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Background: The limited availability of proton beam therapy (PBT) requires individual treatment selec-
tion strategies that can be based on normal tissue complication probability (NTCP) models. We developed
and externally validated NTCP models for common late side-effects following PBT in brain tumour
patients to optimise patients’ quality of life.
Methods: Cohorts from three PBT centres (216 patients) were investigated for several physician-rated
endpoints at 12 and 24 months after PBT: alopecia, dry eye syndrome, fatigue, headache, hearing and
memory impairment, and optic neuropathy. Dose-volume parameters of associated normal tissues and
clinical factors were used for logistic regression modelling in a development cohort. Statistically signifi-
cant parameters showing high area under the receiver operating characteristic curve (AUC) values in
internal cross-validation were externally validated. In addition, analyses of the pooled cohorts and of
time-dependent generalised estimating equations including all patient data were performed.
Results: In the validation study, mild alopecia was related to high dose parameters to the skin [e.g. the
dose to 2% of the volume (D2%)] at 12 and 24 months after PBT. Mild hearing impairment at 24 months
after PBT was associated with the mean dose to the ipsilateral cochlea. Additionally, the pooled analyses
revealed dose–response relations between memory impairment and intermediate to high doses to the
remaining brain as well as D2% of the hippocampi. Mild fatigue at 24 months after PBT was associated
with D2% to the brainstem as well as with concurrent chemotherapy. Moreover, in generalised estimating
equations analysis, dry eye syndrome was associated with the mean dose to the ipsilateral lacrimal gland.
Conclusion: We developed and in part validated NTCP models for several common late side-effects fol-
lowing PBT in brain tumour patients. Validation studies are required for further confirmation.

� 2021 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 157 (2021) 15–23
Proton beam therapy (PBT) can achieve high dose conformity
with a simultaneous dose reduction in healthy tissues surrounding
the tumour compared to conventional photon radiotherapy (XRT).
These features may result in reduced side-effects and improved
quality of life [1–5]. Although the number of PBT centres continues
to increase [6], the broad availability of PBT is limited by the high
costs associated with them. A selection of patients benefiting most
likely from PBT is therefore required. One possible strategy for
treatment selection is the ‘‘model-based approach”, which is based
on the prediction and comparison of normal tissue complication
probabilities (NTCP) for XRT and PBT treatment plans [7–9]. The
model-based approach has been implemented in the Netherlands
and Denmark for certain tumour entities. However, it is not yet
applied for cranial irradiation.

Modelled late side-effects of cranial XRT include radiation
necrosis [10,11], cognitive deterioration [12,13], cranial neu-
ropathies [14], endocrine dysfunction [15,16], hearing impairment
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NTCP model for late toxicities following proton beam therapy
[10,16,17], visual impairment [10,18,19], and other ocular injury
[20]. However, due to fundamental differences in dose distribu-
tions and relative biological effectiveness (RBE), NTCP models
derived from XRT data may not apply to PBT. While some XRT-
based NTCP models performed well in PBT cohorts [21], others
did not [22]. So far, published data regarding models in the setting
of PBT are very limited [16,23].

Thus, we investigated common late side-effects up to two years
after PBT that may affect patients’ quality of life [24–29]: alopecia,
dry eye syndrome, fatigue, headache, hearing and memory impair-
ment, and optic neuropathy. PBT-based NTCP models in an explo-
ration/validation setting and on pooled cohorts were developed.
Additionally, time-dependent analyses including all follow-up data
were performed.

Patients and methods

Patient data

Patient data from three institutes were analysed retrospec-
tively. Cohort 1 consisted of 80 patients treated within clinical
studies (DRKS00007670 [30] and DRKS00008569 [31]) between
12/2014 and 12/2017 at the Department of Radiotherapy and Radi-
ation Oncology of the University Hospital Carl Gustav Carus Dres-
den. Cohort 2 comprised 53 patients from the West German Proton
Therapy Centre Essen (treated 08/2013–08/2016 within the clinical
registry study DRKS00004384 [32]) and cohort 3 consisted of 83
patients treated at Massachusetts General Hospital in Boston,
MA, USA (treated 11/2013–12/2015). All patients were over
Table 1
Patient characteristics of the exploration cohort and the validation cohort for the analysis

12 months following PBT

Exploration cohort Validation cohort

Total number of patients 104 67

Characteristics Median (Range) Median (Range)

Age1 at PBT in years 48.2 (18.1–84.7) 45.9 (21.6–89.3)
Target volume (CTV)1 in cm3 71.3 (1.2–498.0) 29.6 (1.2–267.2)
Total dose1 in Gy(RBE) 54.0 (30.0–74.0) 54.0 (45.0–70.2)

N (%) N (%)

Gender2

Male/female 55/49 (53/47) 26/41 (39/61)
Surgery2

No/yes/missing 22/81/1 (21/78/1) 12/55/0 (18/82/0)
Chemotherapy2

No/yes/missing 76/27/1 (73/26/1) 48/19/0 (72/28/0)
Re-irradiation2

No/yes/missing 95/7/2 (91/7/2) 64/3/0 (96/4/0)
Tumour location3

Brain/skull base/other 50/53/1 (48/51/2) 32/34/1 (48/51/1)
Tumour histology3

High-grade glioma 25 (24) 13 (19)
Low-grade glioma 16 (15) 11 (16)
Meningioma 29 (28) 24 (36)
Other 34 (33) 19 (28)

Tumour location3

Temporal lobe 33 (32) 20 (30)
Frontal lobe 25 (24) 15 (22)
Parietal lobe 2 (2) 7 (10)
Occipital lobe 3 (3) 1 (1)
Multiple lobes 23 (22) 3 (4)
Other 18 (24) 21 (31)

Tumour location3

Left hemisphere 32 (31) 24 (36)
Right hemisphere 44 (42) 20 (30)
Central 25 (24) 20 (30)
Bilateral 3 (3) 3 (4)

Abbreviations: N, number of patients; CTV, clinical target volume; RBE, relative biologica

16
18 years of age, had a histologically confirmed primary brain
tumour or tumour of the skull base, and were treated with
normo-fractionated PBT with or without chemotherapy (temozolo-
mide). The study was approved by the local Ethics Committee
(EK566122019) and the institutional review board at the external
institutions. Cohorts 1 and 2 were combined to a single exploration
cohort to increase the number of patients for model development,
while cohort 3 was used as a validation cohort. Exploration and
validation cohorts are characterised in Table 1.
Treatment planning and delivery

Treatment plans were calculated using a double scattering PBT
technique for cohort 1 and cohort 3 (except for two cases) and an
active scanning technique for cohort 2 (two cases of cohort 3). For
delineation and treatment planning, a computed tomography (CT)
scan was acquired for each patient and rigidly registered with
(post-operative) magnetic resonance imaging (MRI) scans. Gross
tumour volumes encompassed the macroscopic tumour or the
resection cavity including the residual tumour, if present. Clinical
target volumes (CTVs) included microscopic disease and oedema
(for malignant tumours) and were created considering tumour his-
tology as well as anatomical boundaries. The dose-volume con-
straints differed slightly between cohorts 1 and 2
(supplementary Table S1); in cohort 3, patient-specific planning
objectives were used. Further details on treatment planning and
delivery were reported previously [33]. A constant RBE of 1.1
was assumed.
of late side-effects at 12 months and at 24 months after PBT.

24 months following PBT

Exploration cohort Validation cohort

74 65

p-value Median (Range) Median (Range) p-value

0.22 45.3 (18.1–78.0) 47.0 (21.9–78.2) 0.93
0.003 61.2 (1.2–370.7) 29.4 (2.7–267.2) 0.015
<0.001 54.0 (30.0–74.0) 54.0 (45.0–70.2) <0.001
p-value N (%) N (%) p-value

0.085 38/36 (51/49) 27/38 (42/58) 0.31

0.70 14/60/0 (19/81/0) 12/53/0 (18/82/0) 1.00

0.86 57/17/0 (77/23/0) 49/16/0 (75/25/0) 0.84

0.74 69/4/1 (93/5/1) 64/1/0 (98/2/0) 0.37

0.46 37/37/0 (20/50/0) 29/35/1 (39/47/1) 0.49
0.68 0.63

16 (22) 11 (17)
11 (15) 11 (17)
23 (31) 26 (40)
24 (32) 17 (26)

0.003 0.002
24 (32) 21 (32)
20 (27) 15 (23)
1 (1) 6 (9)
3 (4) 0 0)
16 (22) 3 (5)
10 (14) 20 (31)

0.42 0.57
21 (28) 24 (37)
31 (42) 20 (31)
19 (26) 18 (28)
3 (4) 3 (5)

l effectiveness 1Mann–Whitney U test, 2Fisher’s exact test, 3v2 test.
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Endpoint definition and extraction of dose-volume parameters

Those treatment-related side-effects that had been scored
prospectively at all three PBT centres using the Common Terminol-
ogy Criteria for Adverse Events (CTCAE) v.4 scoring system were
considered (alopecia, dry eye syndrome, fatigue, headache, hearing
and memory impairment, optic neuropathy). All patients were
assessed at baseline and regular follow-up visits after PBT (3–
12 months depending on the institution). To ensure a comparative
evaluation between the centres, models for side-effects occurring
at 12 months and 24 months after PBT were developed (Fig. 1).
At 12 months following PBT, 104 and 67 patients were included
in the exploration and validation cohort, respectively. At 24months
following PBT, 74 and 65 patients were included in the exploration
and validation cohort, respectively. Drop-out at 24 months was
caused by unavailable follow-up (exploration: n = 40; validation:
n = 13), recurrent disease (exploration: n = 14; validation: n = 5)
or death (exploration: n = 5 patients). Except for age in the explo-
ration cohort, there were no significant differences in the patient
characteristics between the scored patients and the drop-out at
12 or 24 months after PBT (Tables S2 and S3). Follow-up later than
24 months was not available for most patients.

For patients with a non-zero baseline toxicity value and an
increase in severity after treatment, the follow-up severity score
was used regardless of the pre-treatment value. If no increase in
severity was observed, score zero was used. All endpoints were
dichotomised at grade � 1 (grade 0 vs remaining) and grade � 2
(grade 0 and 1 vs remaining) at all time points. This choice was
based on the distribution of observed severity grades, with low
incidence of grade 2 for some and grade 3 for all considered
side-effects.

The following OARs were associated with the evaluated end-
points: brain excluding target volume (brain-CTV), brainstem,
cerebellum, chiasm, ipsilateral cochlea, hippocampi, ipsilateral
lacrimal gland, optic nerves, skin (wall thickness 3 mm). In case
they had not been delineated for treatment planning in advance,
they were retrospectively contoured according to delineation
guidelines by three radiation oncologists [34–38].

All dose distributions were retrospectively exported using
RayStation� (RaySearch AB, Stockholm, Sweden) scripts. Absolute
and relative volume parameters VxGy(RBE) [OAR volume in cm3

or % receivingx Gy(RBE)] and dose parameters Dx% [dose in x % of
Fig. 1. Study design. UPTD, University Proton Therapy Dresden; MGH, Massachusetts Gen
Essen.
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the OAR volume in Gy(RBE)] were extracted. For small OARs
(volume < 10 cm3), the near-maximum dose parameter D2% as well
as median (D50%) and mean dose (Dmean) were analysed. All inves-
tigated side-effects, associated OARs and considered dosimetric
parameters are given in Table S4.
Statistical analyses

Logistic regression was applied to assess the impact of dose-
volume parameters and clinical variables on the toxicity endpoints.
The clinical parameters comprised age at PBT, gender, prescribed
total dose, target volume (CTV in cm3), tumour location (brain or
skull base), concurrent chemotherapy, and whether surgery was
performed or not. Differences in binary, categorical, and continu-
ous variables between the exploration and validation cohort were
compared using exact Fisher tests, chi-squared tests, and Mann–
Whitney-U tests, respectively. Correlations between dose-volume
parameters were assessed using the Spearman correlation coeffi-
cient q. Two-sided tests were performed and SPSS Statistics 25
(IBM Corporation, Armonk, NY) was used. P-values <0.05 were con-
sidered statistically significant.

For the development and validation of NTCP models, the follow-
ing steps were performed: (i) A 3-fold internal cross-validation was
conducted 333 times on the exploration cohort to identify prog-
nostic dose-volume parameters. (ii) Dose-volume parameters
showing a significant association (p < 0.05) to the investigated end-
point in univariable logistic regression and the largest AUC value of
the internal validation folds were pre-selected. (iii) Clinical param-
eters showing a significant association with the endpoint in logistic
regression were tested for correlation with the dose-volume
parameters selected during step (ii) using the Spearman correla-
tion coefficient q. Multivariable logistic regression models contain-
ing the independent clinical parameters (|q|<0.5) and one dose-
volume parameter were built as described in step (i). Uni- or mul-
tivariable models with the largest AUC value in internal cross-
validation were selected as final NTCP models. (iv) The models
derived from the exploration cohort were applied without changes
to the validation cohort, i.e. the models were evaluated using the
dose-volume parameters of the validation cohorts and the model
coefficients derived from the exploration cohort. The 2.5th and
97.5th percentiles of 1000 bootstrap samples were used to
eral Hospital; PBT, proton beam therapy; WPE, West German Proton Therapy Centre



NTCP model for late toxicities following proton beam therapy
estimate the 95% confidence intervals (CI) of the AUC values. The
prognostic performance was further assessed by calibration plots.
In-house coded Python (version 2.7.10) programmes using the
module scipy (statsmodels) were applied.

Since the incidence rates of various side-effects were low, addi-
tional exploratory analysis on the pooled data of all cohorts was
conducted without external validation. Side-effects with at least
10 incidences were considered (Table S5). First, the dosimetric
parameter of the model with the highest AUC value in univariable
logistic regression was determined. Subsequently, this dosimetric
parameter and all clinical cofactors that were significantly associ-
ated with the endpoint were included in multivariable models
using stepwise forward variable selection based on likelihood ratio
using a p-value of 0.05 for inclusion and 0.10 for exclusion (SPSS
Statistics 25). The 95% confidence intervals of the AUC values are
asymptotic estimates.

To consider patient data from all follow-up visits between 6 and
24 months following PBT, generalised estimating equations (GEEs)
on the pooled cohort including 216 patients were set up (Tables
S6). GEEs allow for the analysis of longitudinal data and account
for the non-linear nature of the binary response as well as missing
observations. A logit link function and an independent working
correlation matrix were used. For each endpoint and dosimetric
or clinical parameter, two GEEs were created. One included the
dosimetric/clinical parameter and time as model predictors. The
other included additionally the interaction between time and dosi-
metric/clinical parameter. Time was defined as natural numbers in
the interval [1,7] representing the follow-up visits, for equidistant
(three months) intervals starting with 1 at 6 months after PBT and
ending with 7 at 24 months after PBT. For each side-effect and
grade, the model revealing the lowest quasi log-likelihood estimate
was selected (SPSS Statistics 25).
Results

Clinical characteristics of the development and validation
cohort are presented in Table 1. The exploration cohort included
patients with significantly larger CTVs, higher prescribed doses,
and tumours involving more than one brain lobe.

Overall, the incidence rates of late side-effects at 12 and
24 months following PBT among patients with available follow-
up were low (Table S7).
Table 2
NTCP models for late side-effects at 12 months and at 24 months following PBT. bi are th

Model bi (95% CI)

12 months after PBT
Alopecia grade � 1
Skin V45Gy(RBE) in cm�3 0.15 (0.08 to 0.22)
Constant �1.80 (�2.63 to �1.13)

Skin D2% in Gy(RBE)�1 0.15 (0.09 to 0.21)
Constant �6.38 (�9.15 to �3.60)

24 months after PBT
Alopecia grade � 1
Skin V30Gy(RBE) in cm�3 0.048 (0.02 to 0.08)
Constant �1.70 (�2.52 to �0.88)

Skin D2% in Gy(RBE)�1 0.068 (0.03 to 0.11)
Constant �3.18 (�4.74 to �1.62)

Hearing impairment grade � 1
Cochlea ipsilateral Dmean in Gy(RBE)�1 0.038 (0.00 to 0.07)
Constant �3.03 (�4.47 to �1.58)

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence
effectiveness; VxGy(RBE), volume receiving x Gy(RBE).
Modelling of late side-effects following cranial proton beam therapy.
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At 12 months after PBT, fatigue was the most common side-
effect, with 36% and 26% of patients in the exploration and valida-
tion cohort reporting grade � 1 fatigue, and 15% and 13% reporting
grade � 2, respectively. In three patients of the exploration cohort,
optic neuropathy grade 4 was observed. The incidence rates of the
side-effects were similar in both cohorts, except for dry eye syn-
drome (p = 0.034), which was observed in 10% of the exploration
cohort but not in the validation cohort.

At 24 months following PBT, fatigue was still the most frequent
side-effect. Hearing impairment and optic neuropathy grade 4
were observed in one and two patients of the exploration cohort,
respectively. Fatigue (p = 0.004) and memory impairment
(p = 0.011) occurred more often and with higher severity grade
in the exploration cohort.

First, we developed and validated NTCP models using the inde-
pendent development and validation cohorts (Table 2). For alope-
cia grade � 1 at 12 months after PBT, the highest AUC value in
cross-validation (AUC = 0.93, p < 0.001) was observed for two mod-
els, one including V45Gy(RBE) and the other D2% to the skin. Both
parameters were highly correlated (q = 0.95). Alopecia was also
associated with target volume, prescribed total dose, surgery, and
target location in the skull base or brain (p < 0.02). However,
including these parameters, the AUC did not increase further and
the univariable model was selected (Fig. 2A). In external validation,
the model including D2% performed slightly better (AUC = 0.77
[0.64–0.89]) and showed better calibration than the model includ-
ing V45Gy(RBE) (AUC = 0.65 [0.47–0.83]). At 24 months after PBT,
the models including V30Gy(RBE) (AUC = 0.80, p = 0.005) and
D2% (AUC = 0.78, p < 0.001) to the skin showed the highest AUC
value in cross-validation. These dosimetric parameters were highly
correlated (q = 0.81). Both univariable models revealed high AUC
values in external validation (V30Gy(RBE): AUC = 0.90 [0.71–1.00]
and D2%: AUC = 0.88 [0.69–1.00], respectively). However, external
validation was challenging due to the low number of incidences in
the validation cohort (Table S5). Hearing impairment grade � 1
was significantly associated with age (exploration: p = 0.002,
AUC = 0.83; validation: AUC = 0.73 [0.40–0.96]) at 12 months after
PBT and with Dmean of the ipsilateral cochlea (exploration:
p = 0.035, AUC = 0.75; validation: AUC = 0.87 [0.62–1.00]) at
24 months after PBT (Fig. 2B).

We then developed NTCP models based on the pooled cohorts
(Table 3). For alopecia, significant associations with dosimetric
e regression coefficients of the logistic model.

p-value AUC (95% CI)

<0.001 Exploration 0.93 (0.85 to 1.00)
Validation 0.65 (0.47 to 0.83)

<0.001 Exploration 0.93 (0.84 to 0.99)
Validation 0.77 (0.64 to 0.89)

0.003 Exploration 0.80 (0.62 to 0.95)
Validation 0.90 (0.71 to 1.00)

0.001 Exploration 0.77 (0.60 to 0.93)
Validation 0.88 (0.69 to 1.00)

0.035 Exploration 0.74 (0.42 to 1.00)
Validation 0.87 (0.62 to 1.00)

interval; Dmean, mean dose; D2%, dose in 2% of the volume; RBE, relative biological



Fig. 2. NTCP models for (A) alopecia grade � 1 at 12 months following PBT with the model parameters D2% to the skin and (B) hearing impairment grade � 1 at 24 months
following PBT depending on Dmean of the ipsilateral cochlea. Regression curves (left), ROC curves with AUC value in brackets (centre) and calibration plots (right) are
displayed. Patients were sorted according to the parameter value and grouped into equally sized groups. Each data point and error bar represents the mean value and
standard deviation of each patient group. NTCP, normal tissue complication probability.
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parameters were observed, similar to the exploration/validation
study. For hearing impairment grade � 1, the associations with
Dmean and age were also confirmed (Fig. 3A and B). In addition,
for fatigue grade � 1 at 24 months after PBT, a bivariable model
including chemotherapy and D2% of the brainstem revealed the
highest AUC value (0.68 [0.58–0.77], Fig. 3C). Patients receiving
chemotherapy experienced less fatigue. Memory impairment
grade � 1 at 12 months after PBT was significantly associated with
Dmean and D2% to the bilateral hippocampi (p < 0.033), V20Gy(RBE)
of brain-CTV (p = 0.040) as well as D2% and V20Gy(RBE) to the cere-
bellum (p < 0.043). The model with the highest AUC value included
the dosimetric parameter D2% to the hippocampi (AUC = 0.66
[0.55–0.77], Fig. 3D). For memory impairment grade � 2 at
12 months, V25Gy(RBE) of brain-CTV was selected (AUC = 0.70
[0.52–0.88], Fig. 3E). At 24 months after PBT, memory impairment
grade � 1 was significantly related to dosimetric parameters to the
brain-CTV (V10Gy(RBE) to V50Gy(RBE) and Dmean, p < 0.035). The
model including V35Gy(RBE) revealed the highest AUC value
(0.64 [0.52–0.75], p = 0.014, Fig. 3F).

No relations between dosimetric parameters and headache,
optic neuropathy, and dry eye syndrome were observed.

Finally, we applied GEEs to the pooled cohorts, including the
values at all available follow-up time points (Tables S8 and S9).
The previously described dose–response relationships were con-
firmed. Furthermore, we observed the following associations: Dry
eye syndrome grade � 1 and grade � 2 were significantly related
to Dmean of the ipsilateral lacrimal gland. For dry eye syndrome
grade � 2, an additional association with the tumour location in
19
brain or skull base was observed. Fatigue grade � 1 was connected
to D2% of the brainstem (p = 0.028) and D2% of the cerebellum
(p = 0.034), but not to clinical cofactors. Headache grade � 1 was
related to age at treatment (p = 0.010), with younger age being
associated with milder headaches. Memory impairment
grade � 1 was connected to several dosimetric parameters of dif-
ferent brain structures: brain-CTV [D2%, Dmean, V10Gy(RBE) to
V50Gy(RBE), p < 0.004], bilateral hippocampi (D2%, Dmean,
p < 0.016), and cerebellum [D2%, Dmean, V20Gy(RBE) to V40Gy
(RBE), p < 0.05] as well as prescribed dose (p = 0.012) and CTV
(p = 0.042). Memory impairment grade � 2 was connected to Dmean

of the bilateral hippocampi (p = 0.032) as well as certain dosimetric
parameters of the brain-CTV [D2%, Dmean, V10Gy(RBE) to V50Gy
(RBE), p < 0.014]. Most side effects showed no temporal
dependency.
Discussion

This study on adult patients treated with cranial PBT investi-
gated the relation between late side-effects within two years fol-
lowing PBT and dose to associated OARs. Overall, PBT was well
tolerated with very low incidence of grade � 3 side-effects (<5%).
Due to these low incidence rates, NTCP models were mainly devel-
oped for mild adverse effects which also have a significant impact
to patient quality of life and are far more prevalent. Associations
between mild alopecia and doses to the skin at both 12 and
24 months after PBT as well as mild hearing impairment and the



Table 3
NTCP models for late side-effects in the pooled analysis. The 95% confidence intervals of the AUC values are asymptotic estimates.

Model bi (95% CI) p-value AUC (95% CI)

12 months after PBT
Alopecia grade � 1
Skin D2% in Gy(RBE)�1 0.12 (0.08 to 0.15) <0.001 0.90 (0.85 to 0.95)
Constant �4.79 (�6.35 to �3.24)

Memory impairment grade � 1
Hippocampi D2% in Gy(RBE)�1 0.023 (0.004 to 0.043) 0.017 0.66 (0.55 to 0.77)
Constant �2.32 (�3.12 to �1.51)

Memory impairment grade � 2
Brain-CTV V25Gy(RBE)* 5.02 (0.03 to 10.01) 0.049 0.70 (0.52 to 0.88)
Constant �3.42 (�4.47 to �2.38)

Hearing impairment grade � 1
Cochlea ipsi Dmean in Gy(RBE)�1 0.032 (0.00 to 0.06) 0.021 0.82 (0.70 to 0.93)
Age in years 0.072 (0.03 to 0.12) 0.001
Constant �7.02 (�9.86 to �4.18)

24 months after PBT
Alopecia grade � 1
Skin D2% in Gy(RBE)�1 0.078 (0.04 to 0.11) <0.001 0.82 (0.75 to 0.89)
Constant �3.80 (�5.26 to �2.34)

Memory impairment grade � 1
Brain-CTV V35Gy(RBE)* 6.50 (1.30 to 11.70) 0.014 0.64 (0.52 to 0.75)
Constant �1.77 (�2.40 to �1.15)

Fatigue grade � 1
Brainstem D2% in Gy(RBE)�1 0.021 (0.00 to 0.04) 0.035 0.68 (0.58 to 0.77)
Chemotherapy �1.16 (�2.30 to �0.02) 0.047
Constant �1.52 (�2.39 to �0.64)

Hearing impairment grade � 1
Cochlea ipsi Dmean in Gy(RBE)�1 0.050 (0.019 to 0.081) 0.001 0.79 (0.68 to 0.90)
Constant �3.48 (�4.69 to �2.28)

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval; CTV, clinical target volume; Dmean, mean dose; D2%, dose in 2% of the
volume; RBE, relative biological effectiveness; VxGy(RBE), volume receiving x Gy(RBE). *as fraction of the total volume.
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mean dose to the ipsilateral cochlea at 24 months after PBT could
be validated. In addition, the pooled analysis revealed dose–re-
sponse relations between physician-rated memory impairment
and intermediate to high doses to the remaining brain tissue as
well as high doses to the hippocampi. Mild fatigue at 24 months
after PBT was associated with high doses to the brainstem as well
as chemotherapy, with patients who received chemotherapy
reporting less fatigue. Furthermore, in time-dependent GEE analy-
sis, dry eye syndrome was related to the mean dose of the ipsilat-
eral lacrimal gland.

In general, the incidence rates of late effects in this study did
not differ markedly from those reported in other studies
[24,27,39,40]. Shih et al. [24] investigated late side-effects in 20
low-grade glioma patients treated with 54 Gy(RBE) passive scatter-
ing PBT. During follow-up (median: 5.1 years), the most common
late side-effects were persistent headaches, fatigue, alopecia, and
new neurologic deficits. Although mild headache (60%) and grade
3 fatigue (15%) were more common than in our study (10–15%
and 2%, respectively), further results were similar.

The dose–response relationships for several late side-effects fol-
lowing PBT in this study were generally comparable with those of
other dose–response studies on XRT data [41–44]. Alopecia after
active scanning PBT was investigated by Palma et al. [23] in 116
adult brain tumour patients treated with a median dose of 54 Gy
(RBE). They found D2% of the scalp as the only predictor for perma-
nent alopecia. As this parameter was also found for alopecia
grade � 1 in the present study including both PBT techniques, it
seems to be predictive for both active scanning and passive scatter-
ing PBT.

Mild hearing impairment was associated with the mean dose of
the ipsilateral cochlea and age. Other studies reported similar cau-
sative factors in patients treated with XRT [42–46]. Asymmetric
hearing loss more than 2 years after XRT was related to mean
cochlear doses of more than 45 Gy [43] or 50 Gy [47] in patients
without additional ototoxic treatment. De Marzi et al. [16] investi-
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gated 114 adult patients with chordoma and chondrosarcoma of
the skull base treated with postoperative XRT and PBT (median
dose 70 Gy(RBE), follow-up� 26months). Their logistic model pre-
dicting hearing impairment revealed an effective cochlear mean
dose of ED50 = 56.0 Gy(RBE), compared to 79.4 Gy(RBE) and
69.8 Gy(RBE) for the models developed on the exploration cohort
(Table 2) and the pooled cohorts (Table 3) in our study, respec-
tively. These differences may be explained by the lower incidence
rate and shorter follow-up in our study or by different toxicity
assessment (physician-rated vs audiograms).

In the pooled cohort, memory impairment was related to inter-
mediate and high doses to the remaining brain and to high doses to
the hippocampi. Fairly low AUC values were observed; thus, these
models need to be validated independently. Gondi et al. [13] inves-
tigated patients with benign or low-grade brain tumours and
found a significant relationship between delayed recall at
18 months after XRT and the dosimetric parameter D40% of the
bilateral hippocampi with ED50 = 14.88 Gy. Due to the rather
unspecific nature of physician-rated memory impairment, it is
challenging to establish dose–response relationships. Thus, more
extensive objective tests are required to assess the neurocognitive
function after PBT, such as theWechsler Memory Scale or the Mon-
treal Cognitive Assessment (MoCA) test [48–50].

Mild fatigue at 24 months after PBT was associated with the
near-maximum dose to the brainstem and chemotherapy when
analysing the pooled cohorts, requiring independent validation.
In the PARSPORT Phase III trial, patients with acute fatigue
grade � 2 received higher doses to the brainstem, posterior fossa,
and cerebellum compared to patients presenting grade � 1 [51].
These patients were treated with intensity-modulated radiother-
apy such that the brainstem dose was also associated with a
low-dose bath in the posterior fossa. The effect of this dose bath
on fatigue requires further investigations. However, no long-term
data were acquired in this trial, as fatigue was not expected to be
a late side-effect of RT [52]. Nevertheless, fatigue was a common



Fig. 3. NTCP models of the pooled analysis for (A) hearing impairment grade � 1 at 12 months (B) hearing impairment grade � 1 at 24 months, (C) fatigue grade � 1 at
24 months following PBT, (D) memory impairment grade � 1 at 12 months following PBT, (E) memory impairment grade � 2 at 12 months following PBT, and (F) memory
impairment grade � 1 at 24 months following PBT. Patients were sorted according to the parameter value and grouped into equally sized groups. Each data point and error
bar represents the mean value and standard deviation of each patient group. For models (A, C) two regression curves are shown for groups of different age and chemotherapy
application, respectively. NTCP, normal tissue complication probability.
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late side-effect in our study as described before [53]. The lack of
studies on dose–response relationships regarding chronic fatigue
may be explained by the assumption that this side-effect could
be caused synergistically by many influencing factors including
biochemical factors, psychological disturbances such as depression
or anxiety, further therapies such as chemotherapy, hormone ther-
apy or surgery, or comorbidities such as pain or electrolytic distur-
bances [53]. In this study, patients treated with chemotherapy
were found to present with lower fatigue than others, which was
also observed in a study on lung cancer patients [54]. However,
other studies showed no association of chemotherapy with fatigue
[55], and others even showed an opposite association [56]. Because
of these controversies, the relationships between fatigue and
potential predictive factors should be investigated in larger cohorts
including QoL questionnaires.

Dry eye syndrome was associated with the mean dose of the
ipsilateral lacrimal gland in GEE analysis of the pooled cohort,
requiring independent validation. Although this result is in accor-
dance with other studies [20,57], a comprehensive assessment
including specific questionnaires and/or objective testing of the
tear film could be included in future studies as dry eye syndrome
affects patients’ quality of life [58].
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NTCP modelling was limited mainly due to the low incidence
rates of several side-effects, the low doses received by some of
the OARs and the still rather short follow-up time compared to
the onset of some investigated side-effects.

Still, NTCP models and dose limits are required for treatment
planning to further reduce the observed side-effects. An increasing
number of patients is treated within ongoing clinical trials (e.g.
NCT02824731 [59]), whose data can be used to validate the pre-
sented NTCP models. To accelerate translational research, large
multicentre studies are required. Rapid acquisition of high-
quality data including patient data, outcome data, irradiation data
and medical imaging could be achieved, for example, using feder-
ated databases [60,61]. Furthermore, the cohorts were rather
heterogeneous concerning tumour histology. However, two years
after therapy, many patients were still alive, even with high-
grade tumours.

All dosimetric parameters were based on the planned dose dis-
tribution. Obviously, slight positioning errors could result in devi-
ations in the delivered dose from the planned dose, especially in
small OARs. However, since positioning is mainly based on planar
X-ray imaging, the three-dimensional analysis of setup errors is
impossible. Moreover, inter-observer variations in the delineation
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of OARs may alter dosimetric parameters, although standardised
delineation guidelines were used in this study [62–64]. Further-
more, toxicity assessment is subject to interobserver variability,
even if the same scoring system is used. Some side-effects
requiring extensive examination were not investigated, e.g. endo-
crine dysfunction [16,24] or several cranial neuropathies [65,66].
Moreover, fatigue and memory impairment could also be impacted
by other patient- and treatment-related factors, such as psychoso-
cial effects of the malignant diagnosis, epilepsy or antiepileptic
drugs, which were not available in this study. Biological differences
between XRT and PBT may occur due to a variable linear energy
transfer and RBE for proton beams [67–69]. These parameters
should be considered in future PBT-based NTCP models.

In conclusion, we developed NTCP models for late side-effects
following cranial PBT. In part, these NTCP models were validated
externally. In the validation study, alopecia was associated with
dose-volume parameters of the skin, while hearing impairment
was related to cochlear doses. Using the pooled cohort, dose–re-
sponse relations between late physician-rated memory impair-
ment and the dose to the remaining brain as well as the
hippocampi were observed. Late fatigue was related to brainstem
dose and chemotherapy, and dry eye syndrome was associated
with the mean dose of the ipsilateral lacrimal gland. After valida-
tion of these NTCP models using large updated long-term data-
bases, they may be part of a reliable tool for future treatment
selection for PBT.
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