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Purpose/objective: Radiation-induced mucositis is a severe acute side effect, which can jeopardize treat-
ment compliance and cause weight loss during treatment. The study aimed to develop robust models to
predict the risk of severe mucositis.
Materials/methods: Mucosal toxicity scores were prospectively recorded for 802 consecutive Head and
Neck (H&N) cancer patients and dichotomised into non-severe event (grade 0–2) and severe event (grade
3+) groups. Two different model approaches were utilised to evaluate the robustness of the models. These
used LASSO and Best Subset selection combined with 10-fold cross-validation performed on two-thirds of
the patient cohort using principal component analysis of DVHs. The remaining one-third of the patients
were used for validation. Model performance was tested through calibration plot and model performance
metrics.
Results: The main predicted risk factors were treatment acceleration and the first two principal dose
components, which reflect the mean dose and the balance between high and low doses to the oral cavity.
For the LASSO model, gender and current smoker status were also included in the model. The AUC values
of the two models on the validation cohort were 0.797 (95%CI: 0.741–0.857) and 0.808 (95%CI: 0.749–
0.859), respectively. The two models predicted very similar risk values with an internal Pearson coeffi-
cient of 0.954, indicating their robustness.
Conclusions: Robust prediction models of the risk of severe mucositis have been developed based on
information from the entire dose distribution for a large cohort of patients consisting of all patients trea-
ted H&N for within our institution over a five year period.
� 2020 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 147 (2020) 15–21. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Radiotherapy (RT) is the primary treatment modality of
advanced head and neck (H&N) cancer, due to the capability to pre-
serve the oral cavity, pharynx, and larynx from surgical side effects
related to swallowing, nerve and speech functions. However, RT
often induces severe side effects both in the acute and late phases,
which can have detrimental consequences for patients. Late effects
like dysphagia and xerostomia have been studied and several pre-
diction models have been developed and are actively being used to
select patients with sufficient predicted clinical gain from, for
example, proton treatment [1,2]. The acute effects like oral mucosi-
tis have had less focus since these side effects generally are tran-
sient and technically it has been difficult to generate treatment
plans where it was possible to spare the oral cavity. However,
using intensity-modulated radiotherapy (IMRT) and automated
planning the number of objectives is less problematic and it is pos-
sible to deliver dose to the target with high conformity while min-
imizing the dose to all organs at risk (OAR) [3].

IMRT has changed the dose distribution in radiotherapy of the
H&N area, and it has become increasingly important to have speci-
fic knowledge of the risk of side effects for all involved OARs to best
guide the planning system in the optimisation process. Only a few
studies have focused on how to predict which patients will suffer
from severe mucosal reactions with modern radiotherapy and
which dose metrics are the most useful for treatment planning
[4,5]. Before IMRT techniques were introduced, the risk of oral
mucositis was associated simply to the prescribed dose and size
of the radiotherapy fields used, since little or no information was
available on the dose distribution in the oral cavity. The field size
information alone is not useful for IMRT treatment fields since
the radiation intensity within the field varies and hence the entire
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3D dose should be evaluated. Furthermore, a range of clinical fac-
tors, such as chemotherapy and oral hygiene, have been signifi-
cantly associated with the risk of radiation-induced mucositis in
some studies [6,7] and are therefore important to incorporate into
radiation-induced mucositis prediction. The dose metrics and clin-
ical factors might be different for patients enrolled in clinical trials
than for a standard patient curatively treated for H&N cancer since
less than 5% of patients participate in clinical trials [8]. Thus, to
predict the mucositis risk for the entire cohort of patients, the
model should preferably be generated from prospectively recorded
toxicity of the entire cohort, such that the results are not biased by
patient selection.

The study aim was to develop statistically robust clinical mod-
els to predict the risk of severe mucositis based on dose and toxi-
city information from all H&N cancer patients treated at a single
institution within a specific time range, to provide the required
dose–response information for optimal treatment planning of
future patients.
Table 1

Patients
Gender

Male
Female

Age
Median (Year)

Performance status
0
1
2
3
Missing

Primary tumour site
Larynx or Hypopharynx
Oral cavity, Oropharynx or Salivary glands
Rhinopharynx or Nasal cavity or Unknown primary

Fractionation
Conventional (5 frac/week)
Accelerated (6 or 10 frac/week)

Chemo
No
Low dose weekly platinum

Radiosensitizer
No
Nimorazole

Smoking at treatment start
Never smoker
Former smoker
Current smoker

T-stage
T1
T2
T3
T4
Other (Primary unknown (UP) or primary tumour cannot be assessed)

N-stage
N0
N1
N2
N3

Prescription dose
60 Gy
66 Gy
68 Gy
76 Gy

Oral cavity volume
Median (cm3)

Patient characteristics using TNM according to UICC 7, for the model and validation c
parameters were tested using v2 test, continuous variables (Age and Oral cavity volume
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Materials and methods

Patient data and treatment

As part of the standard local practice, all H&N patients at
Odense University Hospital are prospectively scored for toxicity.
All H&N patients completing at least 60 Gy of their treatment from
2011 to 2015 were collected for analysis; resulting in a cohort of
802 patients. The patients were initially randomly split into a
model-cohort (2/3) and a validation-cohort (1/3), only stratifying
for treatment date. Patient characteristics of the cohorts are shown
in Table 1. The primary tumour site was categorized into three
anatomical groups (as defined in Table 1).

The patients were treated according to the Danish Head and
Neck Cancer Group (DAHANCA) guidelines; 292 according to the
2004 guideline [9] and 510 according to the more recent 2013
guideline [10] implemented in January 2013. The GTV to CTV1
margin (high dose region) was zero mm for the patients treated
according to the 2004 guideline, which was changed to 5 mm for
Model cohort Validation cohort

Number % or Range Number % or Range p-value

535 67 267 33
0.52

404 76 196 73
131 24 71 27

0.47
62 31–86 63 35–90

0.32
272 51 119 45
159 30 97 36
89 17 42 16
6 1 5 2
9 2 4 1

0.77
184 34 94 35
290 54 147 55
61 11 26 10

0.05
186 35 112 42
349 65 155 58

0.001
331 62 197 74
204 38 70 26

0.08
167 31 100 37
368 69 167 63

0.62
90 17 51 19
219 41 101 38
226 42 115 43

0.94
150 28 73 27
214 40 107 40
77 14 40 15
72 13 33 12
22 4 14 5

0.15
227 42 114 43
74 14 37 14
228 43 107 40
6 1 9 3

0.28
21 4 16 6
396 74 189 71
108 20 60 22
10 2 2 1

0.28
125 70–236 125 74–232

ohorts. The cohorts were split randomly, stratified for treatment date. Categorical
) using Mann-Whitney U test.

gion Odense Hospital from ClinicalKey.com by Elsevier on March 30, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.
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the patients treated according to the 2013 guideline. Additionally,
a GTV to CTV2 margin (intermediate dose region, 60 Gy) of 10 mm
was included. The increased GTV to CTV margin and thereby larger
target volumes initiated the interest in prediction of mucositis risk
according to treatment volume and dose to the oral cavity. The
elective regions (CTV3, 50 Gy) followed the DAHANCA guidelines,
which are adopted from Gregoire et al. [11,12].

The patients were immobilised in Orfit five-point reinforced
Efficast masks fixed to the base plate [13]. The treatment planning
CT scans, performed using intravenous contrast, had a 3 mm slice
thickness and an in-plane pixel size of 1x1 mm2 and the vast
majority were acquired on a Phillips BigBore scanner using the
metal artefact reduction tool [14]. The treatment plans were gener-
ated in the Pinnacle treatment planning system ver. 9.0–9.10.

The dose prescription was according to the ICRU recommenda-
tion which states that at least 95% of the prescribed dose should be
delivered to at least 98% of the target volume. The dose prescrip-
tion to the primary high dose area (CTV1) was 66 Gy in 33 fractions
for tumours of maximum extension of 4 cm and otherwise 68 Gy in
34 fractions. For a very few hyper-fractionated patients (see
patient characteristics), prescription was 76 Gy in 56 fractions.
For all patients, the CTV to PTV margin was 5 mm. Simultaneous-
integrated boost was used for all treatments.

Predominantly, one arc VMAT treatment on Elekta accelerators
was used [15], except for T1 glottic cancers that were treated with
two opposing fields. Daily Cone Beam CT (CBCT) image-guidance
(IGRT) was used to reduce setup uncertainties. For all patients,
translational setup errors were corrected by couch shift, however
for most of the patients also rotational errors were corrected using
the HexaPod couch [16].

Mucosal reactions were scored weekly during radiotherapy, as
well as at 2 and 8 weeks after radiotherapy, according to the
DAHANCA grading: 0 none, 1 erythema, 2 patchy mucositis, 3 con-
fluent mucositis, 4 ulceration. This grading is equivalent to the
Common Terminology Criteria for Adverse Events (CTCAE) version
3 [17]. A direct comparison of the two grading schemes can be seen
in supplementary Table A1. The highest observed score during or
two weeks after radiotherapy was categorised into the two
mucositis toxicity levels: non-severe (grade 0–2) and severe (grade
3+); which was used as the endpoint in the analysis. During radia-
tion treatment, patients were followed weekly by a doctor, dieti-
cian, and dental assistant for pain management, dietary
counselling, and appropriate dental prophylactic management,
including fluoride treatment. All patients completed the intended
treatment independently of the severity of mucositis.

The clinical predictors collected for the NTCP model were: gen-
der (Male/Female), weekly low dose chemotherapy (no/platinum-
based), treatment acceleration (5 or 6/10 fx/w), age
(<70 years/�70 years), smoking status (never/former/current), site
(larynx/hypopharynx, oral cavity/oropharynx/parotid, or
nasopharynx/nasal cavity/unknown primary), and volume of
extended oral cavity. For all categorical variables the first category
mentioned was used as the reference in the analyses.

The radiosensitizer drug Nimorazole is routinely used within
DAHANCA and was originally included in the analyses, however,
a correlation analysis showed that treatment acceleration and
nimorazole had a very high correlation (r = 0.9), which inhibits a
proper statistical analysis of the effect of the drug on mucositis
risk. Accelerated fractionation was retained in the analyses since
it has been shown to have a strong effect on mucositis risk [18].
Dosimetric data

The extended oral cavity, defined according to Brouwer et al.
[19], was retrospectively contoured for all patients to ensure con-
sistency and generalisability across the cohort. The contouring was
Downloaded for Anonymous User (n/a) at Odense Sygehus -  Syddanmark Region
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performed by a group of four specially trained radiographers,
which were blinded towards both the cohort splitting into model
and validation groups and towards the scored toxicity end-point.
The dose-volume histograms (DVH) of the extended oral cavities
were extracted from the DICOM exported files using in-house
developed Matlab code.

The dose distribution in the current study was represented by
DVH using the values V5Gy, V10Gy, V15Gy,. . ., V70Gy (VxGy is the vol-
ume fraction receiving more dose than x Gy). All these values
including the mean dose to the organ are typically highly corre-
lated, thus it is difficult to evaluate whether a given effect is related
to e.g. V40 or the mean dose. Often this problem is addressed by
only using the mean dose as the only dose metric. To use the full
information, an approach is to use Principal Component Analysis
(PCA) of the DVH values. The idea of PCA is that the original param-
eters are described by new parameters that are uncorrelated by
design and together describe the same information as the original
VxGy parameters. Furthermore, the first few PCA components
describe the primary part of the variance in the original DVH data.
In the current study, the first 5 PCA components of DVH values are
included in the model development. For details of PCA see supple-
mentary B.
Statistical analysis

The full patient cohort was split into two-thirds for the model
generation (535 patients) and one-third for the validation (267
patients). The parameter selection was performed with 10-fold
cross-validation for both Efficient Least Absolute Shrinkage and
Selection Operator (LASSO) and Best Subset selection. The two
parameter-selection methods were chosen to confirm the robust-
ness of the developed models. A detailed statistical description is
available in the supplementary C.

Each model’s performance was tested using calibration plots,
AUC, the Brier score and Binary cross-entropy. Differences in
patient characteristics were tested using Pearson v2 for the cate-
gorical variables and using the Mann-Whitney U test for the two
continuous variables (age and volume of the oral cavity).
Results

The model and validation cohorts can be seen in Table 1. By
chance, the proportion of patients receiving low-dose weekly
platinum-based chemotherapy is significantly lower in the valida-
tion cohort. Likewise acceleration and nimorazole are not well bal-
anced either, which is due to their link to chemotherapy. The other
parameters are well balanced.

In Fig. 1, the DVH curves related to the extended oral cavity for
the events (severe mucositis, grade 3+) and non-events (non-
severe mucositis, grade 0–2) are displayed for the model and vali-
dation cohort, respectively. For severe mucositis, there is a clear
dose-dependency of the extended oral cavity, with higher event
density among DVHs with higher doses.

As described in the method and supplementary B, the DVHs are
converted into principal components. PCA vectors used to create
the new PCA variable values for the first three principal compo-
nents are shown in Fig. 2. Thus, the data in Fig. 2 can be used to
convert a given DVH into the first three principal components
(see supplementary B). From Fig. 2 it is seen that the values related
to PC1 are almost constant over the entire DVH range. If it had been
absolutely constant, the new variable PC1 would reflect the mean
dose to the organ. Thus, the patient-specific principal variable
value related to PC1 is closely linked to the mean dose to the oral
cavity of the patient. The following PCA vectors were not constant
and thus reflect a balance between high and low doses to the oral
 Odense Hospital from ClinicalKey.com by Elsevier on March 30, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.



Fig. 1. The raw DVH data for the extended oral cavity for the model and validation cohorts. Blue DVHs are for patients with non-severe mucositis and red DHV’s are for
patients with severe mucositis.

Fig. 2. The first three principal components of the model cohort DVHs. These three components are by definition independent and therefore ideal for regression analysis. The
individual patient PCA components can be calculated using the mean DVH (see supplementary B).
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cavity (see DVH dependence of PCA values in supplementary B).
The first five PCA vectors included during the model creation rep-
resent 99.3 % of the entire variation in the initial DVH values.

The LASSO analyses resulted in a multivariate model consisting
of six parameters: gender, treatment site, acceleration, current
smoker, and principal components 1 and 2 (PC1 and PC2) – see
Table 2. The bootstrapped confidence intervals shown in Table 2
include for some of the selected variables an odds-ratio of unity,
showing that even though the variable is selected during the LASSO
method the impact in the model is likely not very pronounced. The
performance analyses for the model showed an AUC of 0.769 (95%
CI 0.734–0.819) for the model generation cohort and 0.805 (0.741–
0.857) for the validation cohort; related ROC curves are shown in
supplementary Fig. D1. The model and validation for the LASSO
model had Brier scores of 0.194 (0.181–209) and 0.169 (0.152–
0.188), respectively. The binary cross-entropy scores were for the
Downloaded for Anonymous User (n/a) at Odense Sygehus -  Syddanmark Re
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model, 0.574 (0.544–0.607) and for the validation 0.477 (0.515–
0.556).

The Best Subset analyses resulted in a multivariate model con-
sisting of three parameters: treatment acceleration, PC1, and PC2
(Table2, ‘Best Subset model’). The performance analyses for the
model showed an AUC of 0.758 (0.724–0.794) for the model gener-
ation cohort and 0.808 (0.749–0.859) for the validation cohort. The
Brier score was 0.200 (0.185–0.216) for the model and 0.168
(0.148–0.186) for the validation. Likewise, the binary cross-
entropy also improved from 0.585 (0.550–0.619) for the model,
to 0.503 (0.457–0.545) for the validation.

The calibration plots of the two models (LASSO and Best Subset)
are shown in Fig. 3. For both models, the prediction matched the
observed clinical outcome for model cohort and also for the valida-
tion cohort that was not part of the model development, thus serv-
ing as an independent validation of the models.
gion Odense Hospital from ClinicalKey.com by Elsevier on March 30, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.



Table 2

Mucositis models

Covariate Model odds ratio Median boot odds ratio CI 95%

LASSO model Intercept 0.754 0.701 0.394 1.225
Gender 0.752 0.814 0.481 1.000
Oral cavity, Oropharynx or Salivary glands 1.689 1.685 1.052 2.922
Acceleration 1.914 1.714 1.057 2.865
Current smoker 0.829 0.937 0.614 1.000
PC1 (SD = 3.2) 1.205 1.190 1.094 1.313
PC2 (SD = 1.5) 1.091 1.059 1.000 1.376
AUC Model 0.769 0.777 0.734 0.819
AUC Validation 0.797 0.805 0.741 0.857

Best Subset model Intercept 0.615 0.611 0.439 0.829
Acceleration 2.739 2.769 1.938 4.103
PC1 (SD = 3.2) 1.358 1.363 1.282 1.451
PC2 (SD = 1.5) 1.290 1.296 1.145 1.478
AUC model 0.758 0.760 0.724 0.794
AUC validation 0.808 0.808 0.749 0.859

Predictors selected by the LASSO and Best subset regression. The median boot odds ratio and 95% confidence-interval obtained through bootstrap simulation. The standard
deviation of the PC values are stated in parentheses, and the units of the odds ratios are specified per integer of the PC values.
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The Pearson correlation between the two models is 0.954 show-
ing that the model predictions are very similar even though signif-
icant patient-specific differences are present. The predictions from
the two models, which are created using two different methods,
are compared in a scatter plot shown in supplementary Fig. E1.

Discussion

The current study has extracted clinical and dosimetric param-
eters to predict the risk of severe radiation-induced mucositis
using robust statistical methods. This arose from concerns that
the DAHANCA guidelines updated from 2004 [9] to 2013 [10] ver-
sions could result in a higher rate of severe mucositis. The local
high dose volume margin (GTV to CTV1) was increased from 0 to
5 mm, and the CTV2 60 Gy volume was introduced, both of which
might result in a significant increase in the prevalence of severe
mucositis during radiotherapy treatment.

Treatment acceleration and PC1 (‘‘mean dose”) were the two
most dominant parameters in both model selection methods, both
increasing the predicted risk. A third significant parameter was the
second principal component (PC2) i.e. the balance between high
and low doses for a given PC1 value. The influence of PC2 is such
that the larger a part of the ‘‘mean dose” that is related to high
doses (dose approx. >35 Gy) the larger the risk of severe mucositis.

In the LASSO selection, being a current smoker turned out to be
protective for developing radiation-induced mucositis. Conflicting
data have been reported in the literature suggesting that the
underlying mechanism might be complex. It is well documented
that hypoxic squamous cell tumours have a poor outcome after
treatment with radiotherapy compared to less hypoxic tumours
[20] and that smoking contributes to this resistance[21]. Similar
resistance mechanisms can be speculated for the normal epithelial
mucosa from where the squamous carcinomas originate.

In a meta-analysis by He et al. a significantly increased risk (risk
ratio of 1.64, CI95% 1.14–2.35) of severe acute radiation-induced
mucositis was observed for patients treated with concomitant
chemoradiotherapy compared to radiotherapy alone [22]. The risk
of chemo-related toxicity has led DAHANCA to recommend weekly
low dose cisplatinum. Thus, the third of the cohort that did receive
chemotherapy received weekly low dose cisplatinum. There could
be an indication that the use of low weekly cisplatinum results in
less toxicity since the use of chemotherapy did not contribute to
the risk prediction in the current cohort study.

Based on overall survival arguments, some trials use regimens
with higher dose of cisplatinum than the current recommendation
Downloaded for Anonymous User (n/a) at Odense Sygehus -  Syddanmark Region
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by the DAHANCA group [23]. The current data can obviously not
address the toxicity impact of high dose cisplatinum, which was
not administered for any of the patients in this study. Our finding
is in contrast to the meta-analysis of Szturz et al. [24] suggesting
that low-dose patients have more grade 3 mucositis compared to
high-dose. It is possible that part of the reason for this difference
is that the current study is on an entire cohort, thus only the ‘‘best”
patients received chemotherapy which can be a difference
between cohort studies and controlled trial, however, the cohort
is more representative for the daily clinical practice.

The peak score of mucositis, as used in the current study, is not
the only measure of mucositis toxicity, since the duration of the
toxicity is of importance as well. One week of grade 3 mucositis
is naturally not as detrimental to the patient’s quality of life as
6 weeks of grade 3 score. However, it is not trivial to generate an
outcomemeasure that effectively captures the impact of prolonged
mucositis toxicity and there is no well-documented method. One
could speculate whether the area under the time profile of the tox-
icity would be a possible alternative, but this would then assume a
linear relationship between the grades which is not necessarily a
correct description of the toxicity grades.

Themodel performance is good both for themodel development
cohort and for the validation cohort. The peculiar fact that the
model performance on the validation is even better than the model
cohort, should not be interpreted as anything but a statistical fluc-
tuation that has produced a randomly selected validation cohort
stratified for treatment time in which it was accidentally slightly
easier to predict the severe mucositis risk. However, the fact that
the values are very similar is an indication that the obtainedmodels
are indeed developed in a robust manner. The model AUC perfor-
mance of 0.76 and 0.77 is slightly better compared to Dean et al.
0.7–0.72 [4], who primarily used two high dose levels for predic-
tions compared to our PCA approach that includes the information
from the entire dose distribution. Another difference between the
studies is that the Dean et al. study is based on randomised control
trials resulting in a more homogenous patient cohort but then
applied within multiple centres that could result in a more hetero-
geneous toxicity scoring compared to the current study. The fact
the cohorts from the randomised control trials (Dean et al.) results
in similar risk factors as the current study based on all patients from
one institution indicates a generalizable and robust model [4].

The additional risk predicted by the LASSO model for tumours
located in the oral cavity (Oral cavity, Oropharynx, or Salivary
glands) where the toxicity can be evaluated without the use of
fiberscope might potentially reflect observational bias since the
 Odense Hospital from ClinicalKey.com by Elsevier on March 30, 2020.
opyright ©2020. Elsevier Inc. All rights reserved.



Fig. 3. Calibration plots, predicted versus observed risk, based on 10 bins of equal numbers of patients, ranked according to the predicted value, show good agreement with
the line of identity (grey line). The open grey circles show the raw patient non-events (0) and event (1). A small random number has been added to the raw event, to visualise
the event density.
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toxicity is more easily scored in these locations. Denham et al. [6]
also found accelerated radiotherapy and treatment site to be prog-
nostic factors for acute mucositis.

Dean et al. [4] have argued that for multicentre trials it is ben-
eficial to use dose per fraction and not overall prescribed dose.
Almost all the current study was treated with 2 Gy per fraction
thus a change to dose per fraction would not change the results.

A limitation of the current study is the lack of genomic and
microbiomic related information that may characterise individual
normal tissue radiosensitivity. In the future, it will be highly desir-
able to include such information as this might improve the predic-
tion power of the model. However, such data was not available or
extractable for the current cohort.

The clinical potential of the models developed in the current
study can be two-fold. The models can be used within the treat-
Downloaded for Anonymous User (n/a) at Odense Sygehus -  Syddanmark Re
For personal use only. No other uses without permissio
ment planning system as a constraint to partly steer the dose opti-
misation, but an additional use could be to predict a group of
patients with a high risk of severe mucositis toxicity which would
be candidates for intensified supportive care. Antunes et al., Zadik
et al. and Lalla et. al. present some of the possible interventions for
radiation-induced oral mucositis [25–27]. However, even though
these models seem very stable within the current environment,
they should be validated externally before use in other institutes.
Such validation could potentially be performed as described in
Hansen et al. [28].

In conclusion, robust prediction models of the risk of severe
mucositis have been developed based on information from the
entire dose distribution for a large cohort of patients consisting
of all patients treated for Head and Neck cancer within our institu-
tion over a five year period. The main predicted risk factors were
gion Odense Hospital from ClinicalKey.com by Elsevier on March 30, 2020.
n. Copyright ©2020. Elsevier Inc. All rights reserved.
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treatment acceleration and the first two principal dose compo-
nents that reflect the mean dose and the contribution from high
and low doses to the oral cavity.
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