-
Burman (LKB) modelling. Moreover, DSH metrics (Sx: the surface receiving X Gy, Da%: near maximum
dose, Dmean: mean dose) and non-dosimetric variables were included in a multivariable logistic
regression NTCP model. Model performances were evaluated by the cross-validated area under the
receiver operator curve (ROC-AUC).

Results

Acute, late and permanent G2-RIA was observed in 52%, 35% and 19% of the patients, respectively.
The LKB models showed a weak dose-surface effect (0.09 <n< 0.19) with relative steepness 0.29 <m<
0.56, and increasing tolerance dose values when moving from acute and late (22 and24 GyRBE) to
permanent RIA (44 GyRBE).

Multivariable modelling selected Sz1ay for acute and Szsay, for late G2-RIA as the most predictive DSH
factors. Younger age was selected as risk factor for acute G2-RIA while surgery as risk factor for late
G2-RIA. D% was the only variable selected for permanent G2-RIA. Both LKB and logistic models
exhibited high predictive performances (ROC-AUCs range 0.86-0.90).

Conclusion



We derived NTCP models to predict G2-RIA after PT, providing a comprehensive modelling
framework for acute, late and permanent occurrences that, once externally validated, could be

exploited for individualized scalp sparing treatment planning strategies in brain tumor patients.



Introduction

Alopecia is one of the most common and emotionally troublesome effects of cancer therapy [1].
Radiation induced alopecia (RIA) occurs less frequently than chemotherapy induced-alopecia.
However, the former is more likely to result in permanent hair loss [2]. Temporary or permanent RIA
are one among the side effects resulting from brain tumor radiation therapy (RT); and, while its
importance in affecting long-term quality of life (QoL) has been recognized, it has been accepted as
an unavoidable consequence [3]. Only a few studies report on dose response analysis for RIA
following photon or proton cranial irradiation [3-6]. Lawenda et al. [4] first reported a dose-response
relationship for moderate to severe permanent alopecia after photon cranial irradiation in a limited
cohort of 26 patients, and found a 50% probability to induce toxicity (TD50) value of 43 Gy.

Proton therapy (PT) is considered a promising RT treatment modality for brain tumors [7]. Indeed,
the physical properties of protons render PT potentially ideal for brain tumors requiring prescription
doses that exceed tolerance dose levels in surrounding organs at risk. To mitigate radiation-induced
adverse effects, protons may also be preferred for brain tumors associated with long-term survival
[7, 8]. However, the higher entry dose of the spread-out Bragg peak may represent a disadvantage;
thus causing concern over a possible increase in skin adverse effects, such as hair loss. This effect is
particularly important in passive scattering PT, but may have a relevant role also in active scanning
technique [6, 9] despite this technique offers larger treatment planning optimization flexibility.

A study on a small cohort of 12 pediatric medulloblastoma patients treated with passive scattered PT
[5] suggested that permanent RIA was correlated with a dose threshold of about 21-30 Gy. Another
very recent study on adult brain tumor patients treated by PT [6] developed and externally validated
a Normal Tissue Complication Probability (NTCP) model only for acute RIA. The authors reported that
the best predictive variables were skin near maximum dose (D2%) and skin volume receiving at least

25 Gy (Vasay).



Against this background, NTCP models represent the key to maximizing the benefits of technological
advances in RT such as PT [10]. Models able to robustly predict RIA, in particular the permanent one,
may play an essential role in identifying of an individualized optimal plan to minimize the risk of RIA,
thus improving brain tumor patients” QoL.

Aim of the present study was to develop NTCP models for acute, late and permanent RIA in patients
treated with scanning beam PT for brain tumors. To the best of our knowledge, this is the first study
to model permanent RIA in quite a large cohort of brain tumor patients treated with PT. The
modelling procedure was based on the introduction of a novel fully automated procedure for scalp
definition as a critical organ for RIA. Two different NTCP modelling strategies were adopted, one
based on the pure dosimetric Lyman-Kutcher-Burman (LKB) analysis and the other based on

multivariable logistic regression.

Methods and materials

Patients and treatments

Clinical and dosimetric records of a cohort of consecutive adult patients treated for brain tumors
(local Ethics Committee approval protocol A489) were retrospectively reviewed. All patients have
been evaluated for alopecia before RT (baseline) and monitored weekly for RIA injury during RT, at
the end of RT, and every 3 months after RT, as part of clinical routine. For each patient, RIA was
graded in consensus by two radiation oncologists (DA and DS) according to the National Cancer
Institute’s Common Terminology Criteria for Adverse Events version 4 (CTCAE v4) for acute (<90 days
after RT completion), late (>90 days after RT completion) and permanent (persisting for >12 months
after RT completion [4]) injury. For each RIA outcome, the maximum CTCAE v4 severity score was

recorded during the corresponding period of time. Time to RIA was computed from the end of RT to



the first RIA event. If an event occurred during the RT treatment, time to RIA was set to 0. Patients
were followed up for a median time of 235 days (range 0-923 days).

In order to limit intra- and inter-observer variability, the decision on scoring was accomplished
consensually by radiation oncologists with the analysis of pictures (Supplementary figure 1) acquired
at each time point. All participants gave their written informed consent. Patient data were analyzed
after anonymization. Patient and treatment characteristics are described in Table 1.

All patients underwent PT by pencil beam scanning at Trento Proton Therapy Center with standard
fractions (1.8 or 2 GyRBE) between October 2014 and November 2017. The study eligibility criteria
include evaluation of RIA status and availability of 3-dimensional dose maps. The resulting cohort
consisted of 116 patients. For all the patients in the resulting cohort, the planning-CT matrix size was
512x512 in plane, with a CT slice thickness of 1.5 mm. Treatment plans were designed using a single
field optimization technique based on pencil beam scanning. According to the moment in time when
the patient was treated, the plan was designed either in XiO (Elekta AB, Stockholm, Sweden) or in
RayStation (Ray-Search AB, Stockholm, Sweden). The dose grid size ranged between 1.0x1.0x1.0 mm?3
and 1.5x1.5x1.5 mm3.

The relative biological effectiveness (RBE) was considered to be constantand setto 1.1, i.e. D (GyRBE)
= 1.1 D (Gy) [11]. ICRU is currently revising the dose units in proton therapy to avoid the use of
different units [12]. In this paper we will refer only to the Gy unit for proton dose values although
they include the RBE corrections. Physical doses are 10% lower than those reported in the paper.
Target definition was based on CT and on morphological magnetic resonance (MR) imaging with
contrast enhancement medium. When required, information coming from positron-emission
tomography (PET) were also employed. Macroscopic residual tumor did represent the gross tumor

volume (resection cavity was included for patients with surgery prior RT). Depending on the tumor



type, variable margins were added to take into account microscopic tumor infiltration (clinical target

volume - CTV). Planning target volume was generated by adding a 3-4 mm margin to CTV.

Dosimetric analysis

For each patient, individual DICOM RT plans (computed tomography (CT) scans, doses and contoured
organ structures) were converted into Matlab-readable format (MathWorks, Natick, MA, USA) using
the CERR (Computational Environment for Radiotherapy Research) software [13].

Healthy hair roots are found in the fat tissue (connective tissue) of the second scalp layer, on average
4 mm under the skin surface [14, 15]. In order to accurately evaluate the dose to scalp hair follicles
and to take into account the scalp anatomy, the scalp structure was automatically extracted as
follows. First, a gross estimate of the connective tissue in the planning CT field-of-view was derived

as.

RawConnectiveTissue = [(Body © B[2 mm]) \ (Body © B[6 mm])]

where B[r] is a spherical structuring element of radius r, \ represents the set difference, and @ and
© stand for morphological dilation and erosion [16], respectively. In order to select just the portion
that covers the cranial vault, we then defined a gross scalp structure as:

RawScalp = RawConnectiveTissue N (Brain @ B[25 mm])
Finally, the fine estimate of the Scalp structure was obtained by excluding from RawScalp possible
regions of bone tissue (radiometrically identified by a lower threshold set to 100 Hounsfield Unit (HU)

on planning CT scan):

Scalp = RawScalp N [(HU>100) -B[1 mm]]



where - represents the morphological closing [16].

Using an in-house developed library for Matlab [17, 18], we then computed the dose-surface
histograms (DSHSs) of the scalp thus obtained. The following DSH metrics were extracted: the relative
scalp surface receiving = X Gy (Sx) in step of 1 Gy, the minimum dose given to the hottest x% scalp
surface in step of 5% (Dx), the near maximum dose (D2%) and the mean dose (Dmean) to the scalp

surface.

Statistical analysis

The analysis was performed considering 3 different endpoints: acute, late and permanent G2 RIA
status (a G2 RIA event was defined as the occurrence of a RIA of grade 2). All the extracted scalp dose
parameters along with patient and treatment-related factors (age at RT, prescription dose, number
of fractions, CTV size, scalp surface, gender, surgery, chemotherapy, re-irradiation, diagnosis) were
analyzed for the above described groupings by univariate statistical methods: categorical variables
were tested by Pearson’s y’-test or Fisher’s exact test when appropriate; continuous variables were
tested by Mann-Whitney U-test. Bonferroni-corrected a-level of 0.05 was used as significance level.
Receiver operator characteristic (ROC) curve analysis was performed and cut-off values on the ROC

curve were determined by Youden’s J statistic [19].

Normal tissue complication probability modelling

For each endpoint, two different NTCP models were analyzed: the LKB model built on generalized
equivalent uniform dose (gEUD) [20, 21] and recast for DSHs [18] as well as the multivariable logistic
model. The LKB model was fitted as previously described in [22]. The Maximum Likelihood method
was used to find the best-fit values of the LKB parameters (TD50, m and n) by maximizing the

logarithm of the likelihood (LLH). TD50 is the value of the uniform dose given to the entire organ



surface corresponding to the 50% probability to induce toxicity; m is inversely proportional to the
slope of the dose-response curve; and n accounts, in this specific case, for surface effects. The LLH
function was numerically maximized using an in-house developed library for Matlab. 95% confidence
intervals for parameters estimates were obtained using the profile likelihood method.

In order to evaluate the impact of dosimetric and non-dosimetric factors, multivariable stepwise
logistic regression methods for NTCP modelling were also applied [23-25]. For each analyzed
outcome, only the variables most highly correlated with RIA (p< 0.1) at the univariate analysis were
included in the subsequent multivariable analysis. Highly inter-correlated variables (correlation
|Rs|>0.75) were further removed keeping only the variables with the highest correlation with RIA to
avoid collinearity problem:s.

The Leave-One-Out (LOO) method was applied to the whole statistical pipeline to cross validate the
model performance. Model performance was evaluated by the area under the ROC curve (AUC) and
by the Brier Score (BS). Calibration plots were generated for graphical assessment of the agreement
between observed outcomes and LOO predictions.

A hierarchical regression approach [26]) was also applied in order to take into account a potential
role of RIA history in the development of late/permanent effects and, thus, the consequential
component of RIA [27]. Accordingly, acute RIA status was provided as second level for

late/permanent RIA regression and late RIA status as third level for permanent RIA regression.

Results

The incidence of RIA is reported in Table 1. Data for acute RIA were available for 116 out of 117
initially included patients. Data for late and permanent RIA were available for 103 patients out of 116.
Acute G2 RIA was found in 60 of the 116 (52%) patients at a median time of 35 days (range: 0-58

days) from the end of PT. Late G2 RIA was found in 41 of the 103 patients (35%) at a median time of



113 days (range: 91-671 days) from PT. Twenty of the 103 (19.4%) patients developed permanent G2
alopecia. Non-dosimetric variables, significantly associated with G2 RIA status, were reported in Table
1. Strong correlations between temporary and permanent G2 RIA statuses were identified.

For all the analyzed RIA status, the average DVHs of those patients who developed alopecia were
separated from the average DVHs of unaffected patients well beyond the associated standard errors
on a large range of doses (Figs. 1-3).

The training of the LKB models achieved high prediction performances (AUCacuteria = 0.89; AUCiateria
= 0.87; AUCpermanentria = 0.88; see Table 2, Figs. 1-3) and highlighted increasing TD50 values (acute G2
RIA TD50 =22 Gy, late G2 RIA TD50 = 24 Gy, permanent G2 RIA TD50 = 44 Gy) when moving from
temporary (acute or late) to permanent G2 RIA.

Multivariable logistic modelling of both temporary G2 RIA outcomes led to the selection of one
dosimetric variable (S216y and Szsey for acute and late G2 RIA, respectively) and of one non-dosimetric
variable (age and surgery for acute and late G2 RIA, respectively) as predictive factors (Table 3).
Conversely, the only variable selected for permanent G2 RIA modelling was the near maximum scalp
dose Dy%. ROC analysis of acute G2 RIA identified the value of 5.1% as optimal cut-off for Szigy ; for
late G2 RIA the cut-off for Sasey was 2.0%, and for permanent effect the cut-off for Doy was 48 Gy.
As for the LKB models, all logistic models provided high performances measured in terms of AUC
(AUCacute = 0.91; AUClate = 0.89; AUCpermanent = 0.89), BS and calibration (Table 3, Figs. 1-3).

The hierarchical regression approach identified a further significant improvement of prediction
performance when acute G2 RIA was included in the stepwise logistic model of late G2 RIA (p=0.015)

and when late G2 RIA was included in the stepwise logistic model of permanent effect (p<0.001).

Discussion
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In the present study we modeled temporary and permanent G2 RIA in a cohort of brain cancer
patients treated by active scanning PT. Two different approaches were applied: a purely dosimetric
LKB NTCP and a multivariable logistic regression model including both dosimetric and clinical
covariates. To this end, we devised a new algorithm for the automated extraction of the scalp, based
on the patient outline (i.e. body) and the brain structure which are commonly contoured in the clinical
practice of brain tumor RT.

Limited literature reported on dose—response relationship for the occurrence of temporary or
permanent alopecia after cranial irradiation and analyzed potential confounding variables that might
contribute to predict this often unavoidable side effect of RT [4].

In the present study, we proposed the first comprehensive modelling analysis of both temporary
(acute and late) and permanent G2 RIA on a large cohort of brain cancer patients. The obtained
results support and expand the previously reported indications or findings.

From the average DSHs, a clear separation can be observed between patients who developed G2 RIA
and those who did not (Figs. 1-3), throughout a large range of scalp doses. Therefore, we first adopted
the LKB approach to toxicity modelling which could improve the robustness of the prediction by
exploiting the average gEUD of different dose level parameters. The training of the 3 LKB models
resulted in a very good prediction performance and did not reveal any effect of “calibration-in-the-
large” while slope and intercept of cross validation calibration plots are close to ideal [28]. In
particular, this behavior is confirmed even for acute and late G2 RIA, despite the scattered
appearance of points around the best fit of the calibration curve.

Passing from acute to permanent alopecia, the consistent increase of TD50 values from 22 Gy to 44
Gy appears clinically sound and also confirms previous findings on dose value thresholds [4-6]. The

values for the surface parameter n suggest a weak dose surface effect. Moreover, the estimation of
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the n parameter can be exploited for RT plan optimization by constraining the gEUD, the most
common empirical model implemented in several treatment planning systems.

Several clinical factors turned out to be strongly correlated with the analyzed outcomes. We
therefore investigated their potential impact on the G2 RIA predictive power by a multivariable
logistic regression approach in view of a personalized treatment strategy. In addition to DSH metrics,
younger age at time of RT was selected as a risk factor for acute G2 RIA while surgery was found to
be a risk factor for late RIA. There is conflicting evidence concerning the effect of age on the
prevalence and severity of radiation induced skin toxicity [29, 30]. Older age in adults is usually
associated with a higher normal tissue radiosensitivity due to the depletion of tissue stem cells, to
age-related accumulation of mutations and to a subsequent decline in DNA repair capacity [31].
However, a correlation between age and acute RIA was not reported in previous literature, except
for a trend reported in [6]. Further studies are needed to clarify the influence of age on acute skin
toxicity and, in particular, on acute RIA.

On the contrary, clinical variables did not significantly add prediction power to the logistic model for
permanent G2 RIA which was based only on the near maximum scalp dose.

It is worth noting that hierarchical regressions highlighted the presence of a consequential
component for the scalp in the development of late and permanent alopecia, thus confirming that
the improvement of an early response to irradiation (through the proper NTCP models) may be a
useful approach to minimize later side effects [27].

The risks of a potential increase of radiation induced skin or scalp toxicity has long been considered
a peculiar drawback in the clinical use of protons and in particular for its early conventional dose
delivery method, using passive scattering PT. Indeed, while in photon RT, the skin sparing is obtained
thanks to the initial dose buildup effect; this is not the case for the directly and locally ionizing

features of the particle beam radiation used in hadron therapy, where the skin lies in the dose profile
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plateau region. The latter plateau, in an extended spread out Bragg peak, may become considerably
high. However, proton pencil beam active scanning, through energy and spot selection features,
offers higher flexibility and enhanced modulation capability in treatment planning [32]. Therefore, if
the scalp is included in the optimization strategy, a reduction in the dose released to the skin and,
thus, a potential reduction in the incidence rates of alopecia can be obtained.

The main limitation of the present study is that the derived models could not be validated on an
independent cohort from an external institution, thus hindering their straightforward inclusion in the
clinical practice. Nonetheless, the reported findings were obtained by a fully automated
implementation of both the extraction of the scalp structure and the following statistical processing,
thus strengthening the performed analysis and easing the process of unbiased validation on external
cohorts of patients. In addition, we did not take into account the possible impact of a variable RBE
for protons which was set to the widely accepted constant value of 1.1 [33, 34]. Nonetheless, our
result on proton TD50 value for permanent alopecia is in agreement with the TD50 of 43 Gy derived
for photon cranial irradiation and reported in [4].

In conclusion, following different modelling approaches, we derived six NTCP models describing the
different types of G2 RIA after active scanning PT, for which prior literature failed to offer a
comprehensive modelling framework of both temporary and permanent occurrences. From LKB
modelling, the TD50 values confirms previous findings on dose value thresholds obtained after
photon cranial irradiation while the surface parameter n suggests a weak dose surface effect for the
scalp. All the above findings provide a coherent picture of the analyzed morbidities and, once
externally validated, could be easily exploited for individualized treatment planning and for scalp
sparing RT in brain tumor patients. Active scanning PT offers indeed a large flexibility for the

optimization and the inclusion of the scalp-specific model parameters in the planning strategy may
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minimize the occurrence of radiation induced hair-loss, and in particular of permanent one with a

consequent improvement of patient’s quality of life.
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Figure legend

Figure 1. Acute Radiation Induced Alopecia (RIA) modelling. a) Average Dose-Surface Histograms
(DSHs) + SEM (Standard Error of the mean) of patients with and without RIA; b) cross-validated ROC
curves of Lyman-Kutcher-Burman (LKB) and multivariable logistic regression models (FPR: False
Positive Rate, TPR: True Positive Rate); c¢) cross-validated calibration plot of LKB model; d) cross-
validated calibration plot of logistic model; e) risk curve by LKB model with the observed fraction of
complications from the data grouped in bins; f) risk curve by logistic regression model evaluated at
the 1%, 3" and 5™ sextiles of the age distribution with the observed fraction of complications from
the data grouped in bins for each tertile. In c)-f) the error bars for the reported values represent the
68% confidence intervals.

Figure 2. Late Radiation Induced Alopecia (RIA) modelling. a) Average Dose-Surface Histograms (DSHs)
of patients with and without RIA; b) cross-validated ROC curves of Lyman-Kutcher-Burman (LKB) and
multivariable logistic regression models (FPR: False Positive Rate, TPR: True Positive Rate); c¢) cross-
validated calibration plot of LKB model; d) cross-validated calibration plot of logistic model; e) risk
curve by LKB model with the observed fraction of complications from the data grouped in bins; f) risk
curve by logistic regression model evaluated at the observed fraction of complications from the data
grouped in bins for patients who underwent surgery and who did not. In c)-f) the error bars for the
reported values represent the 68% confidence intervals.

Figure 3. Permanent Radiation Induced Alopecia (RIA) modelling. a) Average Dose-Surface Histograms
(DSHs) of patients with and without RIA; b) cross-validated ROC curves of Lyman-Kutcher-Burman
(LKB) and multivariable logistic regression models (FPR: False Positive Rate, TPR: True Positive Rate);
c) cross-validated calibration plot of LKB model; d) cross-validated calibration plot of logistic model;

e) risk curve by LKB model with the observed fraction of complications from the data grouped in bins;
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f) risk curve by logistic regression model evaluated at the observed fraction of complications from
the data grouped in bins. In c)-f) the error bars for the reported values represent the 68% confidence

intervals.
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